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,ABSTR.ACT  The  status  of  the  Delaware  whelk  dredge  fishery  was  assessed  from  state  landings  reports  and  from  data  collected  by 
an  onboard  observer.  Mean  annual  whelk  landings  for  1994  to  2000  were  18.5  mt  of  meats  and  increased  to  241.6  mt  for  the  period 
2001  to  2004.  Annual  landings  for  2001  to  2003  were  88%  to  119%  of  the  sum  of  dredge  and  trawl  fishery  landings  reported  by  the 
remaining  states  on  the  United  States  Atlantic  coast.  Although  knobbed  whelks,  Busycon  carica,  are  landed  throughout  the  year,  88% 
of  pooled  monthly  landings  for  1 994  to  2004  were  taken  between  March  and  June  inclusive.  Eleven  observer  cruises  were  conducted 
March  to  June  2004.  Total  estimated  daily  take  of  legal  (length  >I27  mm|  knobbed  whelks  ranged  from  to  197-3,710  organisms. 
E.\pected  catch  rates  were  estimated  at  83.2  legal  knobbed  whelks  per  hour  per  meter  of  dredge  width.  Dredges  were  generally  towed 
parallel  to  bathymetric  contours  and  adjacent  to  shoal  features  in  2-20  m  depths.  Estimates  of  the  area  of  bottom  dredged  on  each  crui.se 
ranged  from  4.9-14.2  ha.  At  times,  multiple  boats  were  observed  dredging  the  same  bottom,  suggesting  a  cooperative  fishing  technique. 
Seventy-nine  percent  of  dredge  tows  occurred  on  bottom  comprised  of  mud  and  sand,  and  mean  numbers  of  knobbed  whelks  in  0.04 
m'  samples  were  greatest  from  mud/sand  habitats.  Twenty-one  taxonomic  groups  of  organisms  were  observed  in  samples  taken  from 
dredges.  Knobbed  whelk  and  horseshoe  crabs,  Limtiltis  polyphennts.  dominated  dredge  catch  by  number.  Whelks  collected  in  the 
Atlantic  Ocean  were  significantly  larger  than  those  collected  in  the  Delaware  Bay.  Mean  lengths  of  whelks  collected  in  the  Bay  in  2004 
were  significantly  less  than  lengths  of  Bay  whelks  collected  in  1994  prior  to  the  inception  of  the  minimum  length  regulation.  Shifts 
in  size  distribution  and  the  cyclical  nature  of  other  whelk  fisheries  suggest  that  the  elevated  landings  experienced  during  2001  to  2004 
are  not  sustainable. 

KEY  WORDS:     knobbed  whelk,  Biisyctm  cancel,  whelk  landmgs.  fishery  observer  investigation,  essential  fish  habitat,  Delaware  Bay 


INTRODUCTION 

Knobbed  whelks,  Busycim  carica  (Gnieliii,  1791)  and  chan- 
neled whelks,  Biisyeonpus  canaliciilatiis  (Linnaeus,  1758),  are 
large  gastropods  that  occupy  estuarine  and  shelf  habitats  from 
Cape  Cod  to  Cape  Canaveral  on  the  Atlantic  Coast  of  the  United 
States  (Edwards  &  Harasevvych  1988).  Both  species  occupy  sandy 
habitats  and  prey  on  bivalve  mollusks  (Magalhaes  1948,  Carriker 
1951,  Davis  1981,  Peterson  1982).  Colloquially  known  as  conchs, 
the  two  species  have  supported  multiple  fisheries  on  the  United 
States  Atlantic  coast  at  least  since  the  193ns  (MacKenzie  1997). 
Channeled  whelks  are  harvested  primarily  with  pot  or  trap  gear, 
whereas  knobbed  whelks  are  most  vulnerable  to  dredge  or  trawl 
gear  (Eversole  &  Anderson  1984,  Davis  &  Sisson  1988,  Walker  et 
al.  2003.  Logothetis  &  Beresoff  2004). 

Mark  and  recapture  studies  have  demonstrated  that  knobbed 
whelk  growth  is  generally  slow  (Anderson  et  al.  1985,  Kraeuter  et 
al,  1989).  Short-term  negative  growth  has  been  observed  (Magal- 
haes  1948,  Anderson  et  al,  1985),  and  there  are  examples  of  pe- 
riodic rapid  growth  (DiCosimo  &  DuPaul  1985,  Kraeuter  et  al. 
1989).  A\erage  growth  in  length  of  104  marked  whelks  in  eastern 
Virginia  that  exhibited  positive  growth  was  3.2  mm/yr  ( Kraeuter  et 
al.  1989).  Knobbed  whelk  length  at  age  has  been  recorded  from 
captive  specimens  and  from  examination  of  annual  growth  marks 
identified  on  opercula.  Average  length  (/(  =  20)  of  10-y-old  cap- 
tive eastern  Virginia  whelks  was  144  mm  (Castagna  &  Kraeuter 
1994).  Eastern  Virginia  whelks  158  mm  long  were  predicted  to  be 
10  y  from  operculum  age  data  (age  =  -10.99  +  1.33(length);  ii  = 
45.  r2  =  0.50  P  =  0.0001;  Kraeuter  et  al.  1989), 

Age  or  size  at  reproductive  maturity  in  knobbed  whelks  has 
been  difficult  to  determine  because  gender  ontogeny  has  not  been 
well  understood,  Phenotypic  gender  differentiation  in  whelks  is 
determined  by  the  presence  or  absence  of  a  penis  (Magalhaes 
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1948,  Gendron  1992.  Castagna  &  Kraeuter  1994,  Power  &  Keegan 
2001,  Avise  et  al.  2004).  In  addition  to  having  longer  shells  than 
males  (Magalhaes  1948,  Anderson  et  al.  1985,  DiCosimo  &  Du- 
Paul 1985,  Walker  1988),  female  knobbed  whelks  are  wider  and 
heavier  than  males  (Anderson  et  al.  1989).  Observations  of  inter- 
tidal  mating  activity  indicate  that  smaller  males  and  large  females 
successfully  produce  egg  strings  (Power  et  al,  2002).  Large  fe- 
inales,  variable  and  skewed  sex  ratios  (Anderson  et  al.  1985),  and 
the  presence  of  male  characters  in  females  in  at  least  12  Buc- 
cinidae  genera  (Power  &  Keegan  2001 )  has  lead  to  the  hypothesis 
that  knobbed  whelks  may  be  protandric  hermaphrodites  that  ini- 
tially mattire  as  males  and  then  undergo  functional  sex  reversal  at 
larger  sizes  (Walker  1988).  Recent  DNA  analysis,  however,  indi- 
cates that  knobbed  whelks  are  genetically  dioecious,  having  main- 
malian-like  sex  chromosomes  (Avise  et  al,  2004);  observed  phe- 
notypic sex  reversal  or  pseudohermaphroditism,  may  result  from  a 
variety  of  environmental  factors  (Jenner  1979). 

Whelks  have  been  landed  as  by-catch  or  from  directed  dredge 
or  trawl  fisheries  from  all  US  Atlantic  states  except  Florida 
(NOAA  Fisheries  2004;  http://www.st.nmfs.gov).  Coast-wide 
landings  from  dredge  and  trawl  fisheries  have  increased  from 
105.2  iTit  of  meals  in  1950,  when  Federal  recording  began,  to  a 
high  of  1913.5  mt  in  1994.  .'Mthough  total  landings  have  decreased 
to  549.8  ml  in  2003,  ex-vessel  price  has  remained  high,  as  total 
landings  \aluc  was  $1.55  million  in  2003  relati\e  to  $1.79  million 
in  1994  (NOAA  Fisheries  2004).  Whelk  meats  are  generally  re- 
moved from  shells  locally  and  then  shipped  on  ice  to  northern 
United  States  metropolitan  areas  for  canning  or  fresh  retail  sale; 
they  are  also  frozen  and  shipped  to  East  Asia  (Eversole  &  Ander- 
son 1984,  Kaplan  &  Boyer  1992). 

In  Delaware,  an  expanding  dredge  fishery  has  raised  concern 
over  the  long-term  sustainability  of  whelk  stocks.  Additional  at- 
tention has  focused  on  by-catch  considerations  and  potential  physi- 
cal effects  of  dredging  activity  on  ecologically  significant  benthic 
habitats,  particularly  the  structures  created  b>  the  colonial  poly- 
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chaetes  SabeUaria  vulgaris  (Verrill.  1873)  and  Hydroides  diamhus 
(Verrill.  1873).  Because  of  the  general  lack  of  published  infomia- 
tion  on  mid-Atlantic  whelk  fisheries,  this  study  presents  updated 
landings  information  and  the  results  of  an  onboard  fishery  observer 
investigation.  Temporal  and  spatial  variation  in  Delaware  landings 
are  described  and  compared  with  coastwide  landings  trends  to 
assess  the  relative  magnitude  of  the  fishery.  Direct  fishery  obser- 
vations document  previously  unknown  attributes  such  as  gear 
types,  spatial  and  temporal  variation  in  catch  and  effort,  by-catch 
coinposition.  and  variation  in  the  size  structure  of  Delaware 
knobbed  whelk  populations.  This  work  focuses  on  Delaware's 
dredge  fishery,  but  contextual  comparisons  are  made  with  dredge, 
trawl  and  pot  fisheries  in  other  Atlantic  States. 

METHODS 

Landings  Analyses 

Landings  from  the  Delaware  whelk  dredge  fishery  for  1994  to 
2004  were  summarized  from  reports  by  fishery  participants.  By 
statute,  Delaware  commercial  dredging  license  holders  are  re- 
quired to  submit  monthly  catch  reports  that  are  archived  by  the 
Division  of  Fish  and  Wildlife.  The  information  recorded  includes 
number  of  trips,  general  location  dredged,  gear  type,  the  monthly 
take  of  knobbed  and  channeled  whelks  and  whether  take  was  by- 
catch  from  other  fisheries  or  from  directed  whelk  fisheries.  In 
addition  to  requiring  monthly  logbook  reporting.  Delaware  fishery 
regulations  include  the  possession  of  a  commercial  license,  a  127.0 
mm  minimum  length  limit  for  knobbed  whelks,  a  l.'i2.4  mm  mini- 
mum length  limit  for  channeled  whelks  and  a  prohibition  of  night- 
time dredging. 

Whelk  landings  are  published  in  biannual  summaries  of  state- 
wide shellfish  harvest  and  fishery  status  that  date  back  to  1994 
(Whitmore  &  Greco  2005).  Cuirent  whelk  landings  information 
compiled  by  the  state  of  Delaware  were  compared  with  federally 
reported  coast-wide  dredge  and  traw  1  fishery  landings  to  assess  the 
relative  magnitude  of  the  Delaware  fishery.  Coast-wide  landings 
data  provided  by  NOAA  Fisheries  (http://www.st.nmfs.gov)  do  not 
differentiate  knobbed  and  channeled  whelks;  therefore  for  com- 
parative purposes,  Delaware  landings  data  used  here  include  both 
taxa.  Delaware  landings  are  reported  as  total  weight  including  the 
shell,  whereas  coast  wide  landings  are  reported  as  weight  of  edible 
meats;  to  allow  comparison  in  equivalent  units.  Delaware  landings 
were  divided  by  a  factor  of  3  (Whitmore  &  Greco  2005).  Fishery 
seasonality  was  assessed  from  mean  monthly  landings  and  catch- 
per-unit-effort  (CPUE)  from  Delaware  harvest  reports  1994  to 
2004.  CPUE  was  calculated  by  dividing  monthly  harvest  in  weight 
by  the  number  of  trips  reported  by  each  fishery  participant. 

Onboard  Fishery  Observation 

Eleven  observer  cruises  were  conducted  on  three  vessels  during 
March  to  June  2004  to  obtain  fishery  information  not  contained  in 
monthly  reports.  Dredge  type,  width,  ring  and  mesh  size  were 
recorded  at  the  beginning  of  each  cruise.  For  each  dredge  tow.  start 
and  end  times  were  recorded  to  determine  tow  duration  and  fishing 
effort.  Total  daily  take,  in  volume  of  legal  knobbed  whelks,  was 
recorded  at  the  end  of  each  cruise.  Landed  volume  was  converted 
to  numbers  with  a  conversion  factor  of  64.37  legal  whelks  per 
0.04  nv'  (1.0  bushel).  Estimated  number  of  legal  whelks  was  con- 
verted to  weight  with  cruise-specific  length  frequency  distributions 
and  a  length-weight  relationship  derived  during  the  cruises  (Fig. 
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Figure  1.  Length-weight  relationship  derived  from  Delaware  Bay 
knobbed  w  hclks.  The  dark  line  represents  back-transformed  predicted 
values. 


1 ).  The  presence  of  other  vessels  fishing  in  the  same  location  was 
also  noted  throughout  each  cruise. 

Cumulative  catch  was  recorded  at  random  intervals  throughout 
the  latter  seven  cniises,  and  was  used  to  estimate  catch  rates  for 
legal  knobbed  whelk.  To  describe  catch  relative  to  time  fished, 
catch  volume  was  divided  by  the  total  dredge  width,  thus  stan- 
dardizing gear  differences  among  cruises.  A  general  catch  rate 
estimate  was  derived  with  a  linear  regression  model  fitted  to  cu- 
mulative catch  data  from  cruises  five  through  nine  (PROC  REG, 
SAS  2002). 

GPS  coordinates  were  recorded  at  the  beginning  and  end  of 
each  dredge  tow.  Waypoints  were  then  plotted  with  Geographic 
Information  Systems  (CIS)  to  identify  spatial  distribution  of  fish- 
ing activity.  Straight  tracklines,  interpolated  from  waypoints,  were 
used  to  represent  the  path  of  the  dredges.  Dredge  tracklines  were 
layered  upon  bathymetry  to  identify  relationships  between  fishing 
activity  and  seabed  topography.  GIS  tools  were  also  used  to  esti- 
mate the  area  dredged.  Buffer  polygons  were  created  around  in- 
tersecting tracklines  with  a  diameter  equal  to  the  dredge  width,  and 
the  total  dredge  footprint  or  virgin  area  dredged  on  each  cruise  was 
estimated  from  the  area  of  the  polygons.  Spatial  data  from  Cruises 
2,  6,  9  and  10  were  not  included  in  areal  estimates  because  the 
vessel's  course  frequently  did  not  follow  a  straight  line  between 
waypoints. 

At  the  end  of  each  tow  the  dredge  was  brought  aboard  and 
contents  were  dumped  on  deck.  A  0.04  m"*  sample  of  dredge  con- 
tents was  collected  before  legal-sized  whelks  were  removed.  Sea- 
bed composition  was  documented  from  sample  contents  and  from 
material  attached  to  dredge  gear.  All  organisms  in  samples  were 
enumerated  to  quantify  by-catch  composition.  Knobbed  whelk 
shell  lengths  were  recorded  to  assess  potential  spatio-temporal 
variation  in  the  size  structure  of  the  population.  Length  distribu- 
tions from  Delaware  Bay  cruises  were  pooled  and  compared  with 
lengths  from  the  Atlantic  Ocean.  Size  distribution  data  collected  in 
the  Delaware  Bay  during  2004  were  compared  with  fishery- 
dependent  data  collected  in  November  1993  and  March- April  1994 
prior  to  when  the  127.0  mm  length  limit  was  imposed.  Significant 
differences  in  length  distributions  were  identified  with  the  Kol- 
mogorov-Sminiov-  (KS)  test  (Proc  NPARIWAY.  SAS  2002). 
Analysis  of  variance  and  Tukey  tests  were  used  to  compare  mean 
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uhclk  lengths  (Proc  GLM.  SAS  2002);  length  data  were  log^.  traiis- 
Icimicd  to  satisfy  least  squares  assumptions. 

RESULTS 

Fishery  Ijindings  1994  to  2004 

In  addition  to  the  dredge  fishery.  Delaware  has  a  smaller  but 
significant  pot  fishery  (Table  1 ).  Whelk  kaidings  were  not  re- 
corded by  the  State  until  1994  when  legislation  was  passed  regu- 
lating all  whelk  fisheries.  Analysis  of  monthly  reports  for  the 
period  1994  to  2004  reveal  that  participation  and  landings  have 
increased  in  recent  years.  The  number  of  license  holders  that  par- 
ticipated in  the  directed  dredge  fishery  was  1 1  in  1994,  declined  to 
2  in  1997,  and  increased  to  19  in  2003.  Sixteen  license  holders 
participated  in  the  2004  directed  fishery  (Whitmore  &  Greco 
20051.  Landings  of  pooled  knobbed  and  channel  whelks  were  rela- 
tively low  for  1994  to  2000  and  then  increased  to  high  levels  in 
2001  to  2004  (Fig.  2).  The  mean  annual  landing  of  whelk  meats  for 
101)4  to  2000  was  18.5  mt  and  for  2001  to  2004  the  mean  annual 
landing  was  241.6  mt  (Whitmore  &  Greco  2005).  Except  for  the 
blue  crab  fishery,  whelks  provide  the  greatest  ex-vessel  value  of  all 
Delaware  commercial  fisheries.  Dockside  ex-vessel  value  of 
dredged  knobbed  and  channeled  whelks  was  $  574,645  in  2004. 
Mean  annual  whelk  landings  from  the  Delaware  dredge  fishery 
2001  to  200.^  were  96.4%  of  mean  landings  for  all  dredge  and 
trawl  whelk  landings  2001  to  2003  from  the  remaining  Atlantic 
states  (NOAA  Fisheries  2004;  Fig.  2).  Although  Federal  coastal 
fisheries  statistics  do  not  differentiate  channeled  and  knobbed 
whelk  landings.  State  reports  indicate  that  for  1994  to  2004, 
knobbed  whelks  comprised  between  78.8%  and  99.9%  of  total 
annual  landings  by  weight  in  the  Delaware  dredge  fishery.  Most 
fishery  effort  occurred  in  the  Delaware  Bay  during  1994  to  2004, 


only  3%  of  3,031    reported  directed  trips  that  landed  knobbed 
whelks  occurred  in  the  Atlantic  Ocean. 

Knobbed  whelk  landings  showed  distinct  seasonal  patterns. 
Landings  from  the  directed  dredge  fishery  were  reported  from  all 
months  of  the  1994  to  2004  period,  but  the  greatest  mean  total 
monthly  landings  occurred  from  March  to  June  (Fig.  3).  For  the 
directed  fishery,  mean  landings  of  whelk  meats  for  March  to  June 
ranged  from  12.9—10.2  mt.  whereas  mean  landings  for  the  remain- 
ing months  ranged  from  0.2  mt  to  2.7  mt.  Mean  monthly  whelk 
by-catch  landings  from  the  Delaware  Bay  winter  blue  crab  Calli- 
nectes  sapidus  (Rathbun,  1896)  dredge  fishery  ranged  from  0.1- 
2.9  mt.  Higher  CPUE  during  March  to  May  suggested  seasonally 
increased  vulnerability  to  dredge  gear  rather  than  increased  dredg- 
ing effort  (Fig.  3). 

Fishery  Observations  2004 

Catch  Between  March  15  and  June  24,  2004  eleven  observer 
cruises  were  conducted  on  three  dredge  vessels.  Two  vessels  op- 
erated from  Bowers  Beach,  DE.  and  the  other  from  Lewes,  DE. 
Two  used  single  scallop  dredges  deployed  from  the  stern  of 
deadrise  workboats,  the  other  used  a  motorized  bay  schooner  with 
paired  toothbar  crab  dredges  deployed  from  the  sides.  Scallop 
dredges  were  2.62  m  and  3.44  m  in  diameter;  bag  rings  ranged 
from  63.5  mm  to  88.9  mm  in  diameter;  bag  mesh  ranged  from  50.8 
mm  to  127.0  mm  bar  measure.  Toothbar  dredges  were  2.3  m  wide, 
rings  were  49.0  mm  in  diameter,  and  mesh  was  127.0  mm  bar 
measure.  Fishing  effort  was  directed  at  whelks  on  all  cruises,  but 
horseshoe  crab,  Linudiis  polyphemus  (Muller,  1785),  and  blue  crab 
by-catch  was  retained  on  Cruise  1  and  3,  hard  clam  Mercenaria 
meicenaria  (Linnaeus,  1758)  by-catch  was  retained  on  Cruise  2. 

Whelk  dredging  began  at  daylight  and  ended  between  1500  and 
1700  h.  The  general  dredge-fishing  consisted  of  towing  the  gear 
for  approximately  15  min.  retrieving  the  gear,  making  a  180°  turn 


TABLE  I. 

Coastal  .Atlantic  whelk  landings  from  directed  and  by-catch  llsheries  for  2003.  Knobbed  and  channeled  whelk  landings  are  pooled.  Delaware 
landings  come  from  monthly  logbook  reports,  whereas  landings  for  the  remaining  states  were  reported  by  NOAA  Fisheries. 


Landings  I  tonnes  meats) 


State 


Total        Conch       Crab       Clam        Other       Crab      Fish       Other     Conch 
Landings    Dredge    Dredge     Dredge     Dredge'     Trawl    Trawl    Trawl"       Pot 


Blue  Minimum 

Crab    Lobster     Fish     Other         Legal 
Pot         Pot  Pot       Pot'      Size  (mm)^ 


Connecticut 

12.6 

Delaware 

353.9 

157.0 

105.5 

Georgia 

40.9 

Maryland 

41.2 

MassachuseUs 

IIU.O 

0.2 

New  Jersey 

196.7 

163.0 

New  York 

30.7 

North  Carolina 

3.5 

Rhode  Island 

2.9 

South  Carolina 

1.4 

Virginia 

287.5 

31.7 

9.0 

Total 

II3I.5 

188.8 

277.5 

<0,1 
0.1 
1.3 


0.1 


<0.1 
0.3 


0.3 


39.7 


O.I 


0.3 


40. 1 


1.0 

10.8 

91.4 

1    T 

10.6 

<0.I 

80.0 

17.4 

0.6 

2.1 

24.6 

5  A 

3.1 

25.9 

0.1 

2.4 

0.9 

0.7 

1,6 

15.6 

<0.I 

224.5 

6.6 

50.6 

2.5 

459.4 

15.2 

0.7 


0.4 
0.8 

1.6 

O.I 


3.7 


<0.I 


0.20 
<0.I 
<0.I 

O.I 

0.5 


0.8 


None 

127/152^ 

None 

152/152 

90.9 

70/70" 

127/127 

<0.I 

None 

None 

None 

102/102 

<0.I 

None/ 140 

91.0 

'  Sea  scallop  and  undefined  dredge  fisheries 

'  Sea  scallop  and  undefined  trawl  fisheries 

'  Eel.  undefined  crah,  and  undefined  pot  fisheries 

"'  Length  unless  otherwise  noted 

^  Knobbed  whelk/channeled  whelk 

"  Width 
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Figurt  2.  Reported  Delaware  Hlielk  dredge  Usher)  laiuliii!;s  and  llshiii);  effort  I9y4-20(M.  Delaware  landings  are  compared  with  the  sum  of 
whelk  landings  from  dredge  and  trawl  fisheries  in  the  remaining  Atlantic  states  1944-201^  as  reported  hy  NOAA  Fisheries.  Knohhed  and 
channeled  whelk  landings  are  pooled,  as  are  landings  from  directed  and  by-catch  fisheries  reporting  the  use  of  dredge  or  trawl  gear.  Note 
logarithmic  scale  on  vertical  axes. 


and  releasing  the  gear  again.  Dredge  tows  were  oriented  in  the 
same  direction  and  intersected.  Vessel  speed  during  dredging  was 
between  3.5  and  3.2  kts.  E.xcept  for  Cruises  10  and  11.  the  total 
number  of  dredge  tows  per  cruise  ranged  between    16  and  38 


(Table  2).  Whelk  catch  and  effort  varied  among  cooperators. 
Ma.ximimi  take  of  legal  knobbed  whelk  occurred  on  Cruise  4  and 
was  estimated  at  2.03  ni\  1304.1  kg.  and  3677  organisms  (Table 
2).  Hiuher  whelk  landings  were  associated  with  additional  vessels 
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TABLE  2. 


Dredge  gear,  effort,  and  landings  of  legal  knobbed  whelk  (>127  niml  on  1 1  <ibser>er  cruises  in  the  Delaware  Bay  March  to  June  20114. 
Horseshoe  crab  and  blue  crab  were  retained  on  Cruises  1  and  .1,  and  hard  clams  were  retained  on  Cruise  2. 


'<r  knobbed  Whelk  in 

Volumetric  Grab  Samples 

Date 

Dredge 

Total 

Tow 

Dredged 

Whelk  Landed 

No. 

(0.04  ni 

'1 

Volume 

Geometric 

Coefficient 

Cruise' 

(m/d) 

Type 

Tows 

Time 

Area  (hal 

(m') 

No. 

kg 

CPUE- 

Vessels' 

n 

Mean 

of  Variation 

1* 

3/1 S 

Scallop 

36 

lO.S 

11.9 

1.30 

2364 

681.4 

0.046 

0 

17 

71.6 

0.65 

2B 

3/25 

Toothed 

31 

9.1 

— 

0.60 

1391 

446.2 

0.014 

0 

20 

7.8 

60.24 

3<^ 

4/2 

Scallop 

20 

7.5 

9.2 

0.58 

652 

1 99.2 

0.023 

0 

13 

58.3 

0.84 

4A 

4/14 

Scallop 

33 

9.3 

14.2 

2.03 

3677 

1 304. 1 

0.083 

.VI 2 

8 

74.5 

0.24 

5<: 

4/2(1 

Scallop 

17 

7.4 

12.5 

0.98 

1773 

869.5 

0.038 

0 

14 

47.7 

0.68 

6« 

4/30 

Toothed 

37 

9.0 

— 

1.60 

3710 

1157.8 

0.039 

0-6 

12 

66.0 

0.73 

7* 

5/7 

Scallop 

38 

10.3 

9.9 

1.52 

2758 

869.9 

0.057 

(M 

17 

53.5 

0.85 

8^ 

5/19 

Scallop 

16 

7.3 

12.9 

0.79 

1445 

853.3 

0.032 

I) 

14 

42.9 

0.75 

9B 

5/27 

Toothed 

25 

8.1 

— 

1.40 

3246 

1110.4 

0.038 

1-3 

19 

88.1 

0.11 

in» 

6/9 

Toothed 

11 

3.7 

— 

0.20 

464 

163.4 

0.012 

0 

6 

74.0 

0.23 

11' 

6/24 

Scallop 

10 

3.1 

4.9 

0.10 

197 

119.5 

0.009 

0 

9 

23.6 

3.13 

'  Common  subscript  indicates  same  vessel. 

"  CPUE  =  volume  (m')  landed/m  dredge  width/hour  dredged. 

'  Number  of  additional  vessels  dredging  same  area. 

dredging  the  same  area.  Catch-per-tinit-effoil  (CPUE)  for  scallop 
dredges  was  0.009-0.083  nrVm  dredge  widlh/hiiur.  mean  =  0.04; 
and  for  toothbar  dredges  CPUE  was  0.012-0.039  nrVni  dredge 
width/hour,  mean  =  0.026  (Table  2).  The  expected  hourly  catch 


rate  derived  from  Cruises  5-9  (Fig.  4)  was  0.05  m''  legal  whelks/m 
dredge  width.  The  model  used  to  estimate  catch  rate  was  (m^^ 
catch/  m  dredge  width)  =  -0.03  +  0.05  x  hours;  P  <  0.0001;  R- 
=  0.90;  n  =  49. 
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Figure  4.  Cumulative  catch  of  knobbed  whelks  relative  to 


4  6 

Time  fished  (hours) 

inie  towed  by  scallop  and  toothbar  dredges.  Catch  in  volume  is  standardized  by 


dredge  width  to  allow  comparison  among  cruises  and  gears.  Data  presented  here  come  from  cruises  5-1 1.  The  expected  catch  rate  derived  from 
Cruises  5-9  was  0.05  m'  of  legal  whelks  per  ni  of  dredge  width  per  hour  (m  Vm  =  -0.035  +  O.047(hours).  /'  <  O.OOOL  R"  =  0.90, ;;  =  49).  The  inset 
panel  illustrates  the  late-season  decline  in  catch  rates  and  the  cessation  of  dredging  on  cruises  10  and  IL 
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Cumulative  catch  from  Cruises  10  and  11  illustrates  why  the 
fishery  ceases  in  late  June.  On  Cruises  that  occuired  prior  to  9 
June,  catch  rates  remained  similar  throughout  the  day  (Fig.  4).  On 
Cruises  10  and  11,  initial  catch  rates  were  similar  to  previous 
cruises,  but  declined  after  approximately  two  hours  of  fishing  ef- 
fort (Fig.  4.  inset).  Low  catch  rates  and  declined  efficiency,  pre- 
sumably elicited  by  increased  light  levels,  prompted  both  coop- 
erators  to  cease  fishing  for  the  season.  June  9  was  the  last  day  of 
dredging  for  vessel  B  and  June  24  was  the  last  day  for  vessel  C 
(Table  2);  no  other  boats  were  observed  fishing  on  either  dates. 

Fishery  Location 

Dredge-boat  cruises  occuned  in  the  Delaware  Bay  and  in  the 
Atlantic  Ocean  (Fig.  5).  Cruises  1-7,  9  and  10  were  located  in  the 


Bay  between  Bowers  Beach  and  Cape  Henlopen.  DE,  and  Cruises 
8  and  1  I  were  located  just  off-shore,  in  the  Atlantic  Ocean,  south 
of  Cape  Henlopen.  Fishery  activity  occuired  adjacent  to  the  beach 
in  the  ocean  and  on  the  slopes  of  the  numerous  shoals  that  define 
Delaware  Bay  bottom  topography.  Dredge  tracks  were  generally 
oriented  parallel  to  bathymetric  contours  (Fig.  6).  Depths  recorded 
during  dredge  deployment  and  retrieval  ranged  from  2  to  20  m. 
The  area  of  virgin  bottom  impacted  by  scallop  dredges,  estimated 
from  dredge  trackline  distance  and  dredge  width,  ranged  from  4.9 
ha  on  Cruise  1  1-14.2  ha  on  Cruise  4  (Table  2). 

Bentliic  Habitat  Types 

Bottom  type  was  recorded  from  212  of  274  total  dredge  tows. 
Bottom  material  observed  in  dredges  included  mud,  clay,  sand. 
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Figure  5.  Wlielk  dredge  tow  locations  recorded  from  on-board  GPS  receivers.  The  parallel  Northwest-Southeast  orientation  of  waypoints  reflects 
the  orientation  of  shoal  features  in  the  Delaware  Bav. 
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Dredge  tracklines 


Figure  6.  Locations  of  dredge  tracklines  relative  to  hathynietric  fea- 
tures at  Lower  Middle  Shoal  in  the  Delaware  Ba>.  (;PS  coordinates 
were  recorded  at  the  beginning  and  end  of  dredge  tows.  Tracklines  are 
interpolated  and  assume  a  straight  line  between  waj points. 

oyster  shell,  and  rock.  Less  dense  material,  such  as  mud.  silt  and 
shell  fragments  may  have  been  washed  away  during  dredge  re- 
trieval, and  dredges  were  occasionally  rinsed  to  remove  fine  sedi- 
ments, which  resulted  in  potentially  ambiguous  distinction  be- 
tween Mud/Sand  and  Sand  categories  (Fig.  7).  Six  of  the  seven 
bottom  categories  were  characterized  by  mud  or  sand  components. 
Knobbed  whelks  were  most  frequently  associated  with  mud  and 
sand  bottoms.  The  greatest  number  of  whelks  enumerated  from 
0.04  m'  samples  came  from  bottoms  classed  as  mud/sund/shell 
hash  (mean  =  24.1:  standard  error  =  3.7.  /;  =  8):  the  lowest 
number  of  whelks  in  samples,  came  from  rock/worm  tube  bottoms 


(mean  =  1;  /;  =  1;  Fig.  7).  The  most  frequently  recorded  bottom 
category  was  mud/sand,  at  79%  of  classified  tows,  and  the  least 
frequent  was  oyster  shell/worm  tubes  at  0.9%  of  classified  tows. 
Tube  casings  of  the  colonial  "reef  building  polychaetes  S.  vul- 
garis and  H.  diamluis  were  observed  infrequently,  but  were  gen- 
erally associated  with  hard  substrates  such  as  rock  and  oyster  shell. 

Catch  Composition 

Proportions  of  knobbed  whelks  relative  to  numbers  of  by-catch 
organisms  observed  in  volumetric  samples  were  highly  variable. 
Mean  percent  knobbed  whelk  by  number  was  less  than  50%  on 
four  of  the  eleven  cruises,  but  ranged  up  to  88.1%  on  Cruise  9 
(Table  2).  Twenty-one  ta.xonomic  groups  were  enumerated  from 
149  samples  taken  from  dredge  contents.  The  most  abundant  spe- 
cies in  the  samples  were  knobbed  whelk  and  horseshoe  crabs 
(Table  3).  Proportions  of  pooled  knobbed  whelk  by  number  ex- 
amined ranged  from  31.7%  on  Cruise  1 1-88.4%  on  Cruise  9:  for 
horseshoe  crabs  proportions  range  from  1.0%  on  Cruise  9^1.0% 
on  Cruise  8.  The  highest  proportions  of  horseshoe  crabs  by  number 
were  observed  in  samples  from  ocean  Cruises  8  and  1 1 .  Knobbed 
whelks  were  observed  in  98.6%  of  all  dredge  tows  and  horseshoe 
crabs  were  observed  in  85.2%  of  all  tows  (Table  3).  Windowpane 
flounder  Scophthalnuis  aqiiosa  (Mitchill.  1815)  and  unidentified 
skates  were  the  most  evenly  distributed  taxonomic  groups  as  they 
were  observed  in  all  cruises  in  similar  proportions.  Channeled 
whelk  occurred  in  only  22.2%  of  the  dredge  tows  sampled  and 
comprised  only  1%  of  organisms  observed  in  samples  (Table  3). 
Proportions  of  channeled  whelk  in  pooled  volumetric  samples 
ranged  from  2.9%  in  Cruise  8%  to  0%  on  Cruise  11;  both  cruises 
occurred  in  the  Atlantic  Ocean.  Although  not  enumerated  in 
samples,  the  shells  of  dead  knobbed  whelks  generally  were  the 
most  abundant  nonliving  material  observed  in  dredges,  and  fre- 
quently were  more  abundant  than  li\ing  whelks. 
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Figure  7.  Fishing  effort  and  numbers  of  sampled  whelks  relative  to  benthic  habitat  types  determined  fnmi  material  on  the  dredge  and  associated 
with  dredge  contents.  Knobbed  whelks  were  enumerated  from  0.(14  m'  samples  taken  from  147  tows.  Worm  tubes  are  casings  of  Sabellaria 
vulgaris  and  Hydroides  dianlhus  polychaetes. 
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TABLE  3. 

Composition  of  organisms  obserxcd  in  (1.04  ni'  samples  taken  from 

\vhell<  dredge  contents.  Counts  Here  pooled  from  single  samples 

from  149  dredge  tows  on  11  vessel  cruises.  Frequency  of  occurrence 

is  the  proportion  of  samples  containing  the  specific  taxon. 

Percent    Frequency 

Common  Number  of         of  Occur- 

Name  Latin  Name  Observed      Total      rence  ( %  I 


Knobbed  whelk 
Horseshoe  crab 
Skate 
Wiiidowpane 

tlounder 
Hard  clam 

Spider  crab 
Rock  crab 
Blue  crab 
Channeled 

whelk 
Summer 

flounder 
Blue  mussel 
Starfish 
Mud  crab 
Oyster  toadfish 
Hogchoker 
Striped  searobin 
Atlantic 

moonsail 
Dogfish 
Northern 

pufferfish 
Squid 


Busycon  curku  2SI3  63.96  9S.66 

Umuliis  pnlxplwnms  S()2  IS.24  S5.23 

Rajidac  ISI  4.11  51.68 

Scophfluibniis  {ii/iiiiMis  120  2.73  43.62 

Mercenaria  10?  2.39  12.08 

mercenaria 

Libinia  spp.  102  2.32  22.82 

Cancel- iiToratus  87  1.98  23.49 

Calliiieaes  .miHcliLs  5S  1.32  24.16 

Biisyconrns  44  1.00  22.15 

canaliciiliirK.s 

Piiraliclnlns  ilcnmiiis  37  0.S4  14.77 


Mytilus  eduHs 
Asteriidae 
Panopeus  spp. 
Opsiiiuis  kilt 
Trineclcs  maculatiis 
Prionotiis  evolaiis 
Poliniccs  dupliciitiis 

ElasmobranctiHimorphi 
Sphoei'oides  imiciiUiliis 


Teuthoidea  1  0.02  0.67 

Total  observed  =  4398 


5 

0.34 

2.68 

9 

0.20 

4.69 

8 

0.18 

4.03 

7 

0.16 

4.03 

3 

0.17 

2.01 

2 

0.05 

1.34 

1 

0.05 

1.34 

1 

0.02 

0.67 

1 

0,02 

0.67 

Size  Distributions  of  Knobbed  Whelk 

Shell  lengths  of  knobbed  whelk  taken  from  volumetric  samples 
ranged  from  66-243  mm  (Table  4).  Mean  leiigtlis  ranged  from 
132.5  mm  on  Cruise  1-185.9  mm  on  Cruise  11.  Although  there 
were  significant  differences  in  log^.  transformed  mean  length 
among  the  cruises  (P  <  (1.0001 ).  considering  spatial  and  gear  dif- 
ferences among  cruises,  comparison  of  means  indicate  whelks  had 
similar  lengths  on  7  of  the  1 1  cruises  (Table  4).  Transformed  mean 
length  on  Cruise  1  was  significantly  less  than  all  the  other  cruises 
(oi  =  0.05;  Tukey's  Studentized  Range  Test).  Mean  length  on 
Cruise  1 1  was  significantly  greater  than  all  the  other  cruises  except 
Cruise  8.  and  Cruise  8  mean  length  was  not  significantly  different 
from  Cruise  5  means  {a  =  0.05;  Tukey  Studenli/ed  Range  Test; 
Table  4).  Mean  lengths  from  Cruises  2-4,  6-7  and  9-10  were  not 
significantly  different  (a  =  0.05;  Tukey's  Studentized  Range 
Test).  The  observed  variation  in  whelk  size  among  cruises  may  be 
explained  by  location,  as  the  two  cruises  with  the  largest  mean 
whelk  length.  Cruises  II  and  8  (Table  4),  occuned  in  the  ocean. 

Because  of  length  differences  observed  among  individual  Bay 
and  Ocean  cruises,  whelk  length  data  I'rom  the  Bay  were  pooled 
and  compared  with  Ocean  length  distributions.  The  2004  length 
distribution  of  knobbed  whelks  collected  in  the  Bay  was  generally 
mound  shaped  (mean  =  148.2,  median  =  147,  standard  eiTor  = 
0.54,  n  =  2198),  whereas  the  length  distribution  from  the  Ocean 


TABLE  4. 

Knobbed  \>belk  length  statistics  recorded  from  dredge  fishery 

observer  cruises  conducted  in  the  Delaware  Bay  and  in  the  .\tlantic 

Ocean  2(HM. 


Knobbed  VVhclk  Length  (mm) 


Cruise 


Loca- 
tion 


Mean    Median 


Standard 
Deviation 


Min. 


Similar 
Max.    Means' 


3 
4 
5 
6 
7 
8 
9 
10 
11 


Bay 

Bay 

Bay 

Bay 

Bay 

Bay 

Bay 

Ocean 

Bay 

Bay 

Ocean 


1 32.5 
145.9 
145.7 
146.4 
173.2 
149.5 
147.7 
176.7 
150.0 
151.6 
185.9 


I2S 
151 
142 
145 
174 
149 
144 
LSI 
149 
153 
193 


22.3 
22  2 
22.5 
28.5 
27.8 
19.9 
22  2 
33.8 
241 
24.9 
25.9 


87 
88 
93 
84 

113 
96 
98 
66 
91 
91 

107 


192 

187 


204 
209 
243 
223 
211 


A 
B 
B 
B 
C 
B 
B 

CD 
B 
B 
D 


298 
185 
211 
185 
193 
267 
360 
175 
394 
105 
72 


'  Equivalent  letters  indicate  that  means  of  log^.  transformed  lengths  were 
not  significantly  different  (Tukey  test,  a  =  0.05). 


was  multimodal  and  skewed  towards  greater  proportions  of  larger 
whelks  (mean  =  179.4.  median  =  183,  standard  error  =  2.03,)/ 
=  247;  Fig.  8).  Bay  and  ocean  length  distributions  were  signifi- 
cantly different  (KS  test,  P  <  0.0001).  Log^.  transformed  mean 
lengths  of  whelks  collected  in  the  Ocean  in  2004  were  significantly 
greater  than  Bay  whelks  collected  in  2004  (P  <  0.0001 ). 

The  relative  frequency  distribution  derived  from  fishery  depen- 
dent length  data  collected  from  the  Bay  dredge  fishery  in  Novem- 
ber 1993  and  May  and  April  1994  (Michael  Greco,  Delaware 
Department  of  Fish  and  Wildlife,  Little  Creek,  DE  19961;  unpub- 
lished data),  prior  to  the  inception  of  the  127.0  mm  minimum 
length  limit,  was  compared  with  the  2004  Bay  distribution  (Fig.  8). 
The  two  distributions  were  significantly  different  (KS  lest.  P  < 
0.0001 ).  Delaware  Bay  knobbed  whelk  lengths  measured  in  1993- 
1994  (mean  =   158.8  mm.  median  =   147,  standard  error  =  0.64, 
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Figure  8.  Spatial  and  temporal  comparisons  of  knobbed  whelk  length 
distributions  from  the  Delaware  dredge  fishery.  Length  data  from  the 
Delaware  Bay  came  from  2004  observer  cruises  1-7  and  9-10  and  from 
fishery  dependent  samples  collected  in  I99.<  and  1994  prior  to  the 
inception  of  the  127  mm  minimum  length  limit,  .\tlantic  Ocean  lengths 
were  recorded  on  2004  observer  cruises  8  and  IL 
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n  =  1567)  was  intermediate  between  2004  Bay  lengths  and  2004 
Ocean  lengths.  Log^  transformed  lengths  were  significantly  greater 
than  2004  Bay  mean  length,  but  less  than  2004  Ocean  mean  length 
(Tukey's  Sludenti/ed  Range  Test,  a  <  0.05).  Length  variation 
suggests  a  temporal  shift  toward  smaller  whelks  over  the  last  de- 
cade (Fig.  8).  The  proportion  of  Bay  whelks  >175  mm  declined 
from  29.4%  of  the  sample  in  1993  to  1994  to  17.2%  of  the  sample 
in  2004. 


DISCUSSION 


Wlii'lk  f'iihcry  Ltiiuliiigs 


In  addition  to  dredge  gear,  whelks  are  landed  with  trawls,  pots, 
and  traps  (Table  I ).  In  2003.  pooled  landings  of  knobbed  and 
channeled  whelks  from  all  Atlantic  dredge/trawl  fisheries  were 
56 1 .3  mt  meats,  and  landings  from  trap/pot  fisheries  were  570. 1  mt 
meats  (NOAA  Fisheries  2004:  http://www.st.nmfs.gov).  The 
greatest  landings  from  trap/pot  fisheries  were  224.5  and  91.4  mt 
meats  from  the  states  of  Virginia  and  Delaware  respectively;  and 
the  greatest  landings  from  dredge  fisheries  were  262.5  and  163.0 
mt  meats  from  the  states  of  Delaware  and  New  Jersey  respectively 
(Table  I). 

Over  the  last  decade,  landings  and  effort  from  the  Delaware 
whelk  dredge  fishery  have  exhibited  a  general  increasing  trend,  but 
during  this  period  landings  from  dredge  and  trawl  fisheries  the 
other  Atlantic  states  have  declined.  Aside  from  the  states  of  Dela- 
ware and  New  Jersey,  the  top  producing  slates,  Georgia,  Maryland, 
Massachusetts.  South  Carolina,  and  Virginia  (NOAA  Fisheries 
2004),  are  currently  experiencing  periods  of  reduced  landings  (Fig. 
9).  Whelk  landings  time  series,  from  1958  to  2003,  indicate  that 
dredge  and  trawl  fisheries  generally  exhibit  abbreviated  periods  of 
increased  landings  followed  by  longer  periods  of  reduced  landings, 
and  that  the  intervals  of  reduced  harvest  may  last  1-2  decades  (Fig. 
9).  Because  coast-wide  landings  of  knobbed  and  channeled  whelks 
are  pooled,  and  directed  and  by-catch  fisheries  are  not  differenti- 
ated, it  is  difficult  to  identify  the  factors  that  influence  landings 
cycles.  For  example,  peak  landings  in  Virginia  during  1974  to 
1975  (Fig.  9)  resulted  from  large  landings  of  channeled  whelk 
by-catch  from  the  surf  clam  dredge  fishery,  that  coincided  with 
peak  surf  clam  landings  (DiCosimo  &  DuPaul  1985). 

Landings  variability  in  whelk  dredge  and  trawl  fisheries  is  de- 
termined by  a  combination  of  supply,  demand,  economic  costs,  or 
regulatory  constraints.  In  New  Jersey,  whelks  can  be  harvested  as 
by-catch  from  the  blue  crab  dredge  fishery,  and  as  with  any  other 
type  of  fishery,  whelk  landings  are  largely  determined  by  abun- 
dance and  market  conditions  (Jeffrey  Normant,  New  Jersey  Bureau 
of  Marine  Fisheries.  Port  Republic.  NJ  08241;  pers.  comm.).  In 
Georgia,  landings  are  dependent  on  whelk  abundance,  operational 
costs,  and  success  of  the  previous  shrimp  season.  The  Georgia 
whelk  trawl  fishery  offers  off-season  income  to  the  shrimp  fleet. 
and  annual  shrimp  and  whelk  landings  are  often  inversely  related 
(James  Page.  Georgia  Marine  Resources  Division.  Brunswick.  GA 
21520;  pers.  comm.).  Similar  to  the  Georgia  fishery,  landings  in 
South  Carolina  provide  supplemental  income  to  the  shrimp  fleet 
during  the  off-season  and  fishing  effort  is  dependent  on  a  combi- 
natiim  of  market  value,  cost  of  fuel,  and  whelk  abundance  (Wil- 
liam Anderson.  South  Carolina  Marine  Resources  Division. 
Charleston.  SC  29422:  per.  comm.). 

Among  the  top  whelk  producing  states  in  the  mid  and  south 
Atlantic  (Fig.  9).  Delaware's  is  the  only  directed  dredge  or  trawl 
fishery  that  has  no  seasonal  restrictions.  Maryland  has  no  whelk 


season  closure,  but  trawl  landnigs  are  by-catch  from  a  groundfish 
trawl  fishery  (Steven  Doctor;  Maryland  Department  of  Natural 
Resources.  Matapeake.  MD  21666;  pers.  comm.).  In  New  Jersey, 
whelks  can  be  landed  throughout  the  year  with  pot  gear,  and  can 
be  landed  as  by-catch  from  the  winter  blue  crab  dredge  fishery  that 
occurs  from  mid-November  through  mid-April  (http:// 
www.. state. nj.us/dep/fgw/saltwater).  In  Virginia  knobbed  whelks 
are  landed  as  by-catch  from  the  blue  crab  dredge  fishery  that 
occurs  between  December  and  March  in  the  Chesapeake  Bay. 
Virginia  al.so  allows  a  directed  fishery  in  distinct  inshore  and  off- 
shore management  zones  with  varying  seasonal  restrictions  (http;// 
www.mrc.state.va.us/commercialcrabbingrules).  The  South  Caro- 
lina directed  trawl  fishery  occurs  between  the  shrimp  fishery  clo- 
sure in  January  and  the  reopening  in  April,  and  landings  are 
usually  highesi  in  the  months  of  March  to  April.  South  Carolina 
whelk  seasons  may  close  prematurely  if  fishery-dependent  infor- 
mation identifies  low  whelk  abundance  or  presence  of  sea  turtles 
(William  Anderson;  pers.  comm.).  The  Georgia  trawl  fishery  also 
occurs  during  a  January  to  April  shrimp  closure;  premature  closure 
of  the  whelk  season  may  be  influenced  by  market  forces  or  trig- 
gered by  the  onset  of  knobbed  whelk  reproduction  identified  by  the 
occurrence  of  egg  strings  in  fishery  independent  surveys  (James 
Page;  pers.  comm.). 

There  is  a  strong  seasonal  pattern  in  landings  from  the  Dela- 
ware whelk  dredge  fishery.  Whelks  are  retained  as  by-catch  from 
the  blue  crab  dredge  fishery  that  runs  from  mid-December  through 
March,  and  are  landed  by  a  directed  fishery  that  is  open  year- 
round.  The  highest  mean  monthly  landings,  however,  occur  March 
to  June.  High  CPUE  demonstrates  that  seasonality  in  landings  may 
be  related  to  increased  whelk  vulnerability  to  dredge  gear  during 
March  to  June.  Behavioral  information  is  largely  derived  from 
observations  of  intertidal  whelks,  but  generalizations  may  be 
drawn  to  explain  seasonality  in  CPUE  of  the  subtidal  fishery. 
Intertidal  whelks  in  Georgia  were  most  active  during  spring  and 
fall  (Walker  et  al.  2004).  Released  whelks  were  buried  and  inactive 
at  9'''C  water  temperature  (January)  and  were  on  the  surface  or 
partially  buried  at  I3°C  water  temperature  (March);  whelks  re- 
leased in  the  summer  initially  burrowed  up  to  14.4  cm  into  the 
substrate  and  then  migrated  to  subtidal  areas  (Walker  et  al.  2004). 
In  North  Carolina  intertidal  whelks  released  in  the  summer  imme- 
diately burrowed  into  sediments  and  remained  so  for  several  days; 
buiTowing  behavior  was  so  prevalent  that  it  was  termed  a  vertical 
migration  (Magalhaes  1948). 

Whelk  activity  appears  negatively  associated  with  ambient 
light  intensity;  during  the  summer,  intertidal  whelks  were  most 
active  at  night,  during  crepuscular  periods,  or  on  overcast  days 
(Magalhaes  1948).  During  December  to  February  subtidal  whelks 
may  be  sufficiently  buried  to  be  less  vulnerable  to  dredge  gear 
(Fig.  3).  Although  whelks  are  active  in  the  summer,  negative  pho- 
totaxis  may  explain  intermediate  summer  CPUE  levels.  Commer- 
cial dredgers  in  New  Jersey  report  that  both  knobbed  and  chan- 
neled whelk  burrow  during  the  day  and  capture  success  is  greatest 
at  night  or  on  days  with  heavy  cloud  cover  (Dobarro  1993).  Nega- 
tive phototaxis  during  the  summer  may  explain  why  catch  rates  on 
Cruises  10  and  I  I  declined  after  approximately  2  hours  of  dredg- 
ing (inset  Fig.  4).  and  resulted  in  a  cessation  of  fishing  activity  for 
the  season.  High  CPUE  during  March-May  may  result  from  sedi- 
ment emergence  and  increa.sed  diurnal  activity  mediated  by  in- 
creased temperalure  relative  to  winter  months,  and  presumably 
lower  light  intensity  and  shorter  photoperiod  relative  to  summer 
months.  Although  nothing  is  published  on  the  seasonality  in  the 
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Figure  9.  Whelk  landings  time  series  reported  to  NOAA  Fisheries  by  six  of  the  Atlantic  states  with  the  highest  producing  dredge  and  trawl 
fisheries.  Landings  of  knobbed  whelks  and  channeled  whelks  are  pooled.  Note  that  vertical  axes  are  not  equivalent. 


spatial  distribution  of  subtidal  whelks  in  Delaware,  high  spring- 
time CPUE  may  also  be  related  to  high  densities  resulting  from 
affinities  to  specific  over-winter  habitats  or  from  premating  aggre- 
gations. 

Gear  and  Benlliic  Habitats 

Whelk  burrowing  behavior  may  explain  fishery  tactics  and  the 
use  of  specific  gear  types.  Toothbar  dredges  are  the  most  fre- 
quently used  gear  in  Delaware,  and  are  the  traditional  gear  of  the 
winter  blue  crab  fishery.  Currently,  only  three  fishermen  use  scal- 
lop dredges,  but  use  of  this  gear  is  likely  to  increase  in  the  future. 
Unlike  toothbar  dredges  that  have  15  cm  teeth,  scallop  dredges  use 
heavy  tickle  chains  to  disturb  the  substrate  ahead  of  the  bag.  Al- 
though catch  data  was  collected  from  only  one  toothbar  dredger. 


CPUE  (Table  2)  and  cumulative  catch  plots  (Fig.  4)  suggest  that 
scallop  dredges  are  at  least  as  efficient  as  toothed  dredges  for 
harvesting  knobbed  whelks.  Gears  used  in  other  whelk  dredge/ 
trawl  fisheries  include  modified  shrimp  trawls  (Anderson  et  al. 
1985,  Walker  1988),  groundfish  trawls  and  assorted  dredges  used 
to  collect  clams,  sea  urchins,  mussels  and  oysters  (NOAA  Fisher- 
ies 2003).  Dredgers  on  the  New  Jersey  side  of  the  Delaware  Bay 
are  permitted  to  use  toothed  crab  dredges,  dredges  with  a  toothless 
bar.  or  a  chain  in  place  of  the  toothed  bar  (Paul  Scarlett,  New 
Jersey  Bureau  of  Marine  Fisheries.  Port  Republic,  NJ  08241:  pers. 
comm.).  The  spatial  pattern  of  dredge  deployment  in  the  Delaware 
fishery  is  typified  by  multiple  tows  over  the  same  area  by  single  or 
multiple  boats.  Presumably,  dredge  track  overlap  and  cooperative 
dredging  enhance  catch  rates  because  whelks  are  at  least  partially 
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embedded  in  the  sediment  and  are  not  easily  dislodged  on  tiie  first 
pass.  The  use  of  toothbar  dredges  and  scallop  dredges  with  heavy 
tickle  chains  also  indicate  that  whelks  must  be  dug  from  the  sub- 
strate. In  South  Carolina,  otter  trawls  are  modified  with  cables  and 
tickler  chains  that  dig  whelks  from  the  sediment,  and  chaffing  gear 
is  added  to  minimize  damage  to  codend  webbing  (William  Ander- 
son; pers.  comm.).  Because  otter  trawls  must  penetrate  into  the 
sediment,  gear  and  boat  damage  is  a  major  economic  consideration 
for  entry  into  the  Georgia  fishery  (James  Page;  pers.  comm.). 

Considerable  focus  has  been  given  to  the  effect  of  mobile  fish- 
ing gear  on  benthic  habitats  (National  Research  Council  2002). 
Essential  Fish  Habitat  (EFH)  considerations  relative  to  ecologi- 
cally significant  habitats  were  included  in  recent  fisheries  legisla- 
tion (Benaka  1949).  So-  called  "worm  reefs"  (structure  created  by 
the  tube  dwelling  polychaetes  5.  viilf^iiris  and  H.  dianthits).  occur 
in  the  Delaware  Bay  (Wells  1970.  Haines  &  Maurer  1980),  and 
have  been  attributed  to  having  EFH  value  (NREFHSC  2002, 
Miller  2001 ).  Increased  effort  in  the  whelk  dredge  fishery  over  the 
last  decade  has  raised  concern  over  potential  negative  effects  on 
Delaware  Bay  benthic  habitats.  H.  diamhus  creates  a  calcareous 
casing  (Haines  1978)  and  was  only  observed  from  dredge  tows  that 
contained  rock  and  oyster  shell.  S.  vulgaris  creates  casings  of  sand 
grains  (Wells  1970)  and  when  observed  in  dredges,  was  attached 
to  a  variety  of  hard  materials  including  the  shells  of  living  whelks 
and  horseshoe  crabs.  Material  considered  to  be  representative  of 
w  orni-reef  habitat  was  only  observed  in  seven  of  22  analyzed  tows 
on  Cruise  2.  Cruise  2  was  an  anomaly  relative  to  the  other  cruises, 
because  the  vessel  targeted  hard  clams  in  addition  to  whelks  and 
the  captain  wanted  to  demonstrate  the  spatial  distribution  and  vari- 
ability of  benthic  materials  to  the  observer.  Because  H.  diantluis 
and  5.  vulgaris  only  colonize  hard  substrates  (Wells  1970.  Curtis 
1975,  Tinsman  &  Hense  2004),  worm-reef  habitat  is  generally  not 
dredged  by  the  whelk  fishery  because  of  the  difficulty  of  culling 
relatively  few  whelks  from  heavy  nonliving  material  and  potential 
damage  to  gear.  Because  most  fishery  effort  and  whelk  catch 
comes  from  mud  and  sand  habitats,  it  appears  that  the  dredge 
fishery  has  a  negligible  effect  on  worm  reef  habitats.  The  cumu- 
lative effect  of  dredge  fishery  activity  on  mud  and  sand  habitats, 
however,  is  unknown. 

Catch  Composition 

A  variety  of  organisms  were  observed  in  whelk  dredge  samples 
and  ratios  of  whelks  to  by-catch  varied  within  and  among  observer 
cruises.  Temporal,  spatial,  and  gear  variability  presumably  con- 
tributed to  differences  in  catch  composition.  The  highest  variabil- 
ity on  the  proportion  of  knobbed  whelks  to  by-catch  was  observed 
during  Cruise  2  (Table  2),  and  is  demonstrated  by  high  proportions 
of  hard  clams  and  horseshoe  crabs,  and  by  fishing  effort  expended 
on  a  variety  of  bottom  types,  such  as  tube  worm  habitat,  that  held 
relatively  few  whelks.  Ninety-three  percent  of  all  hard  clams  and 
19'7f  of  horseshoe  crabs  enumerated  in  Delaware  Bay  samples 
came  from  Cruise  2.  Variability  in  Cruise  2  catch  composition 
occurred  because  hard  clams  were  targeted  in  addition  to  whelks, 
and  the  captain  chose  to  dredge  a  variety  of  bottom  types.  Propor- 
tions of  knobbed  whelks  in  samples  were  also  low  on  cruises  that 
were  conducted  in  the  Ocean.  Lower  numbers  in  volumetric 
samples  from  Cruises  8  and  1 1  may  be  explained  by  larger  size  of 
ocean  whelks  (Fig.  8)  and  by  high  levels  of  horseshoe  crab  by- 
catch.  Taxa  observed  as  by-catch  in  whelk  trawl  fisheries  include 
Atlantic  croaker  M/cto/'",';""""  uiuhdaius  (Linnaeus.  1766),  sting 


rays  Dasyatis  spp.,  horseshoe  crabs,  blue  crabs  and  spotted  se- 
atrout  Cynoscion  nebulosus  (Cuvier.  1830)  in  South  Carolina  (Wil- 
liam Anderson;  pers.  comm.);  and  fringed  flounder  Etropus  cros- 
sotus  (Jordan  &  Gilbert.  1882).  Atlantic  stingray  Dasyatis  sabina 
(Lesueur.  1824).  star  drum  Srel lifer  lanceolatits  (Holbrook,  1855). 
southern  stingray  Dasyatis  americana  (Hildebrand  &  Schroeder, 
1928),  and  southern  kingfish  Menticirrhus  americanus  (Linnaeus. 
1758)  in  Georgia  (James  Page.  pers.  comm.). 

The  scarcity  of  channeled  whelks  in  dredge  samples  is  congru- 
ent with  the  observations  of  others  that  knobbed  whelk  dominate 
landings  from  dredge  and  trawl  fisheries  (Anderson  et  al.  1985, 
Davis  &  Sisson  1988)  and  channeled  whelks  dominate  landings 
from  pot  or  trap  fisheries  (Davis  &  Sisson  1988,  Walker  et  al. 
2003.  Logothetis  &  Beresoff  2004).  The  absence  of  knobbed 
whelks  in  pots  may  be  explained  by  a  preference  for  live  bivalves 
rather  than  bait  and  carrion,  and  potentially  a  reduced  ability  to 
enter  traps  because  of  a  heavier  shell  than  the  thinner-shelled  and 
more  active  channeled  whelk  (Davis  1981.  Sisson  &  Wood  1988. 
Dobarro  1993.  Walker  et  al.  2(X)3.  Logothetis  &  Beresoff  2004). 
Channel  whelks  have  been  documented  as  being  less  diumally 
active  than  the  knobbed  whelk  (Magalhaes  1948).  During  daylight, 
channel  whelks  may  be  sufficiently  buried  to  be  invulnerable  to 
dredge  gear. 

Size  Distributions 

Analysis  of  knobbed  whelk  size  distributions  from  2004  re- 
vealed that  mean  lengths  were  relatively  similar  among  cruises  in 
the  Bay.  but  whelks  from  the  Ocean  were  larger  than  those  from 
the  Bay.  Delaware  landings  reports  for  1994  to  2004  reported  that 
only  3%  of  3.031  dredging  trips  occurred  in  the  Ocean.  Log-book 
reports  from  2004  indicate  that  5'7c  of  478  trips  occurred  in  the 
Ocean.  Lower  levels  of  fishing  effort  and  exploitation  in  the  Ocean 
may  explain  spatial  differences  in  size  distributions.  Observed  dif- 
ferences between  whelks  collected  in  2004  and  whelks  collected  in 
1993  to  1994.  when  there  was  no  minimum  legal  length,  suggest 
that  the  size  distribution  in  the  Bay  has  shifted  to  smaller  indi- 
viduals over  that  last  decade.  Length  data  from  2004  were  recorded 
on-board  prior  to  culling,  whereas  1993  to  1994  data  were  re- 
corded from  landed  whelks.  Although  there  was  no  minimum  legal 
length  in  1993  to  1994.  it  is  possible  that  smaller  whelks  were 
collected,  but  were  culled  and  not  landed.  Regardless,  the  mode  at 
190  mm  observed  in  the  1993  to  1994  distribution  (Fig.  8)  was 
absent  in  the  2004  length  distribution.  Increased  exploitation  (Fig. 
2)  may  explain  shifts  in  Bay  size  distributions  over  the  last  decade. 

There  is  evidence  that  declines  in  annual  whelk  landings  may 
result  from  over-harvest.  Declines  in  catch  and  size  of  pot-caught 
channeled  whelk  in  New  England  has  been  attributed  to  increased 
fishing  pressure  (Davis  &  Sisson  1988).  The  South  Carolina  trawl 
fishery  experienced  record  landings  in  1982  followed  by  precipi- 
tous declines  in  1983  to  1984  (Fig.  9).  Landings  declines  were 
attributed  to  high  and  sustained  levels  of  fishing  effort  by  South 
Carolina  trawlers,  coupled  with  low  growth  rates  and  confined 
home  ranges  of  knobbed  whelk  determined  from  mark  and  recap- 
ture studies  (Anderson  et  al.  1985).  Presently,  the  United  States 
South  Atlantic  whelk  fishery  is  considered  to  be  over-fished  and 
overall  annual  landings  are  expected  to  remain  low  (Burrell  1997). 

Landings  from  Delaware  and  New  Jersey  dredge  fisheries  are 
the  highest  on  the  Atlantic  Coast  (Figs.  2  and  9).  In  Delaware  more 
whelks  are  landed  from  the  Delaware  Bay  than  from  the  Atlantic 
Ocean.  Although  whelks  are  also  dredged  from  New  Jersey's 
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coastal  bays,  a  good  portion  of  the  whelks  harvested  by  dredge  that 
are  landed  in  New  Jersey  come  from  the  Delaware  Bay  (Jeffrey 
Normant;  pers.  comm.).  Because  of  the  magnitude  of  fishery  ac- 
tivity in  the  Delaware  Bay.  it  appears  that  whelk  productivity  in  the 
Bay  has  been  relatively  high.  The  presence  of  sublegal  whelks  in 
commercial  gear  (Fig.  8)  indicates  that  successful  recruitment  oc- 
curs. Despite  increased  fishery  activity,  whelk  densities  may  re- 
main elevated  in  some  locations.  For  example,  during  Cruise  4.  an 
estimated  3,677  legal  whelks  were  taken  from  an  approximately 
14.2  ha  area.  If  all  13  boats  observed  fishing  the  same  bottom  that 
day  (Table  2)  maintained  an  equivalent  catch  rate,  the  estimated 
density  would  be  3.354  legal  whelk  per  ha  or  approximately  I 
whelk  per  3  ni". 

Landings  time  series  among  the  top-producing  dredge  and 
trawl  fisheries  in  the  Atlantic  states  reveal  a  general  pattern  of 
years  of  large  landings  followed  by  multiyear  periods  of  smaller 
annual  landings  (Fig.  9).  Delaware  landings  data  (Fig.  2)  suggest 
that  the  fishery  is  at  a  peak  in  the  cycle  as  landings  and  effort  have 


been  consistently  high  over  the  last  four  years  relative  to  the  1994 
to  2000  period.  Demand  for  domestic  whelk  meats  appears  to  be 
consistently  high  and  is  partially  driven  by  depletion  of  global 
whelk  fisheries  (Kaplan  &  Boyer  1992);  thus  current  effort  levels 
in  the  Delaware  fishery  will  continue  until  profitability  declines. 
Given  the  experiences  of  other  states  and  an  apparent  inability  of 
whelk  populations  to  sustain  elevated  exploitation  for  extended 
periods,  the  Delaware  dredge  fishery  should  expect  reduced  land- 
ings in  the  future. 
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EFFECTS  OF  DIETS,  THEIR  CONCENTRATIONS  AND  CLAM  SIZE  ON  FILTRATION  RATE 

OF  HARD  CLAMS  (MERETRIX  LUSORIA) 


YEW-HU  CHIEN*  AND  WEN-HUA  HSU 

Dcpartwent  of  Ac/iKiciilliiiv.  Nutioiud  Taiwan  Ocean  Univcrsiry.  Keelun^.  Taiwan  202. 
Republic  of  China 

ABSTRACT  The  hard  clam  {Meretrix  lusoria)  is  one  of  the  most  important  cultured  molluscs  in  Taiwan.  Although  it  is  mainly 
cultured  ui  ponds  and  supplemental  feeding  of  artificial  feed  is  commonly  practiced,  no  scientific  information  on  its  preferred  foods 
and  appropriate  feeding  strategies  are  available.  Six  diets:  fishmeal  (F).  soybean  meal  (S),  commercial  hard  clam  feed  (C),  microalgae 
Tetraselmis  chiii  (T)  and  Nwinochtoiopsis  oculata  (N)  and  bread  yeast  (Y),  were  fed  to  hard  clams.  Each  diet  was  fed  at  3 
concentrations  (20  mg  L"'.  200  mg  L"'  and  633  mg  L"')  and  was  fed  to  clams  of  3  sizes  (7-1  Ig.  12-17  g  and  18-26  g  total  body 
weight)  to  gauge  their  effects  on  weight-specific  filtration  rate  and  pseudofeces  production.  Overall,  the  filtration  rates  for  diets  in 
descending  order  were  S>C>F  =  Y>N>T.  Particle  size  of  the  diets  played  an  important,  but  not  the  only,  role  in  determining 
the  filtration  rate.  Diets  with  regular  particle  shape  (N.  T.  Y)  yield  lower  filtration  rates  and  higher  pseudofeces  production  than  diets 
with  irregular  shape  (C.  F.  S).  Both  filtration  rate  and  pseudofeces  production  were  higher  for  yeast  than  for  algae  (T,  N).  Filtration 
rate  and  pseudofeces  production  were  also  higher  for  the  mixed  component  diet  (C)  than  for  single  component  diets  (F,  Si.  Filtration 
rate,  but  not  pseudofeces  production,  was  higher  for  the  plant-based  diet  (S)  than  for  fishmeal  (F).  Both  diet  concentration  and  clam 
size  had  inverse  correlations  with  weight-specific  filtration  rate.  The  effects  of  all  interactions  between  diets,  diet  concentrations,  and 
clam  sizes  on  filtration  rates  were  significant,  reflecting  the  complexity  of  feeding  behavior  of  Meretrix  lusoria. 

KEY  WORDS:     clam,  Meretrix  lusoria.  filtration  rate,  pseudofeces,  commercial  feed,  microalgae,  fishmeal,  soybean  meal 


INTRODUCTION 

The  hard  clam  {Meretrix  lusoria)  is  one  of  the  most  important 
cultured  molluscs  in  Taiwan,  Its  reported  peak  culture  area  was 
7,552  ha  in  1994.  peak  production  was  31.517  l  in  2003,  peak 
productivity  was  4,85  t  ha"'  in  2002:  (Fig,  1),  Hard  clams  were 
introduced  to  the  northern  coast  of  Taiwan  from  Japan  in  1925  and 
later  extensively  ranched  in  sandy  tidal  flats,  especially  on  the  west 
coast.  Before  1970.  hard  clams  were  cultured  in  ponds  (Chen 
19841  although  it  is  imknown  when  this  activity  first  started.  In 
1980.  pond-culture  accounted  for  only  13%  of  the  total  culture 
area.  Hard  clams  were  mostly  cultured  on  sandy  tidal  flats.  After 
mass  artificial  propagation  was  achieved  (Chen  &  Lyuu  1982), 
total  production  increased  74<7r  from  9.200  t  in  1982  to  16.049  t  in 
1983  but  also  the  importance  of  pond-culture.  In  2003.  around 
83%  of  the  culture  area  was  in  ponds  and  94%  of  the  production 
was  from  ponds. 

Various  artificial  diets,  either  as  supplements  or  as  the  main 
food  source  for  larval,  juvenile  and  adult  bivalves  have  been  de- 
veloped, which  include  dried  algae  (Laing  et  al.  1990.  Gladue 
1991.  Laing  &  Gil  Verdugo  1991.  Laing  &  Millican  1992).  pre- 
served algal  pastes  (Donaldson  1991),  microencapsulated  diets 
(Jones  et  al,  1984,  Langdon  et  al.  1985)  and  yeast-based  diets 
(Epifanio  1979.  Urban  &  Langdon  1984.  Coutteau  et  al,  1990. 
1991).  Such  feeding,  conducted  either  experimentally  or  commer- 
cially, however,  was  mostly  done  in  hatcheries  or  nursery  ponds 
(Southgate  et  al,  1998),  not  in  growout  ponds.  In  Taiwan,  feed 
accounted  for  14%  to  37%  of  total  production  cost  of  pond- 
cultured  hard  clam  (duo  2003).  There  are  two  feed  mills  in  Taiwan 
producing  formulated  hard  clam  feed,  which  is  used  by  some 
farmers. 

Hard  clams  have  much  higher  productivity  when  cultured  in 
ponds  than  when  ranched  in  sandy  tidal  flats.  In  2003.  productivity 
in  the  former.  5.480  kg  ha"',  was  2.2  times  higher  than  that  in  the 
latter,  1,710  kg  ha"'  (Fisheries  Administration  2003).  In  addition. 
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higher  stocking  densities  are  used  in  growout  ponds:  1.00  to  1.60 
million  seed  clams  (0,8-1.0  g)  ha"'  versus  <1,00  million  seed 
clams  ha"',  and  faster  growth  occurs  in  ponds:  6-8  mo  versus  1 
year  to  reach  marketable  size  (20  g  total  body  wet  weight)  (Chen 
1984).  Organic  fertilization  with  rice  bran,  chicken  droppings,  hog 
manure,  and  supplemental  feeding  contribute  greatly  to  the  food 
supply  in  ponds  (Ho  1991).  In  Taiwan,  food  organisms  used  in 
hatcheries  or  nursery  ponds  include  the  algae  Isochrysis  sp,.  Platy- 
iitomi.s  sp,.  yeast  and  photosynthetic  bacteria  RhodospiriUum  sp. 
Supplemental  foods  used  for  hard  clam  growout  ponds  include 
fishmeal.  fish  soluble,  soybean  meal,  commercial  formulated  food 
and  other  home  made  mixtures  in  powder  form.  Clam  farmers 
develop  their  diets  and  feeding  strategies,  such  as  the  amount  and 
timing  of  food  delivery  and  assess  the  feeding  effects  on  environ- 
mental quality  completely  based  on  their  own  experience,  without 
using  the  available  information  from  scientific  studies.  Therefore, 
this  study  aims  to  determine  the  effects  of  various  concentrations 
of  six  diets  that  are  curtently  or  could  potentially  be  used  for  hard 
clam  aquaculture,  on  filtration  rate  and  pseudofeces  production  of 
hard  clams  of  different  sizes  so  that  this  basic  information  can  be 
used  to  develop  compound  feed  formulation  and  appropriate  feed- 
ing strategies. 

MATERIALS  AND  METHODS 

Experimental  Variables:  Diets,  Their  Conceiilratiuns  and  Clam  Sizes 

The  6  experimental  diets  evaluated  were  fishmeal  (F).  soybean 
meal  (S).  cominercial  hard  clam  formulated  feed  (C).  live  microal- 
gae: Tetraselmis  chid  (T)  and  Nannochloropsis  oculata  (N)  and 
bread  yeast  (Y).  The  major  ingredients  in  C  are  S.  F.  Y.  squid 
meal,  com  meal,  oyster  shell,  yeast  and  calcium  perphosphate.  The 
algae  T  and  N  were  often  found  in  hard  clam  ponds  during  our 
field  observations  and  have  been  widely  used  as  feed  for  bivalves 
(Laing  &  Gil  Verdugo  1991,  Laing  &  Millican  1992),  The  feed 
components  F,  S,  Y  and  C  were  obtained  from  a  commercial 
source  (Taishan  Co,,  Salu,  Taichuan.  Taiwan).  Microalgal  stock 
cultures  were  obtained  from  Biotechnology  Section,  Taiwan  Fish- 
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Figure  1.  Production  statistics  of  hard  clams  Merctrix  liisnria.  in  Tai- 
wan l)etvveen  198()  and  2003. 

eries  Reseaich  Institute.  These  algae  were  cultured  in  5-L  glass 
flasks  containing  Provasoli's  enriched  seawater  (.^S^fc  salinity. 
0.45  jiiii  filtered  and  UV  treated)  (Provasoli  1968).  Cultures  were 
held  at  25"C  under  cool  white  fluorescent  light  on  a  12  hL:12  hD 
photoperiod.  Algae  were  used  during  mid  stationary  phase  of 
growth.  The  diet  F  and  S  were  further  ground  by  a  locally  made 
feed  ingredient  grinder  for  4  min  and  X  niin.  respectively  to  obtain 
finer  particles  sizes.  Particle  sizes  were  determined  by  measuring 
at  least  300  diet  particles  to  the  nearest  5  (jlhi  with  a  hemacytom- 
eter under  a  microscope  (Nikon  E400,  Tokyo,  .lapan).  Intervals 
were  set;  <5  ixm.  every  3  \x.m  from  6-.^0  p.m  and  >.^0  \i.m.  Particle 
sizes  (mean  maximum  length  ±  standard  deviation)  and  shape 
(determined  qualitatively)  of  the  experimental  diets  were;  F  = 
17.3  ±  7.5  |xm.  irregular;  S  =  19.5  ±  10.2  iJim,  irregular;  C  =  12.5 
±  6.3  (j,m,  iiTegular;  T  =  8.0  ±  1.5  (xm,  oval;  ;;  =  4.1  ±  0.7  |j.m. 
round  and  Y  =  6.2  ±  1.0  (xm.  round. 

The  diet  concentrations  used  were  determined  by  using  the 
maximum  concentration  of  M  ociiUihi  that  could  be  cultured  in  this 
laboratory,  around  2.000  mg  dry  biomass  L"'.  as  2  units  in  a  log,,, 
scale.  We  then  chose  0.5.  1  and  1.5  units  as  the  concentrations  for 
use,  which  were  equivalent  to  20  mg.  200  mg  and  633  mg  dry 
weight  L"'.  In  clam  ponds  studied,  algal  concentration  could  reach 
as  much  as  435  mg  dry  weight  L~'  depending  on  their  produc- 
tivity. 

Dry  weights  of  algal  cells  of  both  species  were  determined  by 
filtering  algae  from  a  lOO-niL  aliquot  of  suspension  of  known 
concentration;  aliquots  were  taken  from  five  replicate  cultures  of 
each  species.  Algae  were  retained  on  tared,  glass-fiber  filters 
(Whatman.  no.GF/F,  0.7-p,m  poi-e  size),  which  were  subsequently 
washed  with  a  0.5  M  solution  of  ammonium  Connate  to  remove  sea 
salts.  Filters  were  then  dried  at   100  C  for  2  h  to  volatilize  the 


ammonium  formate  (Epifanio  &  Ewart  1977)  and  weighed  on  an 
analytical  balance  to  a  precision  of  0.1  mg.  Algal  density  in  dry 
weight  base  were  1.18  (±0.43)  x  10''  cells  mg"'  and  1.85  (±0.67) 
X  10'  cells  mg"'  for  N  and  T,  respectively. 

Three  size  classes  of  clam  were  used:  small,  7-1 1.9  g  (total 
body  wet  weight);  medium.  12-17.9  g  and  large,  18-26  g.  Clams 
were  obtained  from  ponds  in  Taishi  station,  Marieulture  Research 
Center,  Taiwan  Fisheries  Research  Institute.  At  our  laboratory, 
they  were  acclimated  for  a  week  under  ambient  temperature  in  a 
2,000-L  fabricated  reinforced  polyethylene  (FRP)  round  tank 
paved  with  6-10  cm  sand,  and  fed  a  combination  of  all  6  diets  on 
an  equal  dry  weight  basis.  Salinity  was  maintained  at  \5%c  to 
189fr,  which  was  the  salinity  in  the  ponds  where  the  clams  were 
from.  One  day  before  experimentation,  an  adequate  number  of 
clams  were  collected  and  placed  in  a  20-L  bucket  filled  with  1-jjim 
filtered  seawater.  Water  temperature  was  controlled  at  around 
25.2-C  ±  0.4  "C  and  clams  were  not  fed. 

Standard  Curve  of  Suspended  Particles 

A  turbidity-weight  relationship  was  developed  to  estimate 
the  biomass  of  each  diet  in  the  water.  Five  concentrations:  20  mg. 
63.3  mg,  200  mg,  633  mg  and  2,000  mg  L"'  of  F.  S.  C  and 
Y  suspension  were  obtained  by  weighing  0.012,  0.038,  0.12,  0.38 
and  1.2  g  of  each  diet  into  a  beaker  containing  600  mL  filtered 
seawater  and  suspended  with  a  magnetic  stin'er.  A  10-mL  sample 
was  taken  by  pipette  and  immediately  measured  in  a  turbidity 
meter  (HACH  2100P.  Loveland,  Colorado,  USA).  For  each  con- 
centration. 5  replicates  were  measured  and  for  each  replicate.  2 
repeated  readings  were  obtained.  For  the  microalgae,  instead  of 
dilution,  the  original  algal  suspension  was  concentrated  several 
times  by  centrifugation  at  x3,000  rpm  for  10  min  each  time  to 
obtain  a  calibration. 

Filtration  Rale  Apparatus 

Clearance  rales  were  determined  using  methods  similar  to  those 
of  Shumway  et  al.  ( 1985)  and  Levinton  et  al.  (2002).  Filtration  rate 
was  determined  by  the  indirect  method  (Epifanio  &  Ewart  1977, 
Winter  1978),  measuring  the  removal  of  suspended  particles  from 
a  known  volume  of  water  per  unit  time  (Fox  et  al.  1937).  This 
"indirect  method"  agrees  well  with  other  indirect  and  direct  meth- 
ods used  for  measuring  filtration  rates  in  mussels  (Famine  et  al. 
1986).  The  feeding  apparatus  was  composed  of  a  1-L  beaker  held 
over  a  magnetic  stirrer  (MS-90,  Fargo).  The  beaker  contained  a 
feeding  platform,  set  above  a  3-cm  Teflon  stirrer,  made  by  tying 
three  3.5-cm  rods  perpendicularly  to  a  6-cm  ring.  Both  ring  and 
rods  were  made  of  no.  1 9  gauge  ( 1 .9  mm  inner  diameter)  insulated 
wire.  The  ring  was  covered  with  a  2  mm  x  2  mm  mesh  nylon  net. 
The  dial  of  the  stirrer  was  fixed  at  3.5  so  that  mixing  kept  all  diet 
particles  in  suspension  but  would  not  resuspend  the  clam's  fecal 
material.  One  clam  was  used  per  beaker. 

Each  trial  was  conducted  as  follows:  a  designated  diet  suspen- 
sion was  prepared  and  600  mL  of  diet  suspension  was  poured  into 
a  1-L  beaker.  The  stirrer  was  activated  and  a  designated  size  clam, 
which  had  been  starved  for  24  h.  was  placed  on  the  center  of  the 
feeding  platform.  A  10-mL  sample  of  suspension  was  collected  to 
measure  the  initial  diet  concentration.  The  experiment  lan  for  1  h 
starting  when  the  clam  resumed  feeding  and  extended  and  dilated 
its  siphon.  Another  sample  was  taken  at  the  end  of  the  hour  for  the 
final  diet  concentration.  In  a  few  preliminary  trails,  when  large  size 
clams  were  used  to  test  their  filtration  capability  in  diet  F  and  S  at 
a  concentration   20  mi;  L"'   for   10  and   15  min.  no  significant 
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rediicticin  in  diet  conccntralion  were  found.  In  a  similar  clearance 
experiment.  Levinton  et  al.  (2002)  used  a  clearance  period  of 
0.75  h  for  mussels  and  1 .5  h  for  oysters,  thus  we  chose  1  h  for  each 
trial.  Experimental  bivalves  were  then  opened:  their  soft  tissue  was 
separated  from  the  shell,  blotted  with  a  paper  towel  and  then  dried 
at  105'  C  for  around  48  h  until  a  constant  weight  was  reached.  Dry 
weight  data  were  used  to  calculate  weight  specific  filtration  rate. 
Considering  the  deviation  of  experimental  conditions  from  the 
natural  ones,  such  as  starvation  prior  to  the  measurement,  constant 
circular  flow  around  the  clam  and  clam's  laying  position  on  the 
feeding  platform,  filtration  rate  determined  by  this  indirect  method 
may  not  be  very  representative  of  the  true  filtration  rate  of  this  hard 
clam  in  natural  conditions.  However,  for  the  simplicity  of  our 
method,  apparatus  set-up  and  the  consistency  in  use.  the  filtration 
rate  should  potentially  be  used  in  a  comparative  manner  among 
treatments. 

Filtration  Rate  Experiment 

A  .■<  X  6  X  3  factorial  arrangement  treatments  design  was  used 
in  which  three  sizes  of  clam  were  exposed  to  six  diets  each  at  three 
concentrations.  Each  treatment  combination  had  four  replicates. 
Each  replicate  u,sed  3  feeding  chambers:  a  blank  chamber  using  a 
dummy  clam  and  two  treatment  chambers  with  live  clams.  The 
dummy  clam  consisted  of  an  empty  clain  filled  with  sand  with  the 
shells  glued  together.  In  each  replicate  the  clams  had  a  similar  shell 
size.  The  experiments  in  three  chambers  of  a  replicate  were  run 
simultaneously.  After  correcting  by  turbidity  changes  in  the  blank 
chamber,  the  two  readings  for  live  clams  were  averaged  and  used 
as  one  datum  for  that  replicate. 

The  equation  by  Riisgard  (1988)  was  used  to  estimate  the  fil- 
tration rate  (F): 

F  =  V/t  X  In  Co/Ct 

where  V  is  a  known  volume  of  water:  t  the  time  in  h:  In  the  natural 
logarithin;  and  Co  and  Ct  the  particle  concentrations  at  time  0  and 
t:  respectively.  Because  the  rate  of  filtration  of  bivalves  is  related 
to  the  size  of  the  animal  (Winter  1978)  and  clam  weight  varied  for 
each  trial,  weight-specific  filtration  rate  (PR  =  FAV  in  niL  h~' 
g"')  (Epifanio  &  Ewart  1977)  was  used:  where  W  was  dry  weight 
of  soft  tissue  mass  (g)  (Bayne  et  al.  1976). 

Pseiidofeces  Production  Experiment 

A  factorial  treatments  design:  diets  6x2  clam  sizes  were  used 
in  which  each  treatment  had  four  replicates.  Only  1  diet  concen- 
tration was  used.  200  mg  L"'.  This  was  because  some  of  the  clams 
would  not  feed  at  633  mg  dry  weight  L"' .  On  the  other  hand,  at  the 
lowest  concentration.  20  mg  L~'.  insufficient  pseudofeces  could  be 
collected  to  allow  accurate  measurement.  No  medium  size  clams 
were  available  when  conducting  the  experiment  so  only  small  and 
large  clams  were  used. 

After  feeding  for  1  h.  the  clam  was  removed  from  the  beaker. 
A  pipette  was  used  to  carefully  collect  the  pseudofeces  on  the 
bottom  or  attached  to  the  wall  of  the  beaker  or  that  clung  to  the 
feeding  platform.  They  were  placed  in  an  aluminum  foil  plate 
(5  cm  in  diameter  and  about  1.9  g  weight),  dried  to  constant  weight 
at  80°C  and  weighed  to  the  nearest  0.01  mg. 

Statistical  Analysis 

For  filtration  rate,  a  3-way  ANOVA  was  used  to  test  the  sig- 
nificance of  the  inain  effects  and  interactions  of  diets,  diet  con- 


centrations and  clam  sizes.  For  pseudofeces  production,  a  2-way 
ANOVA  was  used  to  test  the  significance  on  the  main  effects  and 
interactions  of  diets  and  clain  sizes.  Duncan's  multiple  range  tests 
( DMRT)  were  used  to  test  the  differences  among  the  levels  of  each 
main  effect.  Besides  DMRT  for  pairing  (one-to-one)  comparisons, 
5  orthogonal  contrasts  were  conducted  for  systematic  (set-to-.set) 
comparisons:  ( 1 )  diet  particle  shape:  regular  (N.  T  and  Y)  versus 
in'egular  (C.  F  and  S);  (2)  regular  particle  shape:  algae  (N  and  T) 
versus  yeast  (Y):  (3)  algae:  N  versus  T:  (4)  irregular  particle 
shape:  mixture  components  (C)  versus  single  component  (F  and  S) 
and  (5)  single  component:  plant  material  (S.)  versus  animal  mate- 
rial (F). 


RESULTS 


Filtration  Kale 


There  were  highly  significant  (P  <  0.01)  effects  of  diet,  diet 
concentrations  and  clam  sizes  on  filtration  rate,  and  all  the  inter- 
actions were  highly  significant  (Table  1 ).  Within  diet,  orthogonal 
contrasts  (Table  1)  indicated  that  the  average  filtration  rate  for 
diets  having  regular  shape  of  particles  (i.e..  N.  T  and  Y)  was 
significantly  lower  than  that  for  diets  having  an  irregular  particle 
shape  (i.e..  C.  F  and  S).  For  the  regular  particle  shape  diets,  aver- 
age filtration  rate  for  the  planktonic  algae  N  and  T  was  signifi- 
cantly lower  than  that  for  the  yeast.  Y.  Between  the  two  algae, 
clams  fed  N  had  significantly  higher  filtration  rates  than  those  fed 
T.  For  the  irregular  particle  shape  diets,  filtration  rate  for  the  diet 
having  mixed  components  (i.e..  C)  was  significantly  lower  than  the 
average  filtration  rate  for  diets  having  a  single  component  F  and  S. 
Between  the  diets  that  had  a  single  component,  clam  filtration  rate 
of  S  was  significantly  higher  than  that  of  F.  Disregarding  clam 
sizes.  DMRT  results  showed  that  the  filtration  rates  in  descending 
order  were  S>C>F  =  Y>N>T  (Fig.  2).  For  small  clams, 
all  differences  in  filtration  rate  among  diets  were  significant  (i.e., 
S>C>F>Y>N>T).  However,  for  larger  clams,  the  differences 
in  filtration  rate  among  diets  became  less  distinct.  For  example,  for 
large  clams,  there  were  no  differences  in  filtration  rate  between 
S  and  F,  and  also  no  differences  among  S,  Y  and  C. 

Overall,  filtration  rate  decreased  with  increasing  diet  concen- 
tration (Fig.  3).  Such  an  inverse  relationship  was  especially  evident 
between  diet  concentration  633  mg  L~'  and  200  mg  L"'  and  this 
effect  was  consistent  for  each  clam  size  class  (i.e..  whereas  the 
former  diet  concentration  was  about  3  times  as  the  latter,  the 
filtration  rate  at  the  former  was  about  1/3  of  the  latter). 

Disiegarding  diet  and  diet  concentration,  the  smaller  the  clam, 
the  higher  the  weight-specific  filtration  rate.  The  filtration  rates 
differed  significantly  and  were  49  ±  2.  30  ±  1  and  27  ±  1  mL  h"' 
g"'  for  small,  medium  and  large  clams,  respectively. 

Pseudofeces  Prodnelion 

There  were  highly  significant  effects  of  diet  and  clam  size  on 
pseudofeces  production.  No  interaction  was  found  between  diet 
and  clam  size  on  pseudofeces  production  (Table  2).  Overall,  large 
clains  produced  significantly  less  pseudofeces  (1.3  ±  0.9  mg  g"') 
than  small  clams  (1.7  ±  0.8  mg  g"'). 

Within  the  diet  effects,  orthogonal  contrasts  (Table  2)  indicated 
that  the  average  pseudofeces  production  from  diets  having  a  regu- 
lar particle  shape  (i.e.,  N,  T  and  Y)  did  not  differ  from  that  of  diets 
having  an  iiregular  particle  shape  (i.e.,  C,  F  and  S).  For  the  diet 
with  a  regular  particle  shape,  average  pseudofeces  production  from 
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TABLE  1. 
Main  effects  of  6  diets,  3  diet  concentrations,  3  clam  sizes,  their  interactions  and  5  orthogonal  contrasts  for  diets  on  filtration  rate  of  hard  clam. 
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20 

10.697 

535 

16 
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Error 

162 

5.538 

34 
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the  two  planktonic  algae  N  and  T.  was  significantly  lower  than  that 
from  the  yeast  Y.  Clams  fed  on  N  produced  significantly  less 
pseudofeces  than  those  fed  on  T.  For  the  diet  with  iiTegular  particle 
shape,  pseudofeces  production  from  the  mi.\ed  diet  (i.e.,  C)  was 
significantly  lower  than  that  from  single-component  diets  (i.e.,  F 
and  S).  Between  the  single-component  diets,  the  pseudofeces  pro- 
duction from  S  was  not  different  from  that  of  F.  Among-diet 
effects  showed  that  for  clams  of  both  sizes  (Fig.  4).  those  fed  on  Y 
produced  the  highest  amount  of  pseudofeces.  Among  the  remain- 
ing diets,  pseudofeces  production  descended  in  the  following  or- 
der: S>F>T>C>N.  Pseudofeces  production  lor  F.  T  and  C 
did  not  differ  significantly.  When  DMRT  was  pertbrmed  by  clam 
size  separately,  the  order  for  large  or  small  size  classes  remained 
the  same  as  for  both  sizes  combined.  The  only  difference  in  DMRT 
results  between  large  and  small  clams  was  that  for  the  latter  Y  was 
not  significantly  greater  than  S  but  for  the  former  pseudofeces 
production  differed  significantly  between  these  two  diets. 

DISCUSSION 

In  general,  suspension-feeding  bivalve  molluscs  have  adopted 
several  strategies  for  controlling  the  ingestion  of  particulate  matter 
(MacDonald  &  Ward  1994),  including  regulation  of  (I)  feeding 
duration  (Foster-Smith  1975);  (2)  clearance  rates  (Bayne  &  Newell 
1983)  and  (3)  pseudofeces  production  (Kiorboe  et  al.  1980,  Newell 
&  Jordan  1983).  Various  criteria  are  often  pioposed  as  the  basis  for 
particle  selection  including  physical  features;  such  as  particle  size 
(Tammes  &  Dral  1955,  M0hlenberg  &  Riisgard  1978.  Riisgard 
1988.  Langdon  &  Newell  1990),  shape  (Bayne  et  al.  1977).  ag- 
gregation (Waite  et  al.  1995).  motility  and  density  (Brillant  & 
MacDonald  2000),  chemical  cues;  such  as  energy  content,  C/N 
ratio  (Ward  &  MacDonald  1996),  organic  content  (Bacon  et  al. 
1998,  Defossez  &  Hawkins  1997)  and  chlorophyll  content  (Naka- 
mura  2001).  The  production  of  pseudofeces  can  serve  to  improve 
the  quality  of  material  ingested  by  means  of  selective  rejection, 
rather  than  simply  the  elimination  of  excess  material  of  the  inges- 
tive  capacity  (MacDonald  &  Ward    1994).  .Selective  rejection 
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Figure  2.  Average  Filtration  rate  of  3  sizes  of  hard  clams  receiving  6 
diets  (C;  commercial  hard  clam  feed,  F;  tishmeal,  N;  microalgae  Niin- 
nochloropsis  ociiluhi.  S;  so>hean  meal,  T;  microalgae  Tetraselmis  cliiii, 
and  Y;  bread  yeast).  Averages  not  sharing  any  ccmimon  alphabet 
(above  data  column)  are  signillcantly  [P  <  0.05)  different. 
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Figure  3.  Average  filtration  rate  of  3  sizes  ol  liani  ilaiiis  receiving  6 
diets  at  3  concentrations.  Averages  not  sharing  anv  connnon  alphabet 
(above  data  cohininl  are  significantly  iP  <  0.05)  different. 

mainly  involves  preferential  rejection  of  nonclilorophyll- 
containing  particles  (Kiorboe  &  Mohlenberg  14X1.  Newell  &  Jor- 
dan I9!S.^)  and  reduction  of  the  proportion  of  particulate  inorganic 
matter  in  pseudofeces  (Widdows  et  al.  1979.  Kiorb0e  et  al.  1980. 
KiorbCe  &  Mohlenberg  1981.  Bricelj  &  Maloiif  1984.  Defossez  & 
Hawkins  1997). 

Diets 

The  highest  fihration  rate  obtained  for  soybean  meal  hi  this 
study  (Fig.  2)  could  be  mainly  attributed  to  its  having  the  largest 
particle  size,  which  made  S  easier  to  be  retained  by  the  gill  of  clam 
and  left  less  particles  in  water.  Previous  studies  have  demonstrated 
the  importance  of  particle  size  in  mediating  selection  processes  in 
some  bivalve  species  (Defossez  &  Daguzan  1996.  Defos.sez  & 
Hawkins  1997).  Wisely  and  Reid  (197S)  considered  the  selection 
of  feed  by  members  of  the  order  Eullamellibranchia  (oysters,  cock- 
les and  clams);  selection  appeared  to  be  made  on  the  basis  of 
particle  size  regardless  of  potential  food  value.  In  Mytilus  edulis. 
Cerusuidernui  edide  and  Vencnipis  piilkistni.  the  rates  of  ingestion 
of  particles  were  found  to  be  roughly  proportional  to  the  size  of  the 
particles  (Foster-Smith   1975).  A  few  studies  indicated  that  bi- 


valves had  higher  filtration  or  retention  efficiency  for  larger  par- 
ticles. The  filtration  efficiency  of  bacterioplankton  (0.2-2  ixni) 
by  Geukensia  deinissu  was  42%  lower  that  that  of  phytoplankton 
>2  |jim  (Wright  et  al.  1982).  Merxenaria  mercenaha  completely 
retained  particles  above  4  pim.  Below  this  size  threshold  retention 
efficiency  gradually  decreased  to  between  359r  and  70'/f  for  2-|j.m 
particles  (Riisgard  1988).  In  the  clam  Ruditapes  decussatus  par- 
ticles smaller  than  3  [jim  in  diameter,  which  include  bacteria  and 
clay  particles,  were  retained  with  low  efficiency  (i.e..  <75%).  Al- 
gal cells,  such  as  phytoplankton  and  other  particles  in  the  size 
range  3-8  p.m  were  efficiently  retained  (70%  to  100%  retention) 
by  the  clam  (.Sobral  &  Widdows  2000).  The  studies  mentioned 
earlier  concluded  that  filtration  retention  efficiency  increased  with 
increasing  particle  size  from  0.2-8  (j,m.  In  our  study,  because  the 
particle  size  of  diets  varied  over  a  wider  range.  4  \y.m  to  19  [vm.  the 
overall  ranking  of  filtration  rates  for  the  diets  (S>C>F  =  Y> 
N  >  T.  Fig.  2)  did  not  completely  follow  the  ranking  of  particle 
size:  S  (19  |ji,m)>F(l7  |j.m)>C(l2  |j.m)>T(8  jjLm)>  Y  (6  |jim) 
>  N  (4  jxm).  Bacon  et  al.  ( 1998)  indicated  that  because  most  of  the 
particles  used  in  their  study  were  between  4  and  6  (j,m  in  diameter, 
size-dependent  selection  was  probably  not  a  significant  factor  and 
selection  by  the  softshell  clam  M.  arenaria  was  based  on  organic 
content,  or  perhaps  other  qualitative  particle  characteristics. 

That  particle  size  that  can  affect  pseudofeces  production  is 
indicated  by  the  comparison  of  the  two  algae  T  and  N;  the  higher 
pseudofeces  production  when  clams  were  fed  on  T  may  be  attrib- 
uted to  the  fact  that  T  particles  are  twice  as  big  as  N  particles  or  to 
other  confounding  factor.  Similarly.  Defossez  and  Hawkins  ( 1997) 
experimented  w  ith  the  mussel  Mylilas  edidis  and  clams  Ruditapes 
plulippiiuiniiu  and  Tiipc\  decussates  and  they  concluded  that  par- 
ticles with  diameters  larger  than  from  between  7.5  and  22.5  |jim 
were  preferentially  rejected  as  pseudofeces.  As  with  filtration  rate, 
particle  size  was  not  the  only  factor  affecting  pseudofeces  produc- 
tion. In  our  study,  pseudofeces  production  in  descending  order  was 
Y>S>F>T>C>N  (Fig.  4).  which  again  did  not  follow 
completely  the  order  of  particle  size.  The  result  that  particle  se- 
lection via  pseudofeces  production  was  not  totally  based  on  the 
size,  was  in  agreement  with  MacDonald  and  Ward  ( 1994). 

The  results  of  the  orthogonal  contrast  indicated  that  the  average 
filtration  rate  for  diets  with  a  more  regular  particle  shape  (i.e..  N. 
T  and  Y)  was  significantly  lower  than  that  for  diets  consisting  of 
irregular  particle  shape  (i.e.,  C.  F  and  S).  Few  studies  have  been 
published  on  the  effects  of  shape  regularity  of  diet  particles  on 
filtration  rate  in  bivalves.  Bayne  et  al.  (1977)  pointed  out  that 
elongated  or  triradiated  algal  cells  might  be  more  efficiently  re- 
tained than  spherical  particles  of  the  same  volume.  Wisely  and 
Reid  (1978)  mentioned  that  rice  particles  that  were  used  in  their 
study,  when  viewed  microscopically,  were  mainly  irregularly 
shaped  but  many  of  them  had  a  characteristic  "hexagonal"  appear- 
ance. Irregular  shape  may  not  only  extend  particle  size  in  one 
dimension  but  the  rough  extrusions  may  also  favor  the  retention  of 
particles  by  the  gill  and  consequently  reduce  the  particle  density  in 
water  in  this  study. 

Limited  studies  showed  that  a  diet  of  50/50  mixture  of  algae 
and  yeast  supported  growth  comparable  to  a  100%  algal  ration 
when  fed  to  the  hard  clam  Meneiiaria  metxenaha  (Epifanio  1979) 
and  oyster  Crassostrea  virfiiiiica  (Alatalo  1980).  Although  yeast 
could  be  used  as  algal  substitutes  for  feeding  bivalves,  filtration 
rate  or  ingestion  selectivity  was  not  compared  between  yeast  and 
algae  in  those  studies.  In  our  study,  filtration  rate  and  pseudofeces 
production  were  higher  for  yeast  Y  than  for  planktonic  algae  N  and 
T  grouped  together.  The  higher  filtration  rate  for  Y  could  not  be 
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TABLE  2. 
Main  effects  of  6  diets,  2  clam  sizes,  their  interactions  and  5  orthogonal  contrasts  for  diets  on  hard  clam  pseudofeces  production. 


sv 

Mean 

df 

SS 

MS 

F 

P>F 

Model 

11 

27.4S 

2.5(1 

15.04 

<0.01 

Diet 

5 

24.69 

4.94 

29.73 

<0.01 

Shape  (Reg.  vs.  Ineg.) 

(N,  T.  Y  vs.  C.  F.  S) 

1.42  vs.  1.39 

0.49 

0.49 

2.96 

0.09 

Reg.  (Algae  vs.  Yeast) 

(N,  T  vs.  Y) 

0.95  vs.  2.37 

20.15 

20.15 

121.34 

<0.01 

Algae  (Nano.  vs.  Tetra.) 

(N  vs.  T) 

0.73  vs.  1.17 

0.79 

0.79 

4.75 

0.04 

Irreg.  (Mixture  vs.  Single) 

(C  vs.  F,  S) 

0.90  vs.  1 .65 

2.97 

2.97 

17.89 

<0.01 

Single  (Soy.  vs.  Fish.) 

(S  vs.  F) 

1.78  vs.  1.51 

0.28 

0.28 

1.69 

0.20 

Clam  size 

1.49 

1.49 

9.00 

<0.01 

Clam  size  x  Diet 

5 

1.30 

0.26 

1.57 

0.19 

Error 

36 

5.98 

0.17 

Corrected  Total 

47 

33.46 

attributed  to  particle  size,  because  particle  size  of  Y  (6  p.m)  was 
between  T  (8  (xm)  and  N  (4  ixin).  Nonetheless  particles  above  4 
|jim  can  be  completely  retained  by  Mcrceuaria  merceuaria  (Riis- 
gard  1988).  Higher  pseudofeces  production  in  Y  for  this  hard  clam 
might  be  attributed  to  yeast's  lack  of  chlorophyll,  because  it  was 
suggested  that  one  of  the  two  ways  in  which  scallops  could  im- 
prove the  quality  of  material  ingested  was  through  preferential 
rejection  of  nonchlorophyll-containing  particles  in  the  pseudofeces 
(Kiorh0e  &  M0hleiiberg  1981,  Newell  &  Jordan  1983). 

Filtration  rates  of  clams  fed  on  C  were  higher  than  when  they 
were  fed  on  F,  Y  and  N,  which  were  larger  in  particle  size.  This 
could  be  attributed  to  the  hard  clam's  greater  acceptance  of  C. 
which  is  possibly  closer  to  a  natural  suspension  comprising  a  mi.x- 
ture  of  various  components  than  the  other  diets  that  contain  only  a 
single  component.  Previous  studies  demonstrated  that  addition  of 
a  small  amount  of  mud  to  an  algal  suspension  made  the  suspension 
closer  to  a  natural  one  and  only  improved  the  clearance  rate  for 
MytUiis  ediilis  (Kiorboe  et  al.  1980.  Bayne  et  al.  1987)  and 
V.  coiTiigalus  (Stenton-Dozey  &  Brown  1994). 

Bivalves  are  traditionally  regarded  as  suspension  feeders  for 
mainly  phytoplankton  and  organic  particles.  In  our  study,  pseudo- 
feces production  for  F  was  no  greater  than  S  suggesting  that  for 
this  clam  preference  for  fishmeal,  an  animal-based  substance,  was 
no  less  than  soybean  meal,  a  plant-based  substance.  The  higher 
filtration  rate  for  S  than  for  F  could  be  attributed  to  its  being  2  p,m 
larger  than  the  latter,  or  better  quality. 

Diet  Concentrations 

Our  findings  that  filtration  rate  in  Meretrix  lusoria  decreased 
with  increasing  concentration  for  all  diets  (Fig.  4)  were  in  agree- 
ment with  other  literature  studies  for  Mylilus  eduUs.  Cerastoderma 
edule  and  Venerupis  puUastra,  filtering  purely  algal  suspensions 
(Foster-Smith  1975):  for  Mytihis  edidis  feeding  on  resuspended 
fine  mud  (Widdows  et  al.  1979);  for  Ostiva  edidis  (Grant  et  al. 
1990),  for  Mya  areiuiria  (Grant  &  Thorpe  1991)  and  for  Cera- 
stoderma edule  (Iglesias  et  al.  1992,  Navarro  &  Widdows  1997). 
all  feeding  on  mixtures  of  algal  cells  and  suspended  silt;  and  for 
Ruditapes  decussatiis.  filtering  suspended  particulate  matter  (So- 
bral  &  Widdows  2000). 

Bivalves  can  typically  inaintain  a  constant  mgestion  when  e.x- 
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Figure  4.  Pseudofeces  production  of  2  size  classes  of  hard  clams  re- 
ceivinK  6  diets  (C:  commercial  hard  clam  feed.  F;  fishmeal,  N; 
microalgae  Nanuochloropsis  ociilala,  S:  soybean  meal,  T;  microalKae 
Tetraselmis  chiii.  and  \:  bread  yeast),  .A\erages  not  sharing  an\  common 
alphabet  (above  data  column)  are  significantly  (P  <  0.(t5)  different. 
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posed  to  increasing  seston  concenlrations  by  reducing  clearance 
rate,  increasing  pseudofeces  production  or  some  combination  of 
both  mechanisms  (Foster-Smith  1975.  Winter  1978.  Kiorboe  et  al. 
1980.  Bricelj  &  Malouf  1984.  Bacon  et  al.  1998). 

Filter-feeding  activity  is  a  function  of  cell  concentration,  which 
has  been  well  documented  by  several  authors  for  different  species 
of  lamellibranchiate  bivalves  (Sania  1976.  Epifanio  &  Ewart  1977. 
Winter  1978).  Similar  reductions  in  clearance  rates  in  response  to 
increasing  particle  concentrations  have  been  observed  in  epifaunal 
bivalves  (Bayne  et  al.  1987)  and  infaunal  bivalves  including  Mer- 
cenaria  mercenaria  (Bricelj  &  Malouf  1984).  Mya  arenaria  sig- 
nificantly decreases  its  clearance  rate  in  response  to  increasing 
particle  concentration,  showing  about  a  50%  decline  in  rates,  es- 
pecially between  1  and  7  mg  L^'  (Bacon  et  al.  1998).  In  our  study, 
although  diet  concentrations  were  much  higher,  ranging  between 
20  mg  L"'  and  6.^.^  mg  L~'.  the  decrease  in  filtration  rate  still  held. 

Clam  Sizes 

There  have  been  few  studies  on  body  si/e  effects  on  filtration 
rate  in  tropical  marine  bivalves,  such  as  the  species  used  in  this 
study.  Our  results  showed  that  weight-specific  filtration  rate  de- 
clined with  increase  in  body  size  (Fig.  1.  Fig.  2).  Instead  of  using 
weight-specific  filtration  rate,  Riisgard  (1988)  demonstrated  that 
the  filtration  rate  {F.  L  h~')  in  MerceiKirici  iiieneuaiia.  Cras- 
sdsin'u  v!i\^iiiica  and  Geukensia  deinissa  increased  with  increas- 
ing dry  weight  of  soft  parts  (W.  g)  according  to  the  equation: 
F  =  w  W''.  Such  allometric  relationship  was  well  applied  to  several 
bivalves  of  which  the  filtration  rates  were  measured  by  various 
methods  (Gosling  2003).  Nakamuru  (2001)  also  showed  that  the 
clearance  rate  for  each  category  of  chlorophyll  a-containing  par- 
ticles (bacteria,  picocyanobacteria,  flagellates  and  Nitzschia)  had  a 
positive  correlation  with  soft-body  dry  weight.  In  fact,  there  was 
no  contradiction  in  results  between  those  and  ours,  because 
weight-specific  filtration  rate  or  unit  weight  filtration  rate  (Epi- 
fanio &  Ewart  1977)  was  inversely  related  to  the  weight  of  the 
animal.  That  the  rates  of  physiological  processes  increase  as  power 


relationships  with  increasing  body  size,  but  rates  per  unit  body 
mass  tend  to  decrease  with  increasing  size  (Yukihira  et  al.  1998) 
provided  further  explanation  for  the  relationship  between  filtra- 
tion rate  or  weight-specific  filtration  rate  and  weight.  Disregarding 
diet  type,  diet  concentration  and  size  class  the  allometric  relation- 
ship between  filtration  rate  and  weight  in  this  study  was  F  =  6.95 

Interactiini 

This  study  showed  that  the  interactions  between  clam  sizes, 
diets  and  diet  concentrations  had  significant  effects  on  filtration 
rate.  It  was  obvious  that  the  acceptance  of  various  diets  by  small 
clams  was  different  from  that  in  large  clams,  if  filtration  rate  was 
used  as  a  measure  of  diet  acceptance.  Such  interaction  effects  on 
filtration  rate,  to  our  surprise,  were  almost  never  reported.  The 
only  related  study  by  Perez-Camacho  et  al.  ( 1994).  indicated  that 
the  filtration  rate  of  Riulitapes  dt'ciissani.s  veliger  larvae  decreased 
w  ith  increasing  diet  concentration;  however,  the  decrease  in  filtra- 
tion rate  was  less  pronounced  in  large  than  small  clams.  Such 
dissimilar  responses  for  animals  of  different  sizes  were  similar  to 
those  obtained  in  our  study. 

This  study  used  filtration  rate  and  pseudofeces  production  as 
response  parameters  to  determine  the  ingestion  preference  of  vari- 
ous sizes  of  hard  clams  for  diets  of  various  categories  and  con- 
centrations. We  first  used  DMRT  to  examine  the  feasibility  of 
using  particle  size  as  an  individual  effect  to  explain  ingestion 
preference  across  all  6  diets.  Furthermore,  we  used  orthogonal 
contrasts  to  compare  systematically  the  ingestion  preference  for 
diets  under  various  categories,  such  as  shape  regularity  of  diet 
particle  (regular  vs.  irregular),  chlorophyll  content  in  live  microbes 
(phytoplankton  vs.  yeast),  complexity  of  diet  composition  (single 
component  vs.  multiple  components)  and  plant-based  diet  versus 
fishmeal.  The  results  suggested  the  complications  in  ingestion 
preference  (Ward  &  Shumway  2004)  require  many  more  specific 
and  detailed  trials  before  a  practical  and  realistic  compound  feed 
for  the  hard  clam  can  be  formulated. 
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ABSTRACT  We  review  the  variety  of  methods  that  have  been  used  over  the  last  50  y  in  the  Former  Soviet  Union,  Eastern  and 
Western  Europe,  and  recently  in  North  America  to  determine  growth  rate  and  longevity  in  zebra  mussels  (Dreissena  polymorpha 
(Pallas]).  These  methods  include:  counting  annual  rings,  analysis  of  size-frcLjuency  distributions,  following  growth  under  experimental 
conditions  and  monitoring  marked  mussels  under  natural  conditions,  without  removing  them  from  substrate.  The  last  method  provides 
the  most  reliable  data,  however  this  is  the  least  common  method  used.  Dreissena  polymorpha  growth  rates  depend  on  water  tem- 
perature, season  of  the  year,  location  in  the  water  column,  food  availability,  oxygen  concentrations,  water  velocity  and  various  other 
environmental  factors.  However,  it  is  very  difficult  to  separate  the  independent  effects  of  each  of  these  factors,  especially  in  natural 
waterbodies.  Several  factors  may  overlap  and  have  additive  or  synergistic  effect  that  makes  it  difficult  to  determine  the  effects  of  a 
sincle  factor.  When  comparing  among  studies  that  used  the  same  methods,  we  found  that  zebra  mussels  grow  faster  in  reservoirs  than 
in  lakes.  The  reported  longevity  of  D.  polymorpha  varies  from  2-19  y  and  it  is  not  clear  to  what  extent  this  variation  is  caused  by 
biological  vanability  and  environmental  conditions  and  what  amount  of  the  variation  is  caused  by  the  methods  used  to  assess  age  and 
longevity. 

KEY  WORDS:     zebra  mussels.  Dreisxemi  polymorpha.  growth,  growth  rate,  methods,  longevity 


INTRODUCTION 

The  zebra  mussel.  Drei.ssena  pulvmorplui  (Pallas),  is  one  of  the 
most  pervasive  invaders  in  freshwaters  of  the  nonhein  hemisphere. 
However,  many  aspects  of  the  basic  biology  of  D.  polymorpha  that 
are  necessary  for  understanding  and  predicting  the  population  dy- 
namics and  ecological  impacts  of  this  invader  are  still  not  well 
known.  In  addition,  inuch  of  the  research  on  the  biology  of 
D.  polymorpha  that  has  been  conducted  in  the  former  Soviet  Union 
(FSU),  has  not  been  published  in  English,  and  therefore  it  is  not 
available  to  most  scientists  currently  studying  D.  polymorpha. 
Growth  rate  and  longevity  are  particularly  important  for  under- 
standing the  population  biology  and  ecological  impacts  of  zebra 
mussels,  especially  because  fecundity  and  filtering  capacity  in- 
crease with  body  size.  Most  of  the  published  research  has  been 
conducted  with  the  invasive  subspecies  Dreissena  polymorpha 
pohmorpha.  which  is  capable  of  living  in  totally  fresh  water  and 
has  been  the  major  invader  in  most  places  where  dreissenids  have 
been  introduced.  Less  work  has  been  conducted  with  Dreissemi 
biifiensis  (Zhuravel  1951.  Maclsaac  1994,  Baldwin  et  al.  2002), 
Dreissena  polymorpha  amiriisovi  (Karpevich  1952,  1964,  Lvova 
et  al.  1983,  1994)  and  Dreissena  caspia  (Karpevich  1952,  1964). 
Here  we  review  the  variety  of  methods  used  to  estimate  growth 
and  longevity  of  zebra  mussels  over  the  last  50  y  (Table  1,  Table  2), 
discuss  limitations  of  each  and  recommend  the  most  appropriate 
methods  for  measuring  growth  and  longevity  in  the  field.  We  also 
synthesize  the  impacts  of  a  range  of  environmental  factors  on 
growth  and  longevity  in  zebra  mussels. 

METHODS  TO  ESTIMATP:  GROWTH  RATE 

Rings  on  Shells 

One  of  the  oldest  and  most  common  methods  for  estimating  the 
growth  rate  of  zebra  mussels  is  by  counting  annual  rings  on  shells 
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of  different  sizes,  and  then  calculating  the  average  length  of  each 
age  group  of  Dreis.sena  in  a  population  (Karpevich  1952,  1964, 
Kachanova  1963,  Stanczykowska  1964,  Lyakhov  &  Mikheev 
1964,  Mikhieev  1964,  Komobis  1977,  Karatayev  &  Tishchikov 
1979.  Kiipichenko  &  Antonov  1982.  Dorgelo  &  Gorter  1984, 
Draulans  &  Wouters  1988.  Miroshnichenko  1990).  Plotting  the 
average  size  of  each  age  group  against  their  age  provides  a  growth 
rate  curve.  The  advantage  of  this  method  is  that  by  measuring 
individuals  at  a  single  point  in  time  estimates  of  growth  over 
several  years  can  be  made.  However,  counting  growth  rings  is  very 
subjective  as  it  is  difficult  to  distinguish  annual  rings  from  rings 
formed  because  of  other  factors  that  slow  growth.  Morton  (1969a) 
found  that  two  rings  are  formed  annually:  when  growth  slows 
during  the  winter  and  during  spawning.  Lvova  ( 1980)  found  in  the 
Uchinskoe  Reservoir.  3-9  rings  on  the  shells  of  3-y-old  mussels 
grown  in  cages  for  2  y.  In  Czos  Lake  Lewandowski  ( 1983)  found 
from  1-3  rings  on  the  shells  of  1-y-old  D.  polymorpha.  and  from 
2-5  rings  on  2-y-old  mussels. 

Many  other  authors  have  also  reported  difficulties  in  distin- 
guishing annual  rings  (Karpevich  1964.  Kirpichenko  1965,  Morton 
1969a,  Wiktor  1969,  Lvova-Kachanova  1972,  Lvova  1980, 
Lewandowski  1982a,  Karatayev  1983,  bij  de  Vaate  1991,  Lvova 
et  al.  1994).  Often  inussels  with  distinct  rings  can  be  found  side  by 
side  with  mussels  without  rings  (Lvova  1980.  Lvova  et  al.  1994, 
Jantz  1996).  Moreover,  1-mm  zebra  mussels  that  settle  at  the  end 
of  the  growing  season  do  not  produce  a  first  annual  ring.  There- 
fore, these  mussels  would  be  incorrectly  identified  as  young-of- 
the-year  the  following  year. 

Size-frequency  Distributions 

Size-frequency  distributions  have  been  used  in  a  number  of 
studies  of  D.  polymorpha  growth  rates  (Morton  1969a,  Jantz  & 
Neumann  1992.  Mailel  1993.  1995.  Smit  et  al.  1993.  Dall  &  Ham- 
burger 1996.  Chase  &  Bailey  1999a.  Orlova  &  Panov  2004).  and 
can  be  useful  if  there  is  highly  synchronized  spawning  and  settle- 
ment and  low  interindividual  variation  in  growth.  Newly  settled 
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TABLE  1. 
Impact  of  en\  ironmental  factors  on  the  grow  th  rate  of  Dreissena  polymorpha. 


Factor 


Impact 


References 


Temperature  increase 


Season  of  a  year 

Location  in  the  water  eoiiimn 

Tropliic  conditions 

Water  cun-ent 

Depth 

Wave  action 
Turbidity 

Year-to-year  \ariati(in 


Accelerates  growth  if  maximum 
temperature  <30°C 


Maximum  growth  is  usually  at  the 
beginning  of  the  growing  season 

Growth  is  faster  in  the  water  column  than 
on  the  bottom 

Growth  is  faster  in  eutrophic  than 
oligotrophic  waters 


Moderate  current  accelerates  growth 

Growth  decreases  with  depth 
Inhibits  growth  rate 

High  amount  of  suspended  matter  nihhits 
growth  rate 

Growth  \aries  siszniflcantlv 
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Walz  1978a,  Dorgelo  &  Gorter  1984,  Smit  et  al.  1992, 

1993,  Dorgelo  1993,  Sprung  1992,  1995a,  Jantz  1996, 
Burlakova  1998.  Jantz  &  Neumann  1998,  Schneider  et  al. 
1998.  Horvath  &  Lamberti  1999 

Kachanova  1963.  Mikheev  1964.  bij  de  Vaate  1991.  Smit  et 

al.  1992.  1993.  Dorgelo  1993.  Burlakova  1998 
Mikheev  1964,  Garton  &  Johnson  2000 
Mikheev  1964 
Reeders  et  al.  1989,  Noordhuis  et  al.  1992.  Alexander  et  al. 

1994.  Summers  et  al.  1996.  Madon  et  al.  1998.  Schneider 
et  al.  1998 

Lvova  1980.  Dorado  1993.  Chase  &  Bailey  1999b 


mussels  form  a  distinct  size  class  maintain  distinct  size  structure 
for  all  age/size  classes  (Golikov  1970).  However,  in  many  water 
bodies  D.  polymorpha  spawn  throughout  the  entire  summer,  pro- 
ducing several  peaks  in  veiiger  densities  during  the  year  (Lvova 
1977,  1980,  Karatayev  1983,  Lvova  et  al.  1994.  Burlakova  1998) 
and  a  wide  size  range  (up  to  16  mm  difference  in  size)  by  the  end 
of  their  first  growing  season  (Wesenberg-Liind  1939,  Mikheev 
1964,  Kirpichenko  1971.  Szlauer  1974,  Lvova  1977.  Lewan- 
dowski  1983,  Neumann  et  al,  1993,  Martel  1995),  Therefore,  age 
classes  will  not  form  distinct  size  classes  (Karatayev  1983, 
bij  de  Vaate  1991,  Jantz  &  Neumann  1992.  Lvova  et  al.  1994). 
This  method  is  most  effective  when  D.  polymorpha  spavMi  syn- 
chronously, have  fast  growth  and  are  shot!  lived,  such  as  the  shal- 
low areas  of  the  Svisloch  River  (Burlakova  1998).  In  this  river 
D.  polymorpha  settle  in  the  summer  and  grow  during  the  following 
year,  producing  two  distinct  size  classes  of  mussels  (0+  and  +) 
because  the  majority  of  older  mussels  die  over  winter  because  of 
fluctuating  water  levels  and  predation  by  ducks.  At  deeper  depths 
mussels  survive  longer,  producing  many  age  classes,  which  are 
less  distinct  as  cohorts,  inaking  this  method  less  useful  (Burlakova 
1998).  This  method  could  also  be  used  for  studies  that  follow 
growth  on  experimental  substrates  when  the  time  of  settlement  is 
known  (Lvova  1977,  Sprung  1992), 

Growth  Under  Kxperimenlal  Conditions 

Many  studies  have  been  used  to  estimate  D.  polymorpha 
growth  under  experimental  conditions,  especially  in  cages.  In  the 
FSU  this  method  was  used  in  Kuybyshevskoe  (Mikheev  1964). 
Uchinskoe  (Lvova-Kachanova  1972.  Lvova  1980)  and  Tsimlyan- 
skoe  (Lvova  et  al.  1983)  reservoirs,  in  Lake  Lukomskoe 
(Karatayev  1983).  the  Narochanskie  lakes  and  the  Svisloch  River 
(Burlakova  1998).  More  recently,  this  method  has  been  used  by 
East  European  (Stanczykowska  &  Lewandowski  1995),  West  Eu- 


ropean (Smit  et  al.  1992.  1993.  Sprung  1992,  1995a,  Dorgelo 
1993.  Dall  &  Hamburger  1996)  and  North  American  scientists 
(Bitterman  et  al.  1994.  Maclsaac  1994.  Allen  et  al.  1999.  Horvath 
&  Lamberti  1999,  Yu  &  Culver  1999,  Garton  &  Johnson  2000). 
Other  methods  for  studying  mussel  growth  under  experimental 
conditions  include  growing  mussels  on  artificial  substrates 
(Dorgelo  &  Gorter  1984.  Sprung  1992.  Martel  1993),  and  in  the 
laboratory  (Walz  1978a,  1978b,  Jantz  &  Neumann  1992,  1998. 
Dorgelo  1993,  Neumann  et  al.  1993.  Jantz  1996.  Baldwin  et  al. 
2002).  All  of  these  methods  could  produce  different  types  of  ar- 
tifacts, which  may  influence  observed  growth  rates.  Mesh,  usually 
3-5  mm.  may  prevent  normal  water  flow  through  the  cage,  par- 
ticularly for  smaller  mesh  sizes  (e.g..  1.2  mm.  Garton  &  Johnson 
2000).  Cages  can  also  be  overgrown  by  periphyton.  further  reduc- 
ing water  flow  (Kachanova  1963.  Karatayev  1983.  Stanczykowska 
&  Lewandowski  1995,  Burlakova  1998).  However,  the  effects  of 
caging  artifacts  on  growth  rates  are  usually  not  well  tested  or 
quantified  (see  Burlakova  1998  later). 

Marked  Mussels  Under  ,\alnral  Conditions 

Following  tagged  mussels  under  natural  conditions  has  been 
used  in  very  few  studies  (e.g.,  Stoeckman  &  Garton  1997,  Burla- 
kova 1998)  although  this  method  could  provide  the  most  realistic 
estimates  of  zebra  mussel  growth  rates.  Burlakova  (1998)  found 
that  the  growth  rate  of  mussels  on  stones  in  the  Svisloch  River  was 
greater  than  that  for  caged  mussels  in  the  same  environment 
(Fig.  lA).  Early  in  the  spring  (April),  when  macrophytes  and  pe- 
riphyton abundances  were  low.  the  difference  between  caged  and 
uncaged  mussels  was  small  (~30'7f ),  This  difference  increased  to 
almost  400%  in  the  middle  and  especially  by  the  end  of  the  grow- 
ing season  when  the  quantity  of  drifting  plants  in  the  water  in- 
creased and  periphyton  densities  were  high  (Burlakova  1998).  The 
disadvantage  of  this  method  is  that  zebra  mussels  can  move,  form 
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TABLE  2. 
Estimates  «!  Iht  l()iigt'>it\  of  Dreissena  polymorpha  from  different  methods. 


\Vaterbod\ 


Longevity  (years) 


Maximum  Lenjjili  (mm I 


Reference 


Volga  River 
Volga  River 
Ucliinskoe  Reservoir 
Pyalovskoe  Reservoir 
Ma/urian  lakes 
Firth  Szczecin 
Volgogradskoe  Reservoir 
Masurian  lakes 
Koninskie  lakes 
Lukomskoe  Lake 
Jorzec  Lake 
Glebokie  Lake 
Bartag  L;ike 
Otovv  Lake 
Majcz  Wieiki  Lake 
Inulec  Lake 
Zelwazek  Lake 
P!as  Leblance  Pond 
Laguno  Pond 
Tsimlyanskoe  Reservoir 
Average  ±  SE 

n.r. 

Reservoir  #2  Walthanistow 

River  Rhine 

Lake  Esroni 

River  Svisloch 

Lake  Ontario: 
Stoney  Point 
Whealtey  (2  and  6  ml 
Port  Dalhousie  (2  and  6  ml 

Average  ±  SE 

Uchinskoe  Reservoir 
Lukomskoe  Lake 
Lake  Wawasee 
Svisloch  River 


Counts  of  annual  rings  on  sliells 


IS 
17-19 

11 

10-12 

5-7.  max  10 

5-6 

7-9 

5 

4 

6-8 

7 

5 

5 

5 

5 

5 

5 

5 

4 

7 

7.4  +  0.4 


32-33 
30-32 

32 
29-33 

n.r. 
30-35 

30 

n.r. 

29 
32-34 

n.r. 

n.r. 

n.r. 

n.r. 

n.r. 

n.r. 

n.r. 

29.9 

25.7 
31-33 


Analysis  of  size-frequency  distributions 

3  31-34 

5  40 

3  31 

4  32 
3  30 


2 
2-3 

2:4 
3.3  +  0.3 


n.r. 
n.r. 
n.r. 


Growth  in  experimental  cages 


36 
30 
n.r. 
30 


Karpevich  1952 
Karpevich  1964 
Kachanova  1963 
Mikheev  1964 
Stanczykowska  1963 
Wiktor  1969 
Spiridonov  1971 
Stanczykowska  1975 
Komobis  1977 

Karatayev  &  Tishchikov  1979 
LewandovNski  19S2b 
Lewundowski  19cS2b 
Lewandovvski  19S2b 
Lewandowski  1982b 
Stanczykowska  et  al.  1983 
Stanczykowska  et  al.  1983 
Stanczykowska  et  al.  1983 
Draulans  &  Wouters  1988 
Draulans  &  Wouters  1988 
Miroshnicheiiko  1990 


Clarke  1952 

Morton  1969a 

Jantz  &  Neumann  1992 

Dull  &  Humburger  1996 

Burlakma  1998 

Chase  &  Bailey  1999a 
Chase  &  Bailey  1999a 
Chase  &  Bailey  1999a 


Lvova  1980 
Karatayev  1984 
Carton  cS:  Johnson  2000 
Burlakova  1998 


n.r.  =  not  reported 


druses  or  be  consumed  by  predators,  making  it  difficult  to  follow 
individuals  through  time. 

IMPACT  OF  ENVIRONMENTAL  FACTORS  ON 
GROWTH  RATE 

The  growth  rate  of  Dreissena  depends  on  water  temperature, 
season  of  the  year,  location  in  the  water  column,  trophic  condi- 
tions, which  affect  food  availability,  and  water  velocity  as  well  as 
other  environmental  factors  (Table  1 ). 

Temperature 

It  is  well  established  that  the  growth  rate  of  D.  pohmorpha  is 
accelerated  by  increased  water  temperature  (Table  1).  Especially 
convincing  are  data  from  studies  in  different  temperature  zones  of 
cooling  water  reservoirs  for  thermal  power  plants  in  the  FSU 
(Yaroshenko  &  Naberezhnyi  1971.  Skalskaya  1976a.  1976b,  Ela- 
gina  et  al.  1978.  Karatayev  &  Tishchikov  1979.  Karatayev  1983. 


1984,  1988)  and  other  areas  of  Eastern  Europe  (Stanczykowska 
1976a,  Komobis  1977).  In  these  studies  D.  polymorpha  growth 
rates  were  compared  anmng  the  various  temperature  zones  of  the 
same  waterbody  or  lakes  within  same  lake  system.  Therefore,  en- 
vironmental conditions  other  than  tempeiature  were  similar,  al- 
lowing a  direct  estimate  of  thermal  effects. 

However,  when  the  ma.ximum  temperature  is  >30°C.  D.  poly- 
iiiorplia  growth  decreases,  and  at  temperatures  >32°C  most  mus- 
sels die.  In  the  hottest  zone  of  Lukomskoe  Lake,  v\here  maximum 
summer  temperature  exceeds  32"C,  more  than  90%  of  the  D.  poly- 
morplui  in  experimental  cages  died,  whereas  in  the  moderately 
heated  zone  (maximum  summer  temperature  <30°C)  mortality 
was  less  than  lOVr  and  did  not  differ  from  the  control,  ambient 
zone  (Karatayev  1983).  Similar  upper  maximal  temperature  limits 
for  D.  polymorpha  survival  have  been  found  by  other  authors  in 
different  regions  of  the  FSU:  31.5  C  in  Zaporozhskoe  Reservoir 
and  32°C  in  a  canal  of  the  Pridnieprovskaya  Power  Station  in 
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Figure  1.  A.  Growth  rate  (mm/d;ivl  of  caKi'd  (filled  circles)  and  un- 
caged (open  circlesi  Drcissina  piilyiiKirpha  in  tlie  S\islnch  Ri\er  in 
1995  (from  Burlakova  1998).  Data  points  are  the  growth  rates  of  in- 
dividual mussels.  Regression  lines  (uncaged  -  solid  line,  V  =  0.129- 
0.tH)5*X,  R-  =  t).78,  /'  <  0.0(11 :  caged  -  dashed  line.  ^  =  (I.(I84-0.003*X, 
R-  =  0.71,  P  <  0.001)  and  95"^^  confidence  inler\als  are  shown.  Un- 
caged mussels  grew  faster  than  caged  mussels.  The  two  regression  lines 
differ  significantly  in  slope  W  =  0.003).  B.  Crowth  rate  of  caged  and 
uncaged  I),  polymorpha  in  the  S> isloch  River  with  the  regression  lines 
for  size-specific  grov\th  of  D.  polymorpha  in  cages  in  lakes  (dashed  line) 
and  reservoirs  (solid  line).  Caged  mussels  in  the  river  grew  at  rates 
more  similar  to  those  caged  in  lakes,  whereas  uncaged  mussels  grew  at 
rates  more  similar  to  those  caged  in  reservoirs. 


Ukiaine  (Lyakhnovich  et  al.  1994),  32°C  i)i  KuLluiigaiiskiy  Liman 
in  Moldova  (Vladimirov  1983),  33°C  in  a  cooling  reservoir  of  the 
South-Ukrainian  Nuclear  Power  Station  (Sinitsina  &  Protasov 
1993)  and  34°C  in  a  coohng  reservoir  of  the  Cheinohyl  Nuclear 
Power  Station  (Protasov  et  al.  1983). 

The  upper  temperature  limit  for  D.  pnlyDwrphii  in  European 
cooling  reservoirs  is  similar  to  that  found  in  the  Lower  Mississippi 
River,  where  maximum  tenipeiature  in  the  sumnier  exceeds  30°C 
(Allen  et  al.  1999).  In  this  river  D.  polymnypha  growth  rate  is 
highest  during  spring  and  fall  when  temperatures  ranged  from 
16°C  to  28°C,  however,  shell  giowth  ceases  during  the  suminer 
when  tonperatures  reniain  29  "C  to  31  "C  (Allen  et  al.  1999).  Mihuc 
et  al.  (1999)  found  that  in  the  Atchafalaya  River  systeni  (Louisi- 
ana) D.  pohniorplui  gi'ow  throughout  the  winter  and  growth  in- 


creases in  late  spring  (April  and  May).  Adult  mortality  occurs  from 
May  to  August  because  dissolved  oxygen  levels  decline  and  mini- 
mum daily  temperatures  warm  above  29°C  in  the  tloodplain  and 
32.5°C  in  riverine  sites.  Thus,  the  iDaximum  upper  temperature 
limit  for  D.  polxmoipha  survival  is  similar  in  both  Europe  and 
North  America. 

Season 

In  temperate  i-egions,  zebra  mussel  giowth  stops  in  the  winter 
and  resumes  in  the  spring  after  water  temperatures  warm.  Al- 
though Sniit  et  al.  (1992)  assumed  that  the  lower  tempeiature  limit 
for  shell  growth  should  be  set  by  the  lower  temperatuie  limit  for 
filtering  (3  C;  Mikheev  1967a.  1967b,  Kondratiev  1969.  Rceders 
&  bij  de  Vaate  1990),  a  majority  of  studies  have  found  that  the 
threshold  temperature  for  mussel  growth  is  10°C  to  12°C  (12°C, 
Kachanova  1961;  1 TC,  Morton  1969a,  1969b;  10°C,  Alimov 
1974.  Karatayev  1983,  Jantz  &  Neumann  1992:  10°C  to  12°C, 
Mackie  1991 ).  bij  de  Vaate  ( 1991 )  did  report  a  lower  temperature 
limit  of  6°C.  however  in  North  America  Maclsaac  (1994)  found 
that  s]nall  mussels  incubated  at  6°C  experienced  shell  degrowth 
and  mass  loss,  whereas  large  individuals  experienced  shell  de- 
growth  but  weight  gain.  These  differences  among  studies  may  be 
the  result  of  local  effects,  but  clearly  call  for  further  study. 

Maximum  growth  in  D.  polymorpha  is  usually  found  eariy  in 
the  growing  .season  (Karatayev  1983,  1984,  Smit  cl  al.  1992, 
Lvova  et  al.  1994,  Burlakova  1998.  Gaiton  &  Johnson  2000),  and 
cori'esponds  with  a  peak  in  phytoplankton  abundance  (Walz 
1978a).  In  midsummer  growth  rate  often  decreases  (Spiridonov 
1971,  Walz  1978a,  Smit  et  al.  1992,  Stanczykowska  &  Lewan- 
dowski  1993,  Allen  et  al.  1999)  and  has  been  attributed  to  low  food 
concentrations  (Walz  1978a),  blooms  of  dinotlagellates  (e.g., 
Ceniliiini  hirimdineUa)  that  impede  filter  feeding  (Stanczykowska 
&  Lewandowski  1995),  high  water  temperatures  (Allen  et  al. 
1999)  and  spawning  (Spiridonov  1971,  Lvova  1977,  1980. 
Karatayev  1983,  1992,  Allen  et  al.  1999).  In  the  autumn,  when 
water  temperatures  decrease,  growth  stops  (Morton  1969a).  In  the 
Uchinskoe  Reservoir  growth  stops  when  temperatures  fall  to  10°C 
(Lvova  1977,  1980)  and  in  the  River  Rhine  at  10°  to  15°C  (Jantz 
&  Neumann  1992). 

Based  on  a  bioenergetics  model  of  zebra  mussel  growth  in  the 
Lauientian  Great  Lakes.  Schneider  (1992)  predicted  positive 
growth  in  the  spring  and  fall  when  high  phytoplankton  biomass 
associated  with  spring  and  fall  turnover  coincides  with  tempera- 
tures near  the  optimuni  for  growth.  Even  under  conditions  of  high 
food  availability,  growth  rates  in  his  model  typically  decline  in  the 
beginning  of  sumnier  and  increase  again  in  August  and  September 
as  temperatuie  begins  to  decline.  Schneider  (1992)  used  Walz"s 
bioenergetic  estimates  of  metabolic  parameters  for  zebra  mussels 
from  Lake  Constance  (Walz  1978d),  where  the  optimal  tempera- 
ture range  for  growth  is  8°C  to  15°C.  This  temperature  range  is 
much  lower  than  optiirium  found  by  other  authors,  and  therefore 
moi-e  empirical  tests  of  this  model  are  needed  before  we  can  assess 
the  geneializabilily  of  its  predictions. 

Location  in  the  Water  Cohimn 

Drcisscmi  pulymorplia  grow  faster  in  the  water  column  above 
the  bottom  (e.g.,  on  buoys,  cages,  submerged  constructions,  float- 
ing objects)  than  on  the  bottom  (Kachanova  1963.  Mikheev  1964. 
bij  de  Vaate  1991,  Smit  et  al.  1992,  1993,  Doi'gelo  1993,  Buria- 
kova  1998).  Yu  and  Culver  (1999)  tested  the  effect  of  cage  loca- 
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tioii  in  stratified  Hargus  Lal\e  (Oliii)),  and  lomid  highest  growth  at 
their  pelagic  site  (2.5— t  ni  deptli)  and  ni  the  httoral  /one  at  2.3  m 
depth.  All  mussels  held  below  the  thermoeline  (5-iti  depth)  died 
before  the  end  of  e.vperinient  ( 163  days). 

Trophic  Conditions 

Trophic  conditions  also  affect  zebra  mussel  growth  (Table  1). 
Dorgelo  (1993)  found  that  zebra  mussels  growth  rates  in  Dutch 
eutrophic  lakes  Mararsseveen  II  and  Vechten  was  higher  (0.54- 
0.59  mm  wk"')  than  of  those  grown  in  mesooligotrophic  Lake 
Masrsseveen  I  (0.35  mm  wk"'),  even  though  there  was  no  differ- 
ence in  mean  temperature  between  these  lakes.  Jantz  and  Neumann 
(1992)  found  a  significant  strong  correlation  (r^  =  0.80)  between 
the  rate  of  shell  length  growth  and  chl<irophyll  a  concentration  and 
between  shell  growth  and  temperature  (i\  =  0.82).  However,  be- 
cause these  two  environmental  factors  are  highly  correlated,  it  is 
impossible  to  determine  the  relative  contribution  of  each  of  these 
factors  on  growth  (Jantz  &  Neumann  1992).  In  a  later  study  (Jantz 
&  Neumann  1998)  they  found  that  shell  growth  rate  and  the  du- 
ration of  the  growing  season  were  coirelaled  with  the  quantity  of 
available  algal  food. 

Sprung  (1995a)  found  a  strong  correlation  between  zebra  mus- 
sel shell  growth  and  food  conditions  (seston  concentration).  He 
suggested  that  this  coiTelation  will  exist  when  seston  concentra- 
tions stay  below  those  at  which  the  intestine  is  filled  to  capacity 
when  the  animal  filters  at  a  maximum  rate  (Sprung  1995b).  Simi- 
larly, Schneider  et  al.  ( 1998)  found  that  the  scope  for  growth  under 
laboratory  conditions  had  a  strong  positive  relationship  with  food 
quality. 

Water  Motion 

In  areas  with  constant  water  current  D.  pdlyiimrplhi  grow  faster 
than  in  still  water  (Table  I).  Kachanova  (1963)  found  that 
D.  polyinorpha  grow  faster  on  the  concrete  walls  of  the  canal 
flowing  from  Uchinskoe  Reservoir  than  in  the  reservoir.  Mikheev 
(1964)  found  that  in  Kuybyshevskoe  Reservoir  moderate  water 
currents  (up  to  0.8  m  s"')  facilitate  mussel  feeding  and  respiration 
and  D.  polyinorpha  grown  in  water  currents  reached  27-28  mm. 
whereas  same  aged  mussels  at  the  same  depth  out  of  currents  were 
only  19-20  mm  in  length.  Smit  et  al.  (1993)  suggested  that  water 
movement  seems  to  have  a  larger  influence  on  growth  than  the 
amount  of  algal  food  in  the  water  column.  They  foimd  that  the 
young-of-the-year  zebra  mussels  in  the  Rhine  River  were  almost  3 
times  longer  (16  mm)  that  in  Lake  Ijsselmeer  (6  mm)  in  spite  of 
lower  chlorophyll  a  concentrations  in  the  river  (  10-42  |xg  L"'  in 
the  river,  34-106  p,g  L"'  in  lakes). 

However,  strong  water  currents  may  inhibit  Dreisscna  growth. 
The  maximum  length  of  2-y-old  zebra  mussels  in  waterways  of  the 
Kuybyshevskaya  hydroelectric  power  plant  with  constant  water 
currents  <0.5  m  s"'  was  18  mm.  and  in  places  with  water  cuirents 
>1.5  m  s"'  was  13-14  mm  (Mikheev  1964). 

Wave  action  can  also  inhibit  D.  polyinorpha  growth.  Mikheev 
(1964)  found  that  in  the  littoral  zone  of  Kuybyshevskoe  Reservoir 
expo.sed  to  waves,  the  average  (4-5  mm)  and  maximum  (8-10 
mm)  length  of  yearling  mussels  was  almost  half  that  of  mussels  at 
the  same  depth  but  without  waves  (7.2  mm  mean,  14  mm  maxi- 
mum). He  also  found  that  the  average  length  of  the  young-of-the- 
year  D.  polyinorpha  in  parts  of  the  Tsimlyanskoe  Reservoir  ex- 
posed to  strong  waves  was  9  mm  (maxinnmi  12.5  mm),  whereas  in 


quiet  areas  at  the  same  depth  the  average  length  was   1 2  mm 
(maximum  19.2  mm). 

Depth 

Dreissena  polyinorpha  grow  faster  in  shallow  than  in  the  deep 
parts  of  a  waterbody  (Table  I ).  In  Kuybyshevskoe  Reservoir  the 
maximum  length  of  yearling  mussels  at  1-1.5  m  depth  was  13.7- 
14  mm,  and  al  20  m  depth,  only  6-7  mm  (Mikheex'  1964).  Simi- 
larly, Carton  and  Johnson  (2000)  found  that  in  Lake  Wawasee 
zebra  mussel  growth  rate  declined  15%  per  meter  between  1^  m 
depth.  They  hypothesized  that  this  decrease  was  caused  by  lower 
temperature  and  reduced  food  with  depth. 

Turbidity 

High  concentrations  of  suspended  matter  in  the  water  nega- 
tively affects  filtration,  ingestion,  assimilation  and  growth  poten- 
tial of  zebra  mussels  (Reeders  et  al.  1989,  Noordhuis  et  al.  1992, 
Alexander  et  al.  1994,  Summers  et  al,  1996,  Madon  et  al.  1998, 
Schneider  et  al.  1998).  In  Dutch  lakes,  clearance  rates  of  adult 
20-mm  zebra  mussels  declined  exponentially  as  dry  suspended 
matter  increased  from  5-90  mg  L"'  (Reeders  et  al.  1989, 
Noordhuis  el  al.  1992). 

Madon  et  al.  (1998)  found  that  concentrations  of  suspended 
inorganic  sediment  above  I  mg  L~',  and  a  ratio  of  inorganic  to 
organic  fraction  of  seston  higher  than  1.71  may  cause  negative 
growth.  Similar  limits  were  found  by  Schneider  et  al.  ( 1998):  the 
scope  for  growth  declined  with  decreasing  food  quality  and  fell 
below  0  cal  nig~'  h~'  at  an  organic/inorganic  ratio  of  0.5.  They 
suggested  that  high  concentrations  of  suspended  inorganic  sedi- 
ment in  large  turbid  rivers  represents  a  difficult  growth  environ- 
ment for  zebra  mussels  and  that  populations  in  turbid  rivers  may 
not  stabilize  at  the  very  high  densities  typical  of  lentic  environ- 
ments. 

Year-to-year  Variation 

The  growth  rates  of  D.  polxinorpha  in  the  same  waterbody  vary 
significant  among  years  (Lvova  1980,  Dorgelo  1993,  Chase  & 
Bailey  1999b).  Zebra  mussels  in  the  Uchinskoe  Reservoir  with 
initial  shell  lengths  of  8  mm  grew  to  21.2  ±  0.29  mm  by  the  end 
of  the  growing  season  in  1967,  to  19.5  ±  0.27  inm  in  1968,  and  to 
16.8  ±  0.18  mm  in  1969  (Lvova  1980).  Dorgelo  (1993)  found  the 
growth  rate  of  D.  polyinorpha  in  lakes  Maarsseveen  I  and  II  was 
significantly  lower  in  the  summer  of  1986  than  in  1985.  In  a  study 
of  growth  and  production  of  D.  polynun-plui  in  lakes  St.  Clair,  Erie 
and  Ontario,  Chase  and  Bailey  (1999b)  estimated  shell  production 
as  a  part  of  total  production  (total  production  =  shell  -i-  somatic  -l- 
gamete  production).  They  found  that  the  site  by  year  interaction 
(among  5  populations)  explained  >S09c  of  the  variation;  differ- 
ences between  sites  in  production  depended  on  the  year  examined. 
Variation  in  total  production  depended  on  variation  in  somatic  and 
shell  production  only,  as  gamete  production  was  relatively  con- 
stant among  years.  Chase  and  Bailey  ( 1999b)  hypothesized  that,  in 
response  to  poor  environmental  conditions,  D.  polyinorpha  shifts 
the  allocation  of  resources  from  growth  (somatic  and  shell)  to 
reproduction.  As  individuals  cannot  predict  how  long  adverse  con- 
ditions will  persist,  investment  in  growth  may  be  unprofitable 
(Chase  &  Bailey  1999b). 

Lakes  versus  Reservoirs 

Although  environmental  factors  that  affect  mussel  growth  such 
as  temperature,  food  availability  and  other  conditions  can  differ 
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greatly  among  waterbodies  and  among  years  within  the  same 
waterbody.  when  we  coinpared  size-specific  growth  rates  of  zebra 
mussels  among  studies  that  all  used  a  similar  method  (following 
caged  mussels),  some  patterns  emerged.  We  compared  the  data  for 
size  specific  zebra  mussel  growth  from  three  studies  in  reservoirs 
(two  different  reservoirs,  two  different  years  in  one  reservoir)  and 
six  studies  conducted  in  5  different  lakes  (4  in  Eastern  Europe.  1 
in  North  America).  We  found  that  the  size-specific  growth  of 
mussels  in  reservoirs  was  consistently  higher  than  that  of  mussels 
grown  in  lakes  (Fig.  2).  Surprisingly,  given  the  range  of  likely 
conditions  among  water  bodies  and  among  years,  growth  in  res- 
ervoirs was  very  consistent  (R-  =  0.92).  For  lakes  there  was  more 
spread  (R~  =  0.72).  but  the  patterns  and  rates  were  similar 
among  studies.  Data  for  the  growth  of  uncaged  mussels  in  the 
Svisloch  River  are  much  more  similar  to  mussels  in  reservoirs, 
whereas  those  grown  in  cages  were  more  similar  to  mussels  in 
lakes  (Fig.  1  B). 

LIFE  SPAN 

Methods  to  Estimate  Longevity 

Most  of  the  methods  used  to  estimate  longevity  of  D.  poly- 
nwrpha  are  similar  to  those  used  to  estimate  growth  rate:  counting 
annual  rings  on  shells,  analysis  of  the  size-frequency  distributions 
and  growth  under  experimental  conditions  (Table  2). 

Counting  Annual  Rings  on  Shell 

The  maximum  longevity  reported  using  this  method  has  de- 
creased through  time  from   17-IQ  y  (Karpevich  1964)  to  4—5  y 


Reservoirs 


6        8       10      12      14      16      18      20 
Initial  length  (mm) 

Figure  2.  Growth  rates  of  Dreissena  polymorpha  in  rtser>oirs  (filled 
symbols)  and  lakes  (open  symbols,  stars  and  crosses).  In  all  studies, 
zebra  mussels  were  kept  in  cages  and  followed  through  time.  Regres- 
sion lines  are  for  size-specific  growth  rate  in  reservoirs  (solid  line,  Y  = 
0.102  -  0.003*X,  R-  =  0.92,  P  <  0.001)  and  lakes  (dashed  line,  Y  =  0.053 
-  (».002*X,  R-  =  0.72,  P  <  0.001 1  with  959^  confidence  intervals.  The 
two  regression  lines  significantly  differ  in  slope  (/'  =  0.013)  and  their 
95%  confidence  intervals  do  not  overlap.  Data  sources  are:  •  Lchin- 
skoe  Reservoir,  1967  and  ▲  I'chinskoe  Reservoir,  1968  (Russia) — 
Lvova  (1980),  ■  Tsimlyanskoe  Reservoir  (Russia) — Miroshnichenko 
(1990),  O  lake  Lukomskoe,  unhealed  zone  and  D  Lake  Lukoniskoc, 
heated  zone  (Belarus) — Karatayev  (1983),  A  Mikulajskie  Lake  (Po- 
land)— Stanczykowska  &  Levvandowski  (1995),  Lake  Naroch  (Be- 
larus) — Burlakova  (1998)  and  +  Lake  Myastro  (Belarus)-Burlakova 
(1998),  *  Lake  Wawasee  (US)— Carton  &  Johnson  (2000). 


(Drauhins  &  Wouters  1988).  Through  time  some  authors  have 
revised  their  earlier  estimates  of  zebra  mussel  longevity.  Stan- 
czykowska (1964)  initially  reported  a  maximum  longevity  for 
D.  polrworpha  of  10-12  y;  1 1  y  later  she  revised  her  estimates 
from  these  same  data  to  5  y  (Stanczykowska  1975.  1976b).  Kacha- 
nova  (1963)  (this  author  published  later  under  the  name  Lvova- 
Kachanova  and  Lvova)  reported  that  the  maxiinum  life  span  of 
zebra  mussels  in  the  Uchinskoe  Reservoir  was  6-1  1  y.  and  later 
revised  this  estimate  to  4  y  (Lvova  1980.  Table  2).  Although  the 
advantage  of  this  method  is  that  it  allows  an  estimate  of  the  age 
structure  of  a  population  by  measuring  D.  polymorplui  at  a  single 
point  in  time,  as  discussed  earlier,  it  is  very  difficult  to  separate 
annual  rings  formed  during  winter  from  other  rings. 

Analysis  of  Size-frequency  Distributions 

For  this  method  the  numbers  of  peaks  on  a  size-frequency 
histogram  are  counted,  assuming  that  each  peak  represents  an  age 
class.  However,  as  discussed  earlier,  age  classes  may  not  have 
distinct  sizes,  making  it  difficult  to  estimate  longevity  based  on 
size-frequency  distributions. 

Growth  Under  Experimental  Conditions 

Usually  authors  keep  mussels  of  different  initial  sizes  in  cages 
for  a  limited  period  ( 1-4  y).  and  then  the  obtained  growth  rates  are 
used  to  estimate  the  time  to  reach  the  maximum  size  found  in  the 
population.  However  keeping  mussels  in  cages  can  produce  dif- 
ferent types  of  artifacts  discussed  earlier,  which  may  affect  ob- 
served growth  rates  and,  therefore,  estimates  of  mussel  longevity. 

Factors  Affecting  Longevity 

To  our  knowledge,  the  first  estimates  of  the  longevity  of  zebra 
mussels  were  reported  by  Karpevich  (1952)  and  Clarke  (1952) 
(Table  2).  Karpevich  (1952)  counted  annual  rings  on  shells  and 
estimated  zebra  mussel  longevity  in  the  Volga  River  as  18  y.  In 
contrast,  Clarke  (1952)  using  unpublished  data  from  J.  Wilhelmi 
(study  site  not  mentioned)  found  three  peaks  in  the  size-frequency 
distribution  of  D.  polymoipha  and  suggested  that  typical  longevity 
is  about  three  years.  Overall,  the  longevity  of  D.  polymorpha  es- 
timated by  different  authors  over  the  last  50  y  varies  from  2-19  y. 
However,  the  maxinium  sizes  oi  D.  polymorpha  reported  by  these 
authors  are  similar  (Table  2).  This  contradiction  supports  a  hy- 
pothesis that  the  reported  differences  in  longevity  may  be  ex- 
plained to  a  large  extent  by  the  artifacts  of  the  methods  used.  This 
suggestion  is  also  supported  by  the  fact  that  the  average  D.  poly- 
morpha longevity  estimated  by  counting  annual  rings  on  shells 
(7.4  ±  0.9)  is  significantly  different  from  average  longevity 
estimated  by  analysis  of  size-frequency  distribution  (3.3  ±  0.3, 
P  <  0.001,  2-sided  r-test)  (Table  2).  Alternatively,  zebra  mussels 
may  have  a  fixed  maximum  size,  and  local  conditions  that  affect 
growth  rates  determine  longevity — fast  growing  mussels  will  live 
for  shorter  periods  of  time,  whereas  slow  grow  ing  mussels  will  live 
longer.  Therefore,  it  is  unclear  how  much  of  this  variability  in 
longevity  is  natural  or  is  caused  by  the  artifacts  of  the  methods 
used  and  definitely  requires  future  investigation. 

GENERAL  FINDINGS  AND  FUTURE  DIRECTIONS 

Although  many  generalizations  can  be  made  about  the  growth 
rate  and  longevity  of  D.  polymorpha.  and  the  impacts  of  various 
environmental  factors  on  these  parameters,  the  answers  to  many 
questions  are  far  front  clear.  The  most  important  questions  that 
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need  to  be  addressed,  problems  that  need  to  be  solved,  and  targets       1991.  Srnit  et  al.  1992).  Differences  among  studies  may  be  a  result 
for  future  studv  are;  of  local  effects  but  clearh  calls  for  further  study. 


Methodological  Problems 

Growth  rate  and  longevity  of  D.  polymorpha  have  been  esti- 
mated by  using  four  different  methods,  most  of  which  have  serious 
methodological  problems.  Thus,  different  estimates  of  £).  pulymor- 
plui  growth  rates  and  longevity  are  affected  not  only  by  differences 
in  environmental  conditions  but  also  by  artifacts  of  the  methods 
used.  Following  the  growth  of  undisturbed  D.  polymorpha  will 
provide  more  reliable  data  on  growth  potential  and  variability 
among  different  waterbodies  with  different  environmental  condi- 
tions. Following  and  subsampling  mussels  that  naturally  settle  on 
experimental  suifaces  through  time  provides  the  control  and  ease 
found  in  experimental  studies  with  the  growth  rates  expected  from 
natural  populations. 

Co-effects  of  Environmental  Factors 

Dreissena  polymorpha  grow  th  rates  depend  on  water  tempera- 
ture, season  of  the  year,  location  in  the  water  column,  food  avail- 
ability, oxygen  concentrations,  water  velocity  and  various  other 
environmental  factors  (Table  1 ).  However,  it  is  difficult  to  separate 
the  independent  effects  of  each  of  these  factors,  especially  in  natu- 
ral waterbodies  where  most  of  these  factors  will  covary.  Several 
factors  may  have  additive  or  synergistic  effects,  making  it  difficult 
to  study  the  effect  of  a  single  factor.  Separation  of  the  effects  of 
single  and  combined  factors  on  growth  is  essential. 

Timperatiire 

The  upper  temperature  limit  for  zebra  mussel  growth  seems  to 
be  .^0"C  to  32' C.  and  the  lower  temperature  limit  ~IO"C  to  12  C 
(Kachanova  1961.  Morton  1969a.  1969b.  Alimov  1974. 
Karatayev,  1983.  Mackie  1991.  Jantz  &  Neumann  1992).  How- 
ever, some  studies  ha\'e  found  much  lower  limits  (bij  de  Vaate 


Growth  in  Different  Types  of  Waterbodies 

There  seems  to  be  substantial  differences  in  growth  between 
mus.sels  in  reservoirs  and  lakes — mussels  grow  much  faster  in 
reservoirs  than  lakes.  Experiments  that  directly  test  the  relative 
contributions  of  environmental  factors  versus  the  type  of  water 
body  and  what  factors  are  different  between  reservoirs  and  lakes 
are  clearly  called  for  to  answer  this  question.  It  may  be  that  res- 
ervoirs provide  a  better  overall  growth  environinent  in  terms  of 
temperature,  nutrition,  and  water  motion  than  do  natural  lakes  or 
rivers. 

Longevity 

The  reported  longevity  of  A  polymorpha  varies  from  2  to  19  y. 
It  is  critically  important  to  understand  to  what  extent  this  variation 
is  caused  by  biological  variability,  environmental  conditions  and 
what  amount  of  the  variation  is  caused  by  the  methods  used.  In 
addition  to  the  basic  value  of  understanding  the  variability  in 
D.  polymorpha  longevity,  it  is  also  important  if  we  are  to  predict 
population  dynamics,  spread  or  to  develop  control  methods  for  this 
important  invader. 
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POPULATION  STRUCTURE  IN  TWO  MARINE  INVERTEBRATE  SPECIES  (PANOPEA 
ABRUPTA  AND  STRONGYLOCENTROTUS  ERANCISCANUS)  TARGETED  FOR  AQUACULTURE 

AND  ENHANCEMENT  IN  BRITISH  COLUMBIA 


KRISTINA  M.  MILLER,*  K.  JANINE  SUPERNAULT,  SHAORONG  LI  AND 
RUTH  E.  WITHLER 
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ABSTRACT  As  the  nunilx-r  of  native  speeies  targeted  for  ai.|uaculture  and  enlianeenient  in  British  Columbia  (BC)  rises,  fisheries 
managers  must  develop  polieies  and  species-specific  management  plans  that  facilitate  industry  expansion  while  protecting  the  integrity 
and  fitness  of  wild  stocks.  Whereas  genetic  introgression  of  domesticated  stocks  with  wild  stocks  cannot  be  completely  eliminated, 
some  control  can  be  gained  by  limiting  the  collection  and  culture  of  domesticated  stocks  to  geographic  units  defined  by  the  genetic 
structure  of  wild  stocks.  We  describe  the  genetic  structure  of  two  species  that  are  targeted  for  intensive  enhancement  and  aquaculture 
in  BC:  Geoduck  clams,  Panopea  abnipla  and  red  sea  urchins,  Strongylocernrotusfranciscanus.  Based  on  a  survey  of  eight  polymorphic 
microsatellite  loci.  P.  abnipta  contained  significant  geographic  structure  within  BC,  with  the  distribution  of  genetic  variation  consistent 
with  stepping  stone  gene  flow  under  an  isolation-by-distance  model.  A  survey  of  seven  polymorphic  microsatellite  loci  covering  a 
similar  geographic  range  revealed  genetic  homogeneity  of  S.  fnincisciiiuis  in  BC.  Based  on  the  different  levels  of  structure  displayed 
in  the  two  species,  we  propose  three  geographically-based  management  units  for  P.  al^iupni  and  two  for  S.  francisciiiuis  in  BC. 

A'£)'  WORDS:  geoduck.  clam,  red  sea  urchin.  Pcinapfu  alyriipia.  Strongylocenininisfraiiciscaniis.  population  structure,  enhancement, 
genetic,  microsatellite 


INTRODUCTION 

In  British  C'oluinbia  (BC).  many  native  (mussels)  and  nonna- 
tive  (oysters,  maiiila  clams.  Japatiese  scallops,  Atlantic  saltnon) 
marine  species  are  under  inten.sive  aquaculture.  Additional  species 
that  arc  important  capture  fisheries  are  also  becoming  prospects  for 
aquaculture  and  artificial  enhancement  (e.g..  geoduck.  urchins, 
blackcod.  halibut  and  rocktish  species).  Different  genetic  issues 
accompany  the  widespread  hatchery  production  of  native  and  non- 
native  species.  In  the  culture  of  nonnative  species,  competition  and 
hybridization  with  native  species  are  potential  impacts,  whereas  in 
the  culture  of  native  species,  reduction  of  the  genetic  fitness  of 
wild  populations  through  introgression  with  aquacukure  strains  is 
a  primary  concern  (Utter  &  Epifanio  2002).  There  are  three  ways 
in  which  hatchery-reared  animals  may  differ  genetically  from  their 
wild  counterparts.  They  may  have  a  geographically  distant  origin 
and  may  be  adapted  to  different  natural  conditions.  Such  organ- 
isms released  from  the  hatchery  may  be  relatively  unfit  in  their 
new  environment  and  hybridization  with  wild  conspecifics  may 
lead  to  outbreeding  depression,  a  reduction  in  fitness  of  hybrids  in 
the  wild  (Allendorf  &  Ryman  1987).  When  local  organisms  are 
used  for  hatchery  propopagation.  the  reduced  number  of  parents 
successfully  contributing  to  hatchery  offspring  can  lead  to  founder 
effects,  genetic  drift  and  future  inbreeding  (Tave  1993).  Even 
when  large  numbers  of  broodstock  are  collected  locally,  domesti- 
cation, or  adaptation  to  hatchery  culture,  may  reduce  the  fitness  of 
hatchery-produced  organisms  and  their  hybrids  in  the  wild  (Lynch 
&  O'Hely  2001.  Ford  2002). 

Few  species  have  been  subjected  to  the  detailed  studies  re- 
quired to  detect  and  quantify  fitness  differences  between  wild, 
cultured  and  hybrid  organisms  in  the  wild  environment.  For  At- 
lantic salmon,  one  of  the  most  intensively  cultured  and  studied 
species  worldwide,  domesticated  fish  and  their  first-generation  hy- 
brids with  wild  fish  have  lower  fitness  than  wild  fish  in  natural 
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environments  (McGinnity  ct  al.  1997,  Fleming  et  al.  2000,  McGin- 
nity  et  al.  2003).  For  invertebrate  species,  hatchery-produced  or- 
ganisms often  contain  reduced  genetic  variability  compared  with 
their  wild  conspecifics  (Hedgecock  et  al.  1992.  Boudry  et  al. 
2002).  but  few  studies  have  investigated  the  fitness  of  cultured 
individuals  in  different  environments  (see  Tremblay  et  al.  2001. 
J0rstad  et  al.  2005,  Sekino  et  al.  2005). 

Because  most  cultured  marine  invertebrate  species  have  pelagic 
larval  dispersal  stages,  complete  isolation  of  wild  and  hatchery- 
reared  conspecifics  could  only  be  achieved  by  limiting  culture  to 
expensive  on-land  facilities,  rearing  of  nonreproductive  animals 
(e.g..  triploids)  or  complete  harvesting  of  cultured  animals  before 
they  become  reproductively  mature.  However,  introgression  of 
geographically  distinct  cultured  smcks  can  be  avoided  by  manag- 
ing broodstock  collection  and  outplanting  within  regions  identified 
on  the  basis  of  wild  population  structure.  Loss  of  variation  and 
domestication  in  hatchery  strains  can  be  reduced  by  maintaining 
large  broodstock  numbers  of  wild  origin  organisms  for  hatchery 
production.  Alternately,  in  the  case  where  hatchery  broodstocks 
are  genetically  distinct  from  wild  stocks,  either  having  undergone 
extensive  genetic  selection,  bottlenecks  or  genetic  marking,  prior 
knowledge  of  the  genetic  characteristics  of  the  wild  populations 
and  local  hatchery  broodstocks  may  enable  monitoring  in  the  vi- 
cinity of  aquaculture  sites  and  beyond  to  detect  genetic  interac- 
tions. 

Most  marine  invertebrate  species  currently  cultured  or  en- 
hanced are  characterized  by  high  levels  of  fecundity  and  plank- 
totrophic  larvae  with  high  dispersal  capabilities,  both  features  that 
are  associated  with  genetic  panmixia  (Bohonak  1999).  However, 
although  panmixia  is  often  observed  in  marine  invertebrate  species 
with  these  life  history  attributes,  many  species  do  not  display 
panmixia  over  all  spatial  scales  (Hellberg  et  al.  2002).  The  three 
additional  types  of  structure  most  often  observed  include  chaotic 
genetic  patchiness,  isolation  by  distance  (IBD)  and  abrupt  phylo- 
genetic  breaks  associated  with  geographic  barriers  (reviewed  in 
Hellberg  et  al.  2002).  Chaotic  genetic  patchiness.  defined  by  non- 
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geographically  based  genetic  variance  over  space  and/or  time,  has 
been  observed  over  small  to  mediuin  geographic  scales  (0-500 
km)  in  a  large  range  of  marine  invertebrate  species  (Johnson  & 
Black  1982.  Benzie  &  Williams  1997.  Michinina  &  Rebordinos 
1997.  Moberg  &  Burton  2000.  Hamm  &  Burton  2000).  An  IBD 
model  of  structure  results  from  stepping  stone  gene  flow  (Slatkin 
1993).  and  has  been  observed  over  macrogeographic  (100s  to 
1,000s  of  km)  scales  in  some  marine  invertebrate  species  (Shaklee 
&  Bentzen  1998,  Hellberg  et  al.  2002.  Palumbi  2002).  Alternately, 
abrupt  genetic  boundaries  have  been  observed  most  often  in  spe- 
cies occupying  bays  and  estuaries,  or  those  crossing  strong  phy- 
logeographic  boundaries  limited  by  ocean  current  circulation 
(Reeb  &  Avise  1990,  Hellberg  et  al.  2002). 

Geoduck  clams,  Panopea  abrupta  (hereafter  Pub)  and  red  sea 
urchins,  Strongyloceiuroms  franciscaniis  ( hereafter  Sfr)  are  both 
long  lived  (up  to  100-150  y)  mainly  dioecious  species  that  form 
dense  aggregations  in  the  wild  (Bureau  et  al.  2002.  Ebert  &  Sou- 
thon  2003).  Larval  duration  (approximately  6  wk)  is  similar  in  both 
species,  and  repeat  broadcast  spawning  events  synchronized 
among  individuals  clustered  over  small  spatial  scales  occur  from 
spring  through  summer  (Ebert  et  al.  1994,  Goodwin  &  Bradbury 
2001,  Flowers  et  al.  2002).  Because  recruitment  is  sporadic,  natu- 
ral replenishment  of  over-fished  sites  is  slow,  with  an  estimated 
30-50  y  natural  recovery  time  to  preharvest  levels  for  geoduck 
clams  (Goodwin  &  Bradbury  2001).  Enhancement  with  hatchery- 
reared  juveniles  to  facilitate  rebuilding  has  been  in  effect  for  in- 
tertidal  geoduck  clams  in  Washington  State  since  1982  and  for 


subtidal  geoduck  clams  in  BC  (limited  to  the  Strait  of  Georgia) 
since  1  993  ( http://w ww-sci.pac.dfo-mpo.gc.cu/geoduck/ 
intro_e.htm).  Recent  experimental  work  on  outplanting  methods 
on  red  sea  urchins  has  also  been  undertaken  (Alan  Campbell,  pers. 
conim.). 

Little  is  known  about  the  genetic  structure  of  Pab  and  Sfr  in 
BC.  although  some  genetic  information  exists  on  these  species 
from  other  geographic  locations,  and  genetic  data  is  available  on 
species  closely  related  to  Sfr.  In  this  study  we  examine  the  genetic 
structure  of  geoduck  clams  and  red  sea  urchins  in  BC  with  highly 
variable  inicrosatellite  loci  (Kaukinen  et  al.  2004.  Miller  et  al. 
2004)  and  use  the  information  to  provide  genetic  guidelines  for 
culture  activities. 

METHODS 

Pcib  siphon  tissue  was  collected  from  16  sites  ranging  from 
Washington  through  northern  BC  and  spanning  over  1 100  km  of 
coastline  (Fig.  I ).  Collections  took  place  over  a  3-y  period,  from 
2000-2003.  Ethanol  preserved  siphon  tissue  was  extracted  using 
the  chelex  method  froin  Small  et  al.  ( 1998).  Variation  at  2  dinucle- 
otide  (Pah  5.  Pab  132)  and  6  tetranucleotide  {Pah  6,  Pub  1  17.  Pah 
lOle.  Pab  105e,  Pab  106e,  Pab  1 12e)  microsatellite  loci  isolated 
from  Pab  was  surveyed  using  the  primers  and  protocols  outlined  in 
Kaukinen  et  al.  2004  (note  Pah  5  and  6  are  from  Vadopalas  & 
Bentzen  2000). 

Sfr  were  collected  over  3  years  from  13  sites  spanning  over 


P'igure  1.  Map  showing  locations  of  P.  abrupta  and  S.  franciscanus  collection  sites  in  Washington,  BC  and  Alaslia.  Collections  were  made  for  each 
species  spanning  a  3-y  period,  from  2000-2003. 


Structure  in  P.  abrupta  and  S.  fhanciscanus 
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1. ()()()  km  of  coastline  ranging  from  southern  BC  to  Southern 
Alaska  (Fig.  1  and  Table  1 ).  For  Sfr.  gonad  tissue  was  collected 
destructively  and  frozen  at  -80°C  until  use.  Genomic  DNA  was 
extracted  using  DNeasy  kits  (Qiagen.  Valencia,  CA).  Variation  at 
six  polymorphic  dinucleotide  iSfr  06.  Sfr  1 3.  Sfr  22.  Sfr  34.  Sfr  64 
and  Sfr  90)  loci  and  one  trinucleotide  [Sfr  55 1  repeat  microsatellite 
locus  isolated  from  Sfr  was  surveyed  using  the  primers  and  pro- 
tocols outlined  in  Miller  et  al.  (2004). 

Allelic  and  genotypic  frequency  data  were  analyzed  using  the 
Genetic  Data  Analysis  (GDA)  (Lewis  &  Zaykin  2001 ).  GENEPOP 
version  3. Id  (Raymond  &  Rousset  199.'))  and  FSTAT  version 
2.9.3.2  (Goudet  2001).  Conformance  to  Hardy  Weinberg  equilib- 
rium (HWE)  distributions  of  genotypic  frequencies  at  each  locus  in 
each  sample  was  tested  using  GENEPOP.  Levels  of  differentiation 
among  populations  using  F^j  values  (Weir  &  Cockerham  1984) 
were  computed  over  all  samples  and  on  a  pairwise  basis  between 
samples  using  FSTAT.  For  loci  that  were  not  in  HWE.  F^^  dis- 
tances were  calculated  by  randomized  genotypes  rather  than  alleles 
(Goudet  2001 ).  The  significance  of  the  multilocus  f.,,  value  over 
all  samples  was  determined  by  jackknifing  over  loci.  Allelic  rich- 
ness was  calculated  by  standardizing  allelic  diversity  to  a  sample 
size  of  50  individuals  in  FSTAT.  Homogeneity  of  allele  richness 
and  heterozygosity  among  sites  was  tested  using  a  chi-square  (x~) 
test.  An  IBD  model  of  structure  was  tested  by  regression  of  pair- 
wise  FsT  values  with  geographic  distance  (shortest  waterway  dis- 
tances between  sites),  calculated  in  FSTAT  following  Mantel 
(1967).  The  stability  of  the  IBD  model  structure  was  tested  using 
the  web-based  IBD  program  from  http://www.bio.sdsu.edu/pub/ 
andy/BohonakCV.html#Computer% Programs,  with  all  values  set 
to  default  (Bohonak  2002). 

Genetic  relationships  among  samples  of  Sfr  and  of  Pub  were 
determined  using  a  dendrogram  based  on  the  neighbor-joining  al- 
gorithm, constructed  using  pairwise  differences  (Nei  1978).  The 
effective  population  size  (N^).  which  is  an  estimate  of  the  number 
of  breeding  adults  in  a  population,  for  Sfr  and  Pah  was  calculated 
from  expected  heterozygosity  (H,:)  values  over  all  loci  using  the 
relationship  /V^  -  (I/[1-He]"  -1)/8|j„  where  p.  is  the  mutation  rate 
for  the  microsatellite  loci  (Lehmann  et  al.  1998).  The  mammalian 
mutation  rate  of  p.  =  10""*  was  used  as  a  conservative  estimate. 
recognizing  that  /Vg  values  could  be  100  times  greater  if  p.  ap- 
proaches 10"*^.  as  observed  in  Drosophila  (Shug  et  al.  1997). 

Hierarchical  analysis  of  allele  frequency  variation  was  con- 
ducted in  Arlequin  with  a  nested  analysis  of  molecular  variance 
(AMOVA;  random  effects  model;  Weir  1996).  The  significance  of 
allele  frequency  differences  attributable  to  geographic  regions 
identified  in  the  dendrograms  based  on  F^-^  distances  was  tested  in 
a  hierarchical  model  with  sample  sites  nested  within  regions. 

RESULTS 

Genetic  Variation  Within  Samples 

Pah  microsatellite  loci  were  all  highly  polymorphic.  Allelic 
richness  ranged  from  16-38  alleles  per  50  individuals,  and  ex- 
pected heterozygosities  ranged  from  0.91-0.98  among  loci  (Table 
2).  Four  of  the  eight  Pah  loci  contained  excess  homozygotes  re- 
sulting in  significant  deviations  from  HWE  over  all  sites,  whereas 
Pab  1  12e  contained  an  excess  at  11/16  sites  (overall  P  <  0.001  for 
each  of  these  loci).  Deviations  from  HWE  were  minimal  in  ihe 
remaining  three  loci  (P  >  OA  over  all  sites).  Estimates  of  the 
inbreeding  coefficient,  F,s,  over  all  sites  ranged  from  0.03  for  Pab 
6  to  0.30  for  Pab  117  (Table  2). 


TABLE  I. 

Distribution  of  collection  sites  for  P.  abrupta  and  S.  franciscaniis  in 
BC.  Washington  (W.\).  and  Alaska  (.AKI.  with  site-specific  data  on 
sample  size,  allelic  richness  (.\,<l.  and  expected  lieterozygosity  (He). 


Province 

Sample 

Collection  Site 

or  State 

Region 

Size 

A« 

He 

Pah 

Point  Heyer 

WA 

S.  Puget  Sound 

98 

28.0 

0.967 

Hazel  Point 

WA 

Hood  Canal 

L14 

27.0 

0.970 

Marina  Island 

BC 

EC  VI 

122 

28.6 

0.970 

Savory  Island 

BC 

ECVI 

95 

28.7 

0.967 

Cortes  Island 

BC 

ECVI 

92 

27.7 

0.961 

Porpoise  Bay 

BC 

ECVI 

98 

27.5 

0.962 

Round  Island 

BC 

ECVI 

99 

28.1 

0.970 

Boatswain  Bank 

BC 

ECVI 

97 

26.3 

0.958 

Thormanby  Island 

BC 

ECVI 

97 

28.2 

0.971 

East  Daphne  Pt 

BC 

N-ECVI 

98 

26.3 

0.962 

Nootka  Sound 

BC 

WCVI 

103 

26.7 

0.967 

Coomes  Banks 

BC 

WCVI 

102 

27.8 

0.969 

Maggie  River 

BC 

WCVI 

96 

26.4 

0.966 

Hippa  Island 

BC 

QCI 

137 

27.5 

0.970 

Tasu  Sound 

BC 

QCI 

103 

27.4 

0.969 

Gowgaia  Bay 

BC 

QCI 

107 

26.8 

0.963 

Mean 

105.3 

27.4 

0.966 

Sfr 

Shute  Reef 

BC 

SCVI 

84 

19.8 

0.933 

Dennian 

BC 

ECVI 

68 

20.3 

0.943 

Campbell  River 

BC 

ECVI 

78 

19.2 

0.937 

Johnstone  Strait 

BC 

N-ECVI 

92 

20.0 

0.942 

Broken  Group 

BC 

WCVI 

58 

19.7 

(J.9I9 

Tofino 

BC 

WCVI 

79 

194 

0.943 

Stryker 

BC 

cc 

67 

19.2 

0.946 

SW  Price 

BC 

cc 

63 

19.7 

0.944 

Louscoone 

BC 

QCI 

87 

20.4 

0.938 

Windy  Bay 

BC 

QCI 

76 

21.2 

0.948 

Kelp  Bay 

AK 

SEAK 

81 

21.0 

0.947 

Blank 

AK 

SEAK 

77 

20.3 

0.941 

Meares  Pass 

AK 

SEAK 

72 

19.4 

0.944 

Mean 

75.5 

20.0 

0.941 

Abbreviations  include:  Washington  (WA).  BC  (BC).  Alaska  (AK).  East 
coast  of  Vancouver  Island  (ECVI),  north  ECVI  (N-ECVI),  west  coast  of 
Vancouver  Island  (WCVI),  Queen  Charlotte  Islands  (QCI),  central  coast 
(CC),  and  south  east  Alaska  (SEAK).  Allele  frequencies  for  all  samples 
surveyed  in  this  study  are  available  at:  hItp://www.pac.dfo-mpo.gc.ca/sci/ 
aqua/bgsid_e.htm. 

Sfr  microsatellite  loci  were  slightly  less  polymorphic  than  Pab 
loci,  with  a  range  in  allelic  richness  of  9-35  (mean  20)  and  a  range 
in  expected  heterozygosity  of  0.63-0.96.  Fewer  deviations  from 
HWE  were  observed  in  Sfr  than  for  Pab,  with  only  two  of  the 
seven  loci  containing  significant  excesses  of  homozygotes  in  over 
509c  of  the  Sfr  sites.  As  a  result,  the  mean  F,^  over  all  loci  was 
lower  in  Sfr  (0.1 1  ±  0.03)  than  in  Pab  (0.15  ±  0.04). 

Using  the  mammalian  microsatellite  mutation  rate  (10"^)  and 
He  values  estimated  from  the  loci  in  this  study,  locus-specific 
estimates  of  effective  population  sizes  (Ng)  for  Pab  ranged  from 
1.4-13.8  million  (mean  of  5.8  million),  and  for  Sfr  ranged  from 
0.08-9.7  million  (mean  of  2.1  million). 

Genetic  Variation  Among  Samples 

In  Pah.  levels  of  heterozygosity  were  homogeneously  distrib- 
uted among  sites  (P  >  0.05),  whereas  spatial  heterogeneity  in  al- 
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TABLE  2. 

Statistics  on  S.  franciscanus  and  P.  ahrupta  microsatellite  loci,  including  allelic  ricliness  (Ar),  expected  (He),  and  observed  (Ho) 

heterozygosity,  inbreeding  coefficient  (/■'is),  number  of  populations  that  deviate  significantly  (P  <  0.05)  from  HWT)  after  bonferroni 

correction.  Coancestry  coefficient  (/•.sr'-  ''"d  'he  associated  /'-value  for  F^y.  HVVE  «as  not  assumed  in  the  calculation  of  the  Coancestrv 

coefficient  (fsi  I  "hen  20'^^  or  more  of  the  populations  significantly  deviated  from  HVVE  (highlighted  with  an  asterisk). 


#Pop 

Locus 

N 

A„ 

He 

Ho 

f,s 

P  <  0.05 

/si  H\\ 

GP-value 

P.  ubriipta 

Pab5' 

1118 

16 

0.91 

0.71 

0.22 

16 

0.0040* 

I). 002 

Pah  6' 

1113 

22 

0.93 

0.90 

0.03 

0 

0.0032 

0.002 

Pah  117 

1019 

35 

0.97 

0.68 

0.30 

16 

0.0020* 

0.002 

Pah  132 

1019 

38 

0.94 

0.70 

0.26 

15 

0.0040* 

0.002 

Pab  lOle 

1113 

19 

0.93 

0.88 

0.05 

3 

0.0024 

0.002 

Pah  105e 

1113 

3S 

0.98 

0.72 

0.22 

16 

0.0020* 

0.002 

Pab  106e 

lOlS 

IS 

0.93 

0.91 

0.06 

5 

0.0041* 

0.002 

Pab  11 2e 

1113 

34 

0.96 

0.88 

0.09 

11 

0.0050* 

0.002 

Mean 

27 

0.94 

0.80 

0.15 

0.0036 

S.  franciscanus 

Sfr  06 

1016 

12 

0.87 

0.85 

0.03 

0 

0.0000 

0.468 

Sfr  13 

1026 

16 

0.91 

0.81 

0.11 

6 

0.0000* 

0.667 

Sfr  22 

1102 

25 

0.94 

0.82 

0.12 

6 

0.0010* 

0. 1 35 

Sfr  34 

1074 

28 

0.81 

0.69 

0.15 

9 

0.0010* 

0.007 

Sfr  55 

930 

35 

0.96 

0.74 

0.23 

13 

0.0030* 

0.002 

Sfr  64 

1039 

9 

0.83 

0.76 

0.09 

2 

0.0023 

0.005 

Sfr  90 

895 

14 

0.63 

0.66 

0.04 

0 

0.005 1 

0.002 

Mean 

20 

0.85 

0.76 

0,11 

0.0020 

'  Locus  primers  from  Vadopahs  &  Bentzen  (2000) 


lelic  richness  was  observed  (P  <  0.01 ).  with  a  greater  number  of 
alleles  observed  in  southern  sites  (Table  1 ).  Alternately,  no  sig- 
nificant heterogeneity  in  allelic  richness  or  heterozygosity  was 
observed  among  sites  for  Sfr{P  >  0.05).  Similarly,  less  variation  in 
F[s  was  observed  among  sites  than  among  loci  for  both  species 
(f,s  among  sites:  0.12-0.13  Pab.  0.08-0.13  Sfr;  F,^  among  loci 
0.05-0.30  Pah.  0.03-0.23  Sfr).  Despite  the  high  degree  of  poly- 
morphism displayed  at  all  loci  of  both  species,  few  private  alleles 
(i.e..  alleles  observed  in  only  one  site)  were  observed.  Out  of  355 
alleles  for  Pab  observed  over  all  loci,  only  6  were  private.  For  Sfr. 
24  of  the  265  alleles  were  private.  Private  alleles  were  not  found 
in  either  species  at  frequencies  above  0.03.  nor  were  they  found 
disproportionately  in  specific  sites  or  regions. 

For  both  species.  F^-y  calculated  over  all  loci  and  all  popula- 
tions was  significantly  greater  than  zero  (P  <  0.01 );  however,  only 
the  Pab  F^^  was  significant  after  jackknitlng  (P  <  0.0004).  The 
global  FsT  estimate  for  Pab  (0.004  ±  0.001 )  was  twice  as  high  as 
that  observed  for  Sfr  (0.002  ±  0.001 ).  F^t  values  for  single  Pab 
loci  ranged  from  0.002-0.005.  and  were  significantly  greater  than 
0  for  all  eight  loci  (P  <  0.05)  (Table  2).  Alternately,  for  Sfr.  P^t 
values  for  single  loci  ranged  from  -0.001-0.006.  and  four  of  the 
seven  loci  {Sfr  34.  55.  64  and  90)  were  significanth  greater  than  0. 
When  calculated  on  a  pairwise  basis,  after  bonferroni  correction, 
over  85%  of  population  comparisons  were  significant  for  Pab. 
versus  only  10%  for  Sfr  (Table  3). 

The  majority  of  the  genetic  variation  in  Pab  was  found  within 
sites  (99.5%),  with  only  0.4%  partitioned  among  sites  and  0.08% 
among  regions.  Sites  represented  a  significant  portion  of  the  varia- 
tion in  the  AMOVA  (F-ratio  =  1.88.  df  12.16482.  P  =  0.03).  but 
permutations  of  models  based  on  different  regional  configurations 
did  not  reveal  any  significant  effects  of  region  (P  >  0.2  in  all 
models).  However,  in  the  neighbor-joining  dendrogram,  geoduck 


samples  generally  clustered  into  four  geographically-based  units 
(Fig.  2A).  and  the  mean  Ps^  values  calculated  among  the  four 
depicted  regions  (range  of  0.003-0.005)  were  generally  twice  as 
high  as  those  observed  within  regions  (range  of  0.002-0.003).  The 
geographic  cluster  containing  the  three  Queen  Charlotte  Island 
(QCI)  samples.  Gowgaia  Bay.  Hippa  Island,  and  Tasu  Sound,  was 
the  most  distinctive.  Although  the  two  Washington  samples.  Point 
Heyer  and  Hood  Canal,  clustered  together,  they  were  fairly  distinct 
from  one  another  (significantly  different  at  3/8  loci),  and  were  not 
highly  differentiated  from  two  of  the  East  Coast  of  Vancouver 
Island  (ECVI)  sites,  Marina  Island  and  North  Savory.  However, 
they  were  well  differentiated  from  all  other  sites  on  the  BC  coast. 
The  remainder  of  the  ECVI  samples  clustered  together.  The  West 
Coast  of  Vancouver  Island  (WCVI)  sites  and  single  North  Coast  of 
Vancouver  Island  (NCVI)  site  formed  the  fourth  cluster.  In  all.  the 
distribution  of  genetic  variation  in  Pab  was  consistent  with  an  IBD 
model  of  structure  (R-  =  25.5.  P  <  0.0001:  FSTAT).  but  it  was 
clear  from  the  low  R~  value  that  all  sources  of  variation  were  not 
accounted  for  by  this  model  (Fig.  3A).  An  IBD  model  of  structure 
was  also  supported  using  the  IBD  program  of  Bohonak  (2002).  but 
the  R"  and  P  values  were  generally  lower.  A  higher  degree  of 
significance  was  obtained  when  log  values  of  genetic  distance 
were  used,  and  when  the  two  Washington  sites  were  removed  (P 
<  0.002  versus  P  <  0.023).  Alternately.  IBD  structure  was  not 
supported  when  the  three  QCI  sites  were  reinoved  (P  >  0.35). 

Despite  the  fact  that  a  lower  percentage  of  population  pairs 
were  significantly  different  in  Sfr  versus  Pab,  hierarchical  gene 
diversity  analysis  revealed  a  slightly  greater  amount  of  variation 
partitioned  among  sites  than  observed  in  Pab  (1.24%  vs.  0.48%). 
This  difference  is  likely  because  of  the  higher  number  of  private 
alleles  observed  in  .y'r.  Hence,  sample  site  accounted  for  a  signifi- 
cant portion  of  the  variation  in  5//'  (F-ratio  =   3.14.  df  11.2415. 
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Figure  2.  Neighbor-joining  dendrogram  based  on  Nei's  (1978)  genetic 
distances  among  A,  P.  ahnipla  and  B,  S.  franciscaitus  collection  sites. 
Regions  are  delineated  through  line  type  Hilhin  the  dendrogram,  with 
thick  solid  line  for  Washington  [P.  ahnipla  only),  thin  solid  line  for 
EC\  I.  line-dot-line  for  WCVI.  line-dot-dot-line  for  N-FX'VI.  short 
dashed  line  for  QCI,  dotted  line  for  central  coast  I.S.  fraiiciscaniis  only), 
and  long  dashed  line  for  Alaska  {S.  fraiiciscaniis  only). 


P  =  0.0003).  However,  no  strong  geographic  clustering  of  Sfr 
samples  was  observed  in  the  neighbor  joining  dendrogram  (Fig. 
2B),  nor  was  regional  structure  supported  in  hierarchical  gene 
diversity  analysis  (North/South  regions,  F-ratio  =  1.44,  dfl,l  1,  P 
=  0.26).  Given  that  the  highest  pairwise  F^t  value  (0.007;  P  = 
0.01,  not  significant  after  bonferroni  correction)  was  observed  be- 
tween the  two  north  coast  populations.  .South  West  Price  Island 
and  Stryker  Island,  that  are  only  4(1  km  apart,  it  is  not  surprising 


that  an  IBD  model  of  structure  was  also  not  supported  (R-  =  1.07, 
P  =  0.36;  FSTAT;  Fig.  3B). 

DISCUSSION 

Current  and  potential  culture  operations  for  geoduck  clams  and 
red  sea  urchins  in  BC  generally  aim  to  enhance  harvestable  popu- 
lations (Alan  Campbell,  pers.  comm.).  The  degree  of  genetic  risk 
to  wild  populations  associated  with  these  activities  is  largely  in- 
fluenced by:  ( 1 )  the  degree  of  assimilation  of  cultured  releases  into 
natural  populations;  (2)  genetic  differences  between  the  natural 
and  supplementation  populations  and  (3)  the  degree  of  substruc- 
ture of  the  natural  population  (Utter  &  Epifanio  2002).  Our  spatial 
analysis  of  microsatellite  variation  in  Pab  and  Sfr  provide  the  first 
view  of  substructure  in  natural  populations  of  these  species  in  BC, 
although  additional  sampling  over  time  will  be  required  to  verify 
conclusions  about  stable  population  structure.  In  addition,  data 
from  this  study  provide  a  basis  for  the  monitoring  and  evaluation 
activities  recommended  by  Utter  &  Epifanio  (2002). 

For  Sfr  in  BC,  we  found  no  evidence  of  a  stepping  stone  pattern 
of  connectedness  (IBD  model).  .-Although  the  lack  of  geographi- 
cally-based structure  and  "randomly"  distributed  private  alleles 
could  fit  a  model  of  chaotic  genetic  patchiness,  more  data  focusing 
on  genetic  variation  among  settling  cohorts  would  be  required  to 
provide  strong  support  for  this  model.  In  general,  our  data  do  not 
refute  the  null  hypothesis  of  genetic  panmixia  of  5/)- within  BC  and 
SE  Alaska. 

Previous  genetic  studies  of  Sfr  have  focused  on  the  southern 
portion  of  their  range  (Edmands  et  al.  1996,  Debenham  et  al.  2000, 
Moberg  &  Burton  2000).  Our  results  are  consistent  with  these 
studies  and  with  genetic  studies  of  other  sea  urchin  species.  Gen- 
erally, panmixia  is  not  rejected  at  macrogeographic  scales 
(Palumbi  &  Wilson  1990.  Paluinbi  &  Kessing  1991.  Debenham  et 
al.  2000,  Addison  &  Hart  2004),  but  chaotic  genetic  patchiness  is 
often  observed  at  microgeographic  scales  ( 1-200  km)  (Edmands  et 
al.  1996.  Flowers  et  al.  2002).  None  of  the  studies  to  date  have 
supported  an  IBD  model  of  structure.  However,  genetic  structure 
caused  by  phylogeographic  boundaries  was  observed  in  three  spe- 
cies (Mladenov  et  al.  1997,  Addison  &  Hart  2004). 

Patterns  of  geographical  genetic  differentiation  may  reflect 
events  in  the  distant  past  (thousands  to  millions  of  years  ago)  as 
much  or  more  than  ongoing  patterns  of  dispersal  (Brown  et  al. 
2001,  Hellberg  et  al.  2002).  Hence,  whereas  the  lack  of  genetic 
differentiation  of  Sfr  within  BC  is  consistent  with  significant  gene 
tlow  over  evolutionary  time  (thousands  of  years),  recruitment  data 
suggest  that  over  ecological  time  (tens  to  hundreds  of  years),  sites 
may  not  be  as  connected  by  larval  dispersal  as  they  appear  (Ebert 
et  al.  1994).  Recruitment  of  Sfr  is  sporadic,  with  large  pulses  of 
recruitment  occurring  only  every  3-5  y  (ibid),  and  variation  in  the 
distribution  of  si/e  classes  among  sites  indicates  high  variability  in 
recruitment  over  small  spatial  scales  (0.5-8  km)  (Sloan  et  al. 
1987).  These  observations  suggest  that  over  ecological  time  scales, 
exchange  among  sites  may  be  more  limited  than  genetic  analyses 
suggest. 

Pah  inhabits  coastal  and  estuarine  sites  from  California  to 
Alaska  and  may  occur  in  small  numbers  in  southern  Japan  (Coan 
et  al.  2000).  Pab  and  can  be  found  in  the  low  intertidal  zone  down 
to  depths  of  100  m  (Goodwin  &  Pease  1989).  We  observed  a 
higher  level  of  spatial  genetic  structuring  in  Pab  among  the  BC 
sites  than  reported  among  sites  within  Puget  Sound  and  between 
Piicet  Sound  and  an  Alaskan  site  by  Vadopalas  et  al.  (2004). 
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Figure  3.  Isolation  yy  distance  in  A,  P.  ahnipta  and  B,  S.  franciscanus.  Distance  is  the  minimum  waterway  distance  in  km.  The  R"  for  P.  abrupta 
was  25.5,  and  was  highly  signiFicant  [P  <  O.OOOl).  The  R"  lor  S.  franciscanus  was  1.07  and  was  not  sig  (/*  =  0.36). 


Although  different  microsatellite  loci  were  examined  in  the  two 
studies,  both  included  Pab  5  and  Pab  6.  The  F^t  values  for  Pab  5 
and  Pab  6  were  higher  in  BC  (0.005  and  0.003,  respectively)  than 
in  Puget  Sound  (0.001  and  0.0001.  respectively),  indicating  greater 
genetic  variability  among  BC  than  Puget  Sound  sites.  Whereas  the 
overall  geographic  range  of  the  two  studies  was  similar,  the  IBD 
structure  resolved  in  our  study  was  not  supported  in  the  Vadopalas 
et  al.  (2004)  study.  This  discrepancy  is  likely  because  of  differ- 
ences in  the  sampling  distribution  of  the  two  studies:  most  of  the 
samples  in  Vadopalas"  study  were  collected  within  200  km  of  one 
another  within  the  Puget  Sound  basin  and  only  a  single  distant 
Alaskan  sample  was  compared,  whereas  the  samples  in  our  study 
were  more  evenly  distributed  across  a  span  of  over  1.100  km,  with 
an  average  pairwise  distance  among  sites  of  445  km.  By  combin- 
ing the  data  from  both  studies,  we  can  conclude  that  Pcib  exhibits 
panmixia  at  small  spatial  scales  of  50-300  km,  and  stepping  stone 
gene  flow  at  intermediate  scales  of  500-1,000  km. 

The  only  Pab  sites  that  did  not  cluster  regionally  were  Marina 
and  Savory  Islands,  which  are  located  adjacent  to  one  another  in 


the  Strait  of  Georgia  (ECVI)  but  clustered  with  Puget  Sound  in- 
stead of  other  ECVI  sites.  Both  of  these  sites  were  exposed  to 
heavy  commercial  fishing  in  the  past,  and  the  Marina  Island  popu- 
lation was  so  depleted  that  in  1990  it  was  closed  to  fishing  and 
became  a  research  site  (Campbell  et  al.  2004).  In  the  mid  1990s 
Marina  and  Savory  Islands  underwent  intensive  reseeding  efforts, 
with  records  indicating  that  broodstock  were  collected  locally 
(ibid).  However,  seed  from  Puget  Sound  hatcheries  was  used  in 
reseeding  some  west  coast  Vancouver  Island  sites  at  a  similar  time. 
Thus,  the  apparent  genetic  similarity  of  the  Marina  and  Savory 
Island  samples  with  Puget  Sound  samples  observed  in  this  study 
may  indicate  the  introductions  records  for  these  two  sites  are  not 
complete. 

Genetic  differentiation  between  rockfish  species  inhabiting 
sites  in  southern  Puget  Sound  and  Strait  of  Georgia/Strait  of  Juan 
de  Fuca  (collectively  called  the  Georgia  Basin)  (Stout  et  al.  2001. 
Buonaccorsi  et  al.  2002)  indicates  that  the  shallow  sill  at  Admiralty 
Inlet  and  complicated  bathymetry  within  Puget  Sound  lead  to  lar- 
val retention  w  ithin  the  Sound.  For  most  species,  insuftlcient  sani- 
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plins:  has  been  conducted  to  define  the  precise  location  of  the 
biogeographic  boundary  (Stout  et  aL  2001.  Vadopalas  2003,  Vu- 
dopalas  et  al.  2004).  Although  little  differentiation  was  observed 
among  most  pairs  of  sites  in  Vadopalas  et  al.  (2004).  the  sample 
from  Juan  de  Fuca  .Strait  was  distinct  from  Puget  Sound  sites.  Our 
study  did  not  contain  a  sample  from  the  Juan  de  Fuca  Strait,  but 
sites  within  Puget  Sound  were  significantly  differentiated  from  6/8 
ECVI  sites  and  all  sites  located  in  other  BC  regions.  Further.  16/21 
comparisons  between  ECVI  and  WCVI  were  significant.  Given  the 
vastly  different  ecological  environments  between  ECVI  and 
WCVI  (one  wave  swept,  one  sheltered),  genetic  exchange  between 
these  waters  may  be  further  limited  because  of  adaptive  con- 
straints. 

In  northern  BC.  the  marine  biota  of  the  QCI  tend  to  be  distinc- 
tive from  southern  coastal  areas  (Arndt  &  Smith  1998,  Kyle  & 
Boulding  2000,  Withler  et  al.  2003)  due  either  to  the  existence  of 
historical  refugia  or  to  isolation  of  the  QCI  from  the  mainland  by 
eddies  in  Hecate  Strait  (Briggs  1974.  Allen  &  Smith  1988.  Heth- 
erington  &  Reid  2003.  Di  Lorenzo  et  al.  20().'i).  The  distinction  of 
the  QCI  region  was  also  relatively  well  supported  for  Pah  in  our 
study,  and  we  hypothesize  that  oceanographic  factors  (i.e.,  dis- 
junction between  the  California  Current  and  the  Alaska  Gyre  lo- 
cated just  south  of  QCI)  have  limited  recent  migration  of  Pah 
between  QCI  and  more  southerly  sites.  Whereas  we  cannot  dis- 
count completely  the  possibility  that  historic  recolonization  was 
also  a  factor  in  the  generation  of  a  genetically  distinct  QCI  popu- 
lation, the  lack  of  private  alleles  and  statistical  support  for  QCI  as 
a  distinct  region  in  hierchical  diversity  analysis  suggests  that  the 
differences  observed  are  not  deep  enough  to  have  been  derived 
through  historical  isolation.  This  is  an  important  point  because 
statistical  support  for  the  IBD  structure  in  Pah  was  dependent  on 
the  inclusion  of  the  QCI  sites,  and  if  historical  events  have  influ- 
enced their  relationships,  then  true  stepping-stone  gene  flow  is  not 
necessarily  occurring.  However,  future  analyses  using  data  from  a 
broader  geographic  range  of  sites  and  markers  could  be  used  to  test 
this  hypothesis. 

For  Pcih.  we  suggest  the  adoption  of  at  least  3  management 
areas  within  BC  (QCI,  Georgia  Strait,  and  west  coast  Vancouver 


Island)  and  one  for  Puget  Sound.  This  regional  structure  con'e- 
sponds  well  with  five  general  shellfish  transfer  zones  proposed  for 
BC  by  the  Introductions  and  Transfer  Committee  (Dorothee 
Kieser,  Fisheries  and  Oceans  Canada).  These  zones  are  Haida 
Gwaii  (our  QCI).  Georgia  Strait.  West  Coast  Vancouver  Island, 
Queen  Charlotte  Strait  (represented  by  a  single  sample  in  our 
study,  E.  Daphne  Point)  and  the  north/central  coast  (not  sampled  in 
our  study).  Additional  Pcih  sampling  from  the  Queen  Charlotte 
Strait  and  north/central  coasts  of  BC  is  required  to  examine  popu- 
lation structure  in  these  regions. 

For  Sfr.  the  genetic  data  provide  no  evidence  of  strong  sub- 
structuring  within  BC  waters  but  do  not  preclude  the  presence  of 
geographically-based  adapti\e  differences  in  growth  and  survival 
in  the  w  ild.  We  recommend  that  at  least  two  management  areas  be 
identified  within  BC  associated  with  the  bifurcation  of  the  Sub- 
arctic Current  into  the  California  and  Alaska  currents  off  the  west 
coast  of  Vancouver  Island,  and  the  likely  influence  of  these  current 
systems  on  recruitment  and  productivity  of  marine  organisms.  Sfr 
culture  in  northern  BC  should  be  conducted  w  ith  organisms  origi- 
nating within  the  Haida  Gwaii  and  north/central  coast  shellfish 
transfer  zones,  whereas  those  in  southern  BC  should  be  based  on 
organisms  originating  from  waters  contiguous  with  Vancouver  Is- 
land (i.e..  Queen  Charlotte  Strait.  Georgia  Strait  and  west  coast 
Vancouver  Island  zones). 
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SUBSTRATE  EFFECTS  ON  SURVIVAL,  GROWTH  AND  DISPERSAL  OF  JUVENILE  SEA 
SCALLOP,  PIJlCOPECTEN  MAGELLANICUS  (GMELIN  1791) 

MELANIE  BOURGEOIS,'  JEAN-CLAUDE  BRETHES'*  AND  MADELEINE  NADEAU" 

'liistitul  des  Sciences  de  la  Mer  de  Rimouski,  Universite  dii  Quebec  a  Rimoiiski.  31U  Allee  des 
Ursulines.  G5L  3AI.  Quebec.  Canada:  'Ministere  de  V Agriculture  des  Pecberies  et  de  I' Alimentation  du 
Quebec.  Direction  de  I' Innovation  et  des  Technologies.  184  Principale. 
Cap-aux-Meules,  Quebec.  G4T 1C6 

ABSTRACT  In  the  scope  of  expunding  seeding  operations  of  juvenile  scallops  (PUuKpccteii  iihigi'lUiiiiciii)  around  lles-de-la- 
Madeleine  (Quebec.  Canada),  this  study  assesses  the  influence  of  substrate  on  growth,  survival,  dispersal  and  predation  rates  in 
controlled  experiments.  Three  substrates  were  tested:  gravel,  sand  and  sand  with  empty  scallop  shells  (to  investigate  the  feasibility  of 
modifying  the  substrate  as  a  management  strategy).  Dispersal  rates  were  studied  with  a  substrate  choice  experiment.  Predation 
experiments  with  two  major  scallop  predators,  the  rock  crab  Cancer  irroratus  and  the  sea  star  Aslerias  vulgaris,  were  carried  out  on 
different  substrate  types.  No  significant  difference  in  growth  was  observed  among  substrates  and  no  mortality  was  observed  during  the 
expenment.  This  suggests  other  factors,  such  as  hydrodynamics,  may  be  more  important  than  substrate.  The  dispersal  rate  was 
signitlcanlly  greater  on  sandy  substrate,  whereas  gravel  and  sand-shells  had  similar  results.  Crab  predation  was  lower  on  the  more 
heterogeneous  substrate  (i.e..  gravel)  whereas,  sea  star  predation  was  lower  on  sand.  Modifying  the  natural  sand  substrate  by  adding 
scallop  shells  could  improve  seeding  success  because  it  diminishes  dispersal  and  predation  by  crabs. 

KEY  WORDS:  scalkip.  Placopecten  magellunicu.s.  seeding,  mortality,  growth,  dispersal,  substrate,  predation.  Cancer  irroratus. 
Aslerias  vulgaris 


INTRODUCTION 

To  restore  the  overexploitcd  population  of  sea  scallop  Pla~ 
copecteii  magellanicus  (Ginelin  17911  around  Iles-de-la-Made- 
leine  (Quebec.  Canada),  an  experimental  restocking  program  was 
launched  in  1993.  After  the  pilot  phase,  commercial  seedings 
started  in  2000  with  the  intent  to  seed  35-50  million  young  scal- 
lops annually.  However,  because  of  the  expected  expansion  of  the 
program,  the  availability  of  substrate  suitable  for  growth,  survival 
and  retention  of  seeded  individuals  is  likely  to  become  an  issue. 
Around  the  islands.  TO'/r  of  the  substrate  in  the  scallop  habitat 
depth  range  (9-55  m)  is  sandy. 

Substrate  characteiistics  influence  scallop  survival  and  growth. 
Whereas  adult  sea  scallops  are  found  on  various  substrates,  gravel 
and  pebbles  are  the  most  suitable  (Thouzeau  et  al.  1991a.  Stokes- 
bury  2002.  Kostylev  et  al.  2003).  Fine  particles  such  as  silt  de- 
crease survival  rate  (Yamamoto  1957),  and  sandy  substrate  may 
increase  juvenile  mortality  (Stokesbury  &  Himmelman  1996.  Cli- 
che et  al.  1994).  In  natural  conditions,  fine  inorganic  material  that 
is  easily  resuspended  in  the  water  column  by  currents  or  wave 
action  is  known  to  have  a  negative  impact  on  growth  in  some 
scallop  species  (Gruffyd  1974.  Bricelj  &  Malouf  19S4).  Emerson 
et  al.  (1994)  deinonstrated  that  high  concentrations  of  seston  in- 
hibit sea  scallop  growth.  Nevertheless,  substrate  heterogeneity  has 
a  positive  effect  on  scallop  growth.  Turbulence  created  by  a  het- 
erogeneous bottom  may  cause  local  seston  accumulations  by  slow- 
ing down  the  current  (Pilditch  et  al.  1998).  A  decreasing  current 
speed  may  improve  scallop  filtering  efficiency,  because  scallop 
growth  is  inhibited  in  strong  cunent  conditions  (Bricelj  &  Shum- 
way  1991.  Wildish  &  Saulnier  1993). 

Substrate  type  is  also  an  important  factor  for  scallop  dispersal, 
as  demonstrated  by  several  authors  (Winter  &  Hamilton  1985. 
Barbeau  et  al.  1996.  Stokesbury  &  Himmelman  1996.  Arsenault 
et  al.  2000).  Young  individuals  are  active  swimmers  (Manuel  & 
Dadswell  1991).  but  they  also  must  attach  themselves  to  the  bot- 
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torn  with  a  byssus  (Hatcher  et  al.  1996).  which  reduces  dispersal 
and  limits  the  displacement  out  of  a  suitable  substrate  (Caddy 
1972).  Therefore,  hard  substrates  possess  characteristics  that  limit 
juvenile  scallop  displacement  (Caddy  1972.  Thou/eau  et  al.  1991b. 
Parson  et  al.  1992.  Hatcher  et  al.  1996).  It  has  been  observed  that 
dispersal  rates  and  swimming  activities  of  Chlaniys  islandiea  and 
P.  magellanicus  are  higher  on  sand  (Stokesbury  &  Himmelman 
1996,  Arsenault  et  al.  2000). 

The  tnajor  cause  of  scallop  mortality  on  the  bottom  is  known  to 
be  predation  by  rock  crabs  (Cancer  irroratus.  Say)  and  sea  stars 
iAsterias  vulgaris.  Verrill)  (Barbeau  et  al.  1994,  Hatcher  et  al. 
1996.  Nadeau  &  Cliche  1998).  Seeded  scallops  may  have  a  better 
chance  of  survival  on  heterogeneous  substrates:  they  are  less  ex- 
po.sed  to  predators  because  they  can  hide  in  crevasses.  Wright 
(2002)  showed  that  scallops  preferentially  settled  on  heteroge- 
neous substrates  like  pebbles  when  they  were  alone  or  in  the  pres- 
ence of  crabs.  In  addition,  increasing  particle  sediment  size  tended 
to  decrease  the  predation  rate  of  sea  stars  on  small  scallops  ( 1 1-15 
mm)  but  not  crab  predation  (Wong  &  Barbeau  2003). 

The  main  goal  of  this  study  is  to  determine  juvenile  P.  magel- 
lanicus survival,  growth  and  dispersal  on  3  different  substrates 
(sand,  gravel  and  sand  with  scallop  shells)  in  laboratory  experi- 
ments. In  addition,  the  predation  rate  by  rock  crab  (C  irroratus) 
and  sea  star  (A.  vulgaris)  in  relation  to  the  substrate  type  was 
examined. 

MATERIAL  AND  METHODS 

Juvenile  scallops  came  from  the  stock  prepared  for  the  2002 
commercial  enhancement  off  lles-de-la-Madelcine.  They  were 
kept  in  experimental  tanks  individually  supplied  with  filtered  cir- 
culating seawater  at  ambient  salinity  and  temperature.  The  water 
passed  trough  a  pool  filter  loaded  with  sand-blast  sand  size  #  0  and 
1.  diameter  0.4  mm  to  2  mm.  The  flow  rate  was  adjusted  to  allow 
the  water  in  the  tanks  to  be  renewed  twice  daily.  Therefore,  current 
velocity  in  tanks  was  very  low.  Temperature  was  monitored  daily 
from  2002/05-2002/1 1  and  varied  between  2.9°C  and  23.2°C.  To- 
tal suspended  particulate  matter  in  the  water  circuit  was  measured 
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weekly  (2.53  ±  1.54  mg  •  L"'.  menu  ±  SE.  ii  =  100).  Light 
followed  the  natural  pholoperiod.  with  the  intensity  dimmed  to 
simulate  bottom  luminosity. 

Survival  and  Growth 

Seallop  growth  and  survival  were  studied  on  3  substrate  types: 
gravel  (D50  [median  particle  size  of  the  sample]  =  8400  |jLm). 
sand  (D50  =  336.5  p.m)  and  sand  with  complete  scallops  shells 
(superior  and  inferior  valves;  shell  height  =  113  +  2  mm.  mean  ± 
SE,  n  =  33)  covering  about  25'7f  of  the  tank  bottom.  E.xperiments 
lasted  88  days,  from  2002/05/30-2002/08/26  and  water  tempera- 
ture varied  between  9.8°C  and  23.2°C.  Four  replicates  of  each 
treatment  were  distributed  randomly  in  twelve  160-L  tanks  (0.8  m 
length  X  0.5  m  width  x  0.4  m  height)  (Fig.  la,b).  Each  tank 
represented  one  trial.  Scallops  (25.0  ±  0.1  mm  shell  height, 
mean  ±  SE,  n  =  177)  were  tagged  a  few  days  before  seeding  with 
Hallprint  plastic  tags  (4  mm  x  9  mm)  fixed  with  Bostik  cyanoacry- 
late  adhesive  glue.  The  plastic  tags  were  also  used  to  fix  a 
monofilament  nylon  line  on  each  scallop.  In  each  tank,  15  scallops 
were  tethered  with  a  12-cm  monofilament  nylon  line  tied  with  a 
solid  glued  knot  onto  a  galvanized  clamp  hidden  5  cm  in  the 
substrate.  This  system  was  designed  to  avoid  scallop  settlement 
along  the  tank  walls.  Live  scallops  were  counted  once  a  week. 


Growth  rate  was  calculated  as  the  size  increment  between  the 
beginning  and  the  end  of  the  experiment. 

Dispersal 

Dispersal  was  assessed  with  a  substrate  choice  experiment  (M. 
Frechette,  Maurice  Lamontagne  Institute,  pers.  comm.)  in  three 
1.500-L  tanks  (2.4  m  length  x  1.2  m  width  x  0.6  m  height)  (Fig. 
led).  The  tested  substrate  was  laid  in  the  rniddle  of  the  tank, 
covering  a  surface  of  1.20  m  x  0.60  m  (0.70  nr)  and  surrounded 
by  the  reference  substrate  around  the  perimeter  of  the  tank  (0.70 
nr).  In  a  preliminary  experiment,  conducted  at  the  average  tem- 
perature and  with  each  substrate  type,  indicated  random  scallop 
displacements  and  no  location  preference  was  observed  (pers. 
obs.).  Three  treatments  were  used:  gravel  as  tested  substrate  with 
sand  as  reference,  sand  as  tested  substrate  with  gravel  as  reference 
and  sand  with  25%  of  the  area  covered  with  entire  scallop  shells 
(shell  height  =  110  ±  3  mm,  mean  ±  SE,  /;  =  21)  as  tested 
substrate  with  gravel  as  reference.  Thiny  juvenile  scallops  (25  mm 
shell  height,  n  =  1075)  were  seeded  on  the  central  zone  from  a 
basket  maintained  above  the  water  surface.  Each  trial,  carried  out 
on  the  three  treatments  simultaneously,  lasted  54  h:  12  replicates 
were  done  for  each  treatment.  Scallops  that  stayed  on  the  tested 
substrate  were  counted  regularly  (TO,  T2,  T4,  T6,  TS.  T12.  T24, 
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Figure  I.  Set-up  of  tanks:  (a)  upper  and  (b)  lulerul  views  of  the  tanks  system  used  for  groHlh  experiment,  (c)  upper  and  (d)  lateral  views  of  the 
tanks  system  used  for  dispersal  and  predation  experiments. 
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T36.  T48,  T34  h).  The  experimeiil  look  place  between  May  24. 
2002  and  July  8.  2002,  and  water  temperature  varied  from  8.6°C 
and  19.5°C.  During  the  last  seven  replicates  of  the  dispersal  ex- 
periment, the  position  of  the  scallops  (on  the  sand,  or  under  or  over 
shells)  and  the  status  (byssally  attached  or  not)  on  the  sand-shell 
substrate  was  noted. 

Predatioii 

An  experiment  was  conducted  from  September  17,  2002  to 
September  26,  2002  (water  temperature  from  13.3'  C  to  17.5°C)  to 
evaluate  predation  on  juvenile  scallops  by  crabs  and  from  October 
15.  2002  to  November  14,  2002  (water  temperature  from  2.9°C  to 
10.2°C)  to  evaluate  predation  by  sea  stars.  Scallops  used  for  these 
experiments  were  28.0  ±0.1  mm  shell  height  (mean  ±  SE, /I  =  720 
scallops).  Three  1500-L  tanks  (2.4  m  length  x  1.2  m  width  x 
0.6  m  height)  (Fig.  led)  with  a  single  substrate  (gravel,  sand  or 
sand  with  scallop  shells)  were  used.  Tank  size  was  expected  to 
avoid  limitations  in  escape  responses  because  of  tank's  walls.  Two 
predator  species  were  considered:  the  rock  crab.  Cancer  irroratus 
(92  ±1  mm  carapace  width,  mean  ±  SE,  ii  =  41 )  and  the  sea  star. 
Asterias  vulgaris  (74  ±  2  mm  radius,  mean  ±  SE.  ii  =  87).  Both 
predators  were  collected  off  Jles-de-la-Madeleine  by  a  Digby-type 
scallop  drag  and  acclimated  to  laboratory  conditions  for  I  month 
before  the  experiment.  Predators  were  kept  in  perforated  baskets  (4 
per  basket)  in  a  tank  with  filtered  circulating  seawater  and  fed 
twice  a  week  with  two  mussels  (Mytilus  edulis)  or  two  clams  (M\xi 
areiuiria)  per  predator.  Only  male  crabs  were  used  to  avoid  sex- 
related  biases.  Predators  were  starved  48  h  prior  to  the  beginning 
of  the  experiment.  During  the  crab  experiments,  two  crabs  were 
introduced  into  the  tank  24  h  after  juvenile  scallops  had  been 
added  (/;  =  30  per  tank).  Survivors  were  counted  every  4  h  until 
the  end  of  the  12-h  trial.  For  sea  stars,  four  predators  were  used  in 
a  96-h  trial  and  their  positions  were  noted  at  each  observation  time. 
Scallop  survivors  in  each  substrate  treatment  were  counted  every 
24  h.  Predator  sizes  and  time  peiiods  were  based  on  the  results  of 
preliminary  experiments  carried  on  for  each  predator  (Nadeau  et 
Cliche  1998).  Four  replicates  of  each  substrate  treatment  were 
done  for  the  crab  and  sea  star  experiments.  During  the  trial,  it  was 
difficult  to  determine  whether  scallops  were  hidden  or  consumed 
by  predators.  Therefore,  to  avoid  possible  bias,  scallops  were  re- 
moved at  the  end  of  each  trial  to  count  the  number  of  survivors. 
The  position  and  status  (alive  or  dead)  of  scallops  present  on  the 
sand-shell  substrate  were  noted  at  each  observation  time. 

We  based  our  analysis  of  scallop  reactions  on  the  classification 
of  their  positions  at  the  end  of  the  trial:  ( I )  in  contact  with  a  hard 
part  of  the  substrate  (shells  or  attached  to  a  neighboring  scallop): 
(2)  in  contact  with  shells  only  (attached  or  not;  under  or  over  a 
shell):  (3)  attached  to  hard  part  of  substrate  and  (4)  located  under 
a  shell  but  not  necessarily  attached  to  it  (refuge  use).  Here  we  use 
"in  contact"  to  describe  scallops  touching  a  hard  substrate,  whether 
they  are  attached  or  not.  The  first  two  categories  identified  the 
frequency  at  which  scallops  were  using  a  hard  surface  in  the  pres- 
ence of  a  predator  and  if  shells  were  "'preferred"  or  not.  The  third 
category  deterinined  the  proportion  of  scallops  in  contact  with  a 
hard  substrate  but  also  byssally  attached  to  it:  this  category  defined 
a  subset  of  scallops  in  the  category  one.  The  fourth  category  was 
used  to  define  the  proportion  of  scallop  shells  used  as  refuges:  this 
category  defined  a  subset  of  the  category  two.  The  proportion  of 
hidden  live  scallops  also  served  to  compare  the  use  of  refuges  in 
the  presence  of  crabs  and  sea  stars. 


Statistical  Analysis 

Statistical  tests  were  done  with  Systat  10.2  software  with  a 
probability  level  (a)  of  0.05.  No  statistical  test  was  necessary  for 
the  analysis  of  survival  data  without  predation  because  there  were 
no  mortalities.  Growth  data  were  analyzed  using  a  2-factor  nested 
ANOVA  with  substrate  (3  levels)  as  the  fixed  factor  and  tank  (12 
levels)  as  the  random  factor  nested  into  the  substrate.  Normality 
was  assessed  using  a  1-way  Kolmogorov-Smirnov  test  and  homo- 
geneity of  variances  by  a  Levene  test.  The  dispersal  data  were 
analyzed  using  1-way  ANOVAs  with  substrate  (3  levels)  as  the 
fixed  factor  (I  per  hour).  The  number  of  scallops  present  on  the 
tested  substrate  (located  in  the  middle  of  the  tanks)  at  each  obser- 
vation time  was  used  as  the  dependant  variable.  Normality  was 
assessed  using  a  1-way  Kolmogorov-Smirnov  test  and  homogene- 
ity of  variances  by  a  Cochran  test  (Critical  C:  0.8709).  One-way 
ANOVAs  were  used  for  crab  and  sea  star  predation  data  at  the  end 
of  the  experiment,  with  substrate  as  a  factor  (3  levels).  This  was 
done  separately  for  each  predator  species.  Normality  was  assessed 
by  a  1-way  Kolmogorov-Smirnov  test  and  homogeneity  of  vari- 
ances by  a  Levene  test.  A  posthoc  Tukey  test  was  applied  on  the 
results  to  test  specific  differences  when  ANOVAs  showed  signifi- 
cant effects. 

RESULTS 

No  mortality  was  observed  during  the  survival  and  growth 
experiments  without  predators.  Growth  did  not  differ  signifi- 
cantly between  substrates  (ANOVA:  F,,  i,,,;,  =  1.62.  P  =  0.852). 
Growth  rate  was  1.5  ±  0.1  x  \(r'  mm  •  d"'  (mean  ±  SE)  on 
sand-shells,  1.5  ±  0.1  x  10"'  mm  ■  d"'  on  gravel  and  1.5  ±0.1  x 
10"'  mmd"'  on  sand  (Fig.  2).  Tank  had  a  significant  effect  on 
growth  (ANOVA:  F,.,  1^,^,  =  10.07.  P  <  0.001).  Growth  differ- 
ences were  noted  in  relation  to  tank  position  in  the  water  circuit 
(i.e..  growth  rate  was  lower  in  the  middle  than  at  the  water  inflow 
and  outflow).  This  indicates  that  the  system  used  may  have  created 
a  bias  as  the  slowest  growth  was  observed  in  the  middle  section. 
All  tanks  were  fed  individually  but  the  flow  rate  in  tanks  of  the 
middle  section  was  more  variable  and  often  difficult  to  adjust. 
However,  that  bias  does  not  affect  the  general  lesults. 

Substrate  had  a  significant  effect  on  scallop  dispersal 
(ANOVA:  F,,,  33,  =  3.59-18.78,  P  <  0.05).  Weak  dispersal  was 
observed  on  gravel  substrate  (Fig.  3).  The  dispersal  of  scallops  was 
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Figure  2.  Mean  growth  (mm  ±  standard  error.  11  =  4|  of  juvenile  sea 
scallops  on  gravel,  sand  and  sand-shell  mvr  12  wk  (88  days). 
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Figure  3.  Mean  hourly  abundance  (half  standard  error,  h  =  12)  of 
juvenile  sea  scallops  remaining  on  each  tested  substrate  (gravel:  plain 
line;  sand-shell:  dashed  line:  sand:  dotted  line). 


slightly  higher  on  the  sand-shell  substrate  than  on  gravel,  but  the 
difference  was  not  statistically  significant  (posthoc  Tukey  test: 
P  =  0.32).  Dispersal  increased  during  the  first  6  h  on  those  two 
substrates  and  stabilized  afterward,  with  only  10  and  17%  of  in- 
dividuals moving  off  of  the  gravel  and  sand-shell  substrates,  re- 
spectively. Dispersal  on  sand  was  significantly  higher  than  on  the 
other  two  substrates.  This  difference  was  already  significant  by  the 
second  hour  of  the  experiment  and  remained  so  until  the  end 
(F<2. 33,  =  3.59-18.78.  P  <  0.05).  Within  the  first  6  h.  21Vc  of  the 
seeded  scallops  moved  away  from  sand,  increasing  to  40%  by  the 
end  for  the  trials.  In  all  treatments,  some  individuals  moved  away 
from  the  reference  substrate  and  went  back  to  the  tested  substrate. 
Fourteen  scallops  returned  to  gravel,  four  to  sand-shells  and  only 
two  to  sand. 

On  sand-shell  substrate,  76.8  ±  3.9%  (mean  ±  SE)  of  juvenile 
scallops  were  found  in  contact  with  hard  parts  of  the  substrate  and 
the  others  were  unattached.  Of  these  scallops  in  contact  with  hard 
part  of  the  substrate,  7 1 .6  ±  9.3%  were  found  in  contact  with  empty 
shells  (70.0  ±  12.9%  located  under  shells)  and  the  others  with  a 
neighbor  scallop.  A  proportion  of  40. 1  ±  8.66%  of  individuals  in 
contact  with  hard  parts  substrate  were  byssally  attached  to  it. 

After  12  h,  crab  predation  was  highest  on  sand  (mean  ±  SE. 
11  =  7:  9.3  ±  2.6  live  scallops,  i.e.,  69%  of  scallops  eaten)  and 
lowest  on  gravel  (22.8  ±  1.5  live  scallops,  24%  of  scallops  eaten) 
(Fig.  4).  Survival  on  sand-shell  was  similar  to  that  on  gravel,  with 
20.8  ±  4.4  live  scallops  (30%  of  scallops  eaten).  However,  the 


difference  between  the  three  treatments  was  not  significant 
(ANOVA;  F,,  y,  =  3.24,  P  =  0.087).  On  sand-shell  substrate, 
20%  to  40%  of  the  scallops  were  hidden  under  shells.  Crabs  are 
fast-moving  predators  and  required  a  short  time  for  prey  handling, 
leaving  only  shell  fragments.  When  crabs  were  not  moving,  they 
were  immobile  on  gravel  (often  near  a  corner  of  the  tank)  or  buried 
in  sand.  Crabs  often  moved  shells  and  seemed  to  have  difficulty 
discriminating  prey  from  nonprey  items.  Some  scallops  were  so 
well  hidden  that  counting  was  biased,  causing  an  increase  in  the 
count  of  live  scallops  at  the  very  end  of  the  experiment.  Thus,  the 
final  number  is  the  most  accurate  because  all  scallops  were  re- 
moved and  counted. 

Contrary  to  crabs,  sea  star  predation  (Fig.  5)  after  96  h  was 
lowest  on  sand  (mean  ±  SE;  22.8  ±  1.9  live  scallops,  n  =  1)  and 
highest  on  gravel  and  sand-shells  (17.8  ±  2.3  and  17.0  ±1.1  live 
scallops,  respectively);  however,  the  rates  were  not  significantly 


different  (ANOVA;  F,, 


1.63,  P  =  0.248).  Gravel  and  .sand- 


shell  substrates  showed  a  similar  pattern;  41%  and  43%  of  scallops 
were  consumed,  respectively,  on  these  substrates  after  96  h  com- 
pared with  an  average  of  24%  on  sand.  The  level  of  predation 
increased  in  the  following  order;  sand  <  gravel  =  sand-shells.  Sea 
stars  are  slow-moving  predators,  and  the  time  required  for  prey 
handling  is  longer  than  for  crabs:  handling  time  per  prey  could  last 
24  h.  Sea  stars  spent  most  of  their  time  on  the  walls  of  the  tanks. 
When  they  were  not  on  the  tank  walls,  they  were  found  more  often 
on  the  gravel  substrate  (average  1.6  sea  stars  per  trial)  and  sand- 
shells  (average  1.3  sea  stars  per  trial)  than  on  sand  (average  0.8  sea 
star  per  trial). 

The  juveniles'  u.se  of  scallop  shells  was  different  between  the 
rock  crab  and  sea  star  experiments.  The  proportion  and  number  of 
live  scallops  observed  under  shells  increased  with  time  in  the 
presence  of  crabs  (Fig.  6a).  whereas  it  was  relatively  stable  in  the 
presence  of  sea  stars  (Fig.  6b).  On  average.  29.4  ±  2.8%  (mean  ± 
SE.  n  =  4)  of  the  live  scallops  were  hidden  under  shells  in  ex- 
periments with  crabs,  significantly  higher  than  the  average  of 
10.4  ±  1.57,  with  sea  stars  (Mann-Whitney  t/-test.  P  <  0.0001). 

DISCUSSION 

Contrary  to  previous  studies,  substrate  type  in  our  experiment 
did  not  have  any  effect  on  juvenile  scallop  survival  because  no 
mortality  (without  predators)  occurred.  These  differences  can  be 
attributed  to  experimental  conditions,  such  as  the  low  density  and 
low  current  conditions  in  our  tanks.  Higher  densities  or  faster 
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Figure  4.  Mean  number  of  scallops  surviving  crab  predation  at  each 
observation  time  (half  standard  error,  n  =  7)  on  the  tested  substrates 
(gravel:  plain  line;  sand-shell:  dashed  line;  sand:  dotted  line). 
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Figure  5.  Mean  number  of  scallops  surviving  sea  star  predation  at 
each  observation  time  (half  standard  error,  ii  =  7)  on  the  tested  sub- 
strates (gravel:  plain  line,  sand-shell:  dashed  line:  sand:  dotted  line). 
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water  flow  can  favor  resuspension  of  fine  particles  and  increase 
mortality  rates,  as  may  be  the  case  in  the  natural  environment. 

In  our  study,  substrate  type  did  not  have  any  effect  on  growth 
rate.  Scallop  growth  is  known  to  be  directly  conelated  with  or- 
ganic matter  input  (Kleinman  et  al.  1996,  Pilditch  &  Grant  1999) 
and  inversely  correlated  with  inorganic  matter  (Cranford  1993). 
On  heterogeneous  substrates,  like  gravel  or  sand  with  shells,  the 
topography  may  induce  local  accumulations  of  organic  matter 
while  reducing  current  velocity  (Pilditch  et  al.  1998).  Those  accu- 
mulations and  resulting  increase  in  food  availability  would  en- 
hance scallop  growth.  The  optimal  current  velocity  for  scallop 
filtering  activity  is  10  cm  ■  s"'  (Wildish  &  Saulnier  1993),  whereas 
feeding  is  totally  inhibited  in  strong  currents  (Wildish  &  Saulnier 
1993).  In  our  experiment,  reduced  flow  and  low  organic  matter 
input  may  have  tempered  the  direct  effect  of  the  substrate  on 
growth,  suggesting  that  hydrodynamic  conditions  prevailing  on  the 
bottom  may  be  more  important  than  substrate  alone. 

As  expected,  dispersal  was  significantly  different  among  sub- 
strate types,  with  the  highest  dispersal  rate  noted  on  sand.  Adding 
scallop  shells  onto  the  sand  induced  a  dispersal  pattern  similar  to 
the  one  observed  on  gravel.  Other  studies  found  that  dispersal  was 
related  to  substrate  type.  In  field  experiments,  Stokesbury  and 
Himmelman  (1995)  observed  less  scallop  dispersal  when  seeding 
occuiTed  on  gravely  and  rocky  bottoms  than  on  sandy  bottoms. 
The  preferential  use  of  heterogeneous  substrate  is  related  to  juve- 
nile scallop  behavior  (Hatcher  et  al.  1996):  the  juveniles  in  our 
study  needed  a  suitable  substrate  for  attachment.  When  scallops 
were  seeded  on  sand,  they  swam  until  reaching  a  place  to  fix 
themselves,  such  as  gravel  or  shells.  Scallops  on  gravel  spent  less 


time  swimming  and  tended  to  remain  on  the  same  site.  The  addi- 
tion of  scallop  shells  to  the  sand  increased  the  potential  attachment 
sites,  thus  reducing  scallop  dispersal  and  making  this  substrate 
comparable  to  gravel.  On  the  sand-shell  substrate,  40%  of  the 
scallops  were  attached  together  in  groups  of  two  or  three  or  at- 
tached to  shells.  Frechette  (IML-MPO.  pers.  comm.)  has  observed 
some  groups  of  two  or  three  young  scallops  attached  together  on 
sand.  This  behavior  was  also  noted  on  sand  in  this  study,  but  it  was 
unusual  on  the  gravel  substrate.  However,  the  study  by  Stokesbury 
and  Himmelman  (1996)  indicates  that  juvenile  sea  scallops  dis- 
perse randomly.  In  this  study,  the  high  level  of  movements  from 
sand  to  gravel  cannot  be  attributed  to  a  pure  random  dispersal. 
Present  results  should  be  completed  with  other  studies  to  further 
document  scallop's  behavior  on  the  various  substrate  arrangement. 
Predation  rates  were  not  statistically  significant  between  sub- 
strates. Temperature  could  have  been  a  factor  (Barbeau  &  Scheib- 
ling  1994b),  but  temperature  changes  in  each  predator  experiment 
were  not  sufficiently  high  to  account  for  those  results.  Because  the 
number  of  replicates  was  low  (four),  individual  behavior  of  preda- 
tor could  have  masked  any  effect  and,  thus,  a  higher  number  of 
replicates  (which  was  not  feasible  here  because  of  technical  con- 
straints) could  have  shown  more  evident  results.  Even  if  not  sta- 
tistically demonstrated,  trends,  however  are  clear  enough  to  be 
interpreted.  Crab  predation  decreased  with  an  increase  in  substrate 
heterogeneity,  with  a  lower  mortality  being  ob.served  on  gravel.  On 
the  sand-shell  substrate  in  the  presence  of  predators,  as  much  as 
40%  of  the  live  scallops  were  located  under  shells.  A  larger  num- 
ber of  scallops  used  refuges  on  the  sand-shell  substrate  in  the  crab 
experiment  and  this  number  increased  with  time.  On  sand,  only 
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3 1  %•  of  scallops  were  still  alive  at  the  end  of  the  experiment.  There 
was  less  predation  by  crabs  on  the  sand-shell  substrate  than  sand. 
Crab  predation  is  known  to  be  mostly  affected  by  the  encounter 
rate  (predator  and  prey  density)  because  they  are  fast-moving  and 
have  a  low  prey  handling  time  (Barbeau  et  al.  1994,  Nadeau  & 
Cliche  1998).  Sponaugle  and  Lawton  (1990)  observed  a  higher 
consumption  rate  of  Mercenaiia  mencnaria  on  sand  than  on 
sand-shell  substrate  by  the  crabs  Ovalipcs  ocelkniis  (Herbst)  and 
CalUnectes  sapiJiis  (Rathbun)  caused  by  a  higher  foraging  time  on 
the  sand-shell  substrate.  During  our  experiment,  crabs  had  diffi- 
culty discriminating  prey  items  and  nonprey  items,  as  was  also 
observed  by  Wong  and  Barbeau  (2003).  Adding  shells  to  the  bot- 
tom may  increase  crab  foraging  time,  and  scallop  survival  may  be 
greater  because  of  the  decreasing  encounter  rate.  Crabs  are  visual 
and  chemodetecting  predators  and  can  move  fast.  The  scallop  es- 
cape response  in  our  crab  experiment  was  passive,  scallops  closed 
their  valve,  as  has  been  observed  by  Barbeau  and  Scheibling 
(1994a  and  b).  The  presence  of  shells  diminishes  the  encounter  rate 
with  scallops,  and  one  can  expect  the  same  effect  on  crab  predation 
in  natural  conditions. 

In  the  presence  of  sea  stars,  scallop  survival  was  greater  on  the 
sand  substrate,  unlike  the  experiment  with  crabs.  Experiments  on 
the  sand-shell  substrate  showed  survival  values  intermediate  to 
survival  on  gravel  and  sand.  When  sea  stars  were  not  foraging, 
they  moved  along  the  walls  of  the  tanks.  Their  foraging  time  on  the 
gravel  and  sand-shell  was  twice  as  high  as  on  sand,  perhaps  ex- 
plaining the  high  scallop  survival  on  sand.  Sea  stars  are  slow 
moving  predators  and  can  easily  detect  chemical  signals  of  organic 
substances  (Zafiriou  1972,  Barbeau  et  al.  1994.  Rochette  et  al. 
1994.  Gaymer  et  al.  2002).  This  explains  why  shells  did  not  pro- 
vide an  adequate  protection  against  sea  stars,  which  were  able  to 
detect  scallops  in  refuges.  In  addition,  scallops  have  an  efficient 
escape  response  from  slow  moving  predators  like  sea  stars,  and 
juveniles  have  better  swimming  capacities  to  escape  than  adults 
(Barbeau  et  al.  1994).  In  fact,  scallops  did  not  use  refuges  as 
intensively  as  with  crabs.  Sea  star  predation  rate  is  affected  by  a 
decrease,  a  weakness  or  a  distortion  of  chemical  signals  (Rochette 
et  al.  1994)  and  by  the  probability  of  capture  on  encounter  (Bar- 
beau et  al.  1994).  In  natural  habitats,  shells  can  induce  a  distortion 
in  the  chemical  signal  in  strong  current  condition  and  decrease 
encounter  probability.  The  low  current  conditions  in  our  experi- 


mental tanks  may  explain  why  shells  seemed  to  be  less  effective 
against  sea  stars  than  against  crabs. 

In  our  laboratory  experiment,  sand  appeared  to  be  a  suitable 
substrate  for  scallop  survival  and  growth  that  was  similar  to  gravel 
and  sand-shell  substrate  but  less  suitable  for  dispersal  and  against 
crab  predation.  Seeded  scallops  are  more  vulnerable  to  predation 
and  need  short-term  protection  against  predators  when  they  are 
released  on  the  bottom.  Scallop  shells  may  increase  the  suitable 
area  for  byssus  attachment  and  may  provide  some  refuge  from 
predators.  The  positive  effect  of  adding  shells  to  the  bottom  has 
already  been  shown.  Guay  (2003)  found  that  the  richness  and  the 
density  of  most  common  invertebrates  increased  on  sand  by  adding 
scallop  shells.  That  author  also  observed  that  2  predators.  Lcpta- 
sterias  polaris  (Miiller  and  Troschel)  and  Hyas  unincit.s  (Linnaeus). 
were  attracted  to  sand  and  gravel  enriched  by  shells,  but  that  that 
attraction  was  more  important  on  gravel.  In  field  experiments. 
Pacheco  and  Stotz  (2003)  showed  that  settlement  and  survival  of 
Arfiopeiten  purpurauis  (Lamarck)  was  improved  by  adding 
crushed  and  empty  shells  to  the  bottom  compared  with  natural 
bottoms  (sand  and  mud).  Thouzeau  et  al.  (1991a)  noted  that  the 
sand-shell  (medium  sand  with  quahog.  scallop  and  surf-clam 
shells)  portion  of  Georges  Bank  has  a  lower  density  of  decapods 
and  .sea  stars  than  coarse  sediments  like  gravel  and  pebbles.  The 
effect  of  substrate  on  survival,  growth  and  dispersal  of  juvenile  sea 
scallops  was  tested  in  the  present  controlled  experiments.  How- 
ever, that  effect  may  be  different  in  the  natural  environment,  where 
hydrodynamic  processes  and  many  other  biotic  and  abiotic  factors 
may  influence  the  conditions.  Attempts  were  made  to  transpose  the 
experimental  results  to  field  experiments  around  Iles-de-la- 
Madeleine  (Bourgeois  2004).  Because  technical  biases  occurred, 
those  experiments  were  unable  to  provide  useful  data.  Considering 
the  promising  results  of  this  study,  further  research  is  required  to 
better  assess  the  feasibility  of  substrate  modification  to  improve 
scallop  seeding  success. 

ACKNOWLEDGMENTS 

The  authors  thank  the  Company  "Petoncle  2000."  which  pro- 
vided the  young  scallops  and  raising  facilities  and  Dr  M.  Barbeau 
(University  of  New -Brunswick)  for  her  helpful  comments.  This 
project  was  funded  by  a  special  grant  from  the  Quebec  Department 
of  Agriculture.  Fisheries  and  Food  (MAPAQ). 


LITTERATURE  CITED 


Arsenault.  D.  J..  M.  C.  Giasson  &  J.  H.  Himmelman.  2(100.  Field  exami- 
nation of  dispersion  patterns  of  juvenile  Iceland  scallops  (Chtamys 
Islandica)  in  the  northern  Gulf  of  St. -Lawrence.  J.  Mar.  Biol.  Assoc. 
U.K.  80:501-508. 

Barbeau.  M.  A..  B.  G.  Hatcher.  R.  E.  Scheibling,  A.  W.  Heniiigar.  L.  H. 
Taylor  &  A.  C.  Risk.  1996.  Dynamics  of  juvenile  sea  scallop  (Pla- 
copecten  magelUmiciis)  and  their  predators  in  bottom  seeding  trials  in 
Lunenburg  Bay.  Nova  Scotia.  Can.  J.  Fish.  Aquat.  Sci.  53:2494-2512. 

Barbeau.  M.  A.  &  R.  E.  Scheibling.  1994a.  Behavioral  mechanisms  of  prey 
size  selection  by  sea  stars  (Asteris  vulgaris.  Verril)  and  crabs  (Cancer 
irroratus.  Say)  preying  on  juvenile  sea  scallops  (Placopecren  magel- 
lanicus,  Gmelin).  /  E.\p.  Mar.  Biol.  Ecol.  180:103-136. 

Barbeau.  M.  A.  &  R.  E.  Scheibling.  1994b.  Temperature  effect  of  juvenile 
sea  scallops  [Placopeclen  magcllamcits  (Gmelin)]  by  sea  star  (Asterias 
vulgaris.  Verrill)  and  crabs  i Cancer  irroratus.  Say).  J.  Exp.  Mar.  Biol. 
Ecol.  182:27-47. 

Barbeau.  M.  A..  R.  E.  Scheibling.  B.  G.  Hatcher.  L.  H.  Taylor  &  A.  W. 
Hennigar.   1994.  Survival  analysis  of  tethered  juvenile  sea  scallops 


Placopecten  niai;iilleniciis  in  field  experiments:  effect  of  predators, 
scallop  size  and  density,  site  and  season.  Mar.  Ecol.  Prog.  Ser.  115: 
243-256. 

Bourgeois.  M.  2004.  Effet  de  la  survie.  la  croissance  et  la  dispersion 
du  Petoncle  geant  juvenile  Placopeclen  niagelUinicHs  (Gmelin  1791). 
M.  Sc.  thesis.  Universite  du  Quebec  a  Rimouski.  (Quebec.  Canada). 
125  pp. 

Bricelj.  V.  M.  &  S.  E.  Shumway.  1991 .  Physiology:  energy  acquisition  and 
utilization.  In:  S.E.  Shumway  editor.  Scallops:  biology,  ecology  and 
aquaculture.  New  York:  Elsevier,  pp.  305-346. 

Bricelj.  V.  M.  &  R.  E.  Malouf  1984.  Influence  of  algal  and  suspended 
sediment  concentrations  on  the  feeding  physiology  of  the  hard  clam 
Mercenaria  mercenaria.  Mar.  Biol.  84:155-165. 

Caddy.  J.  F.  1972.  Progressive  loss  of  byssus  attachment  with  size  in  the 
sea  scallop.  Placopeclen  nuigellanicns  (Gmelin).  ./.  Exp.  Mar.  Biol. 
Ecol.  9:179-190. 

Cliche.  G..  M.  Giguere  &  S.  Vigneau.  1994.  Dispersal  and  mortality  of  sea 


Substrate  Effects  on  Juvenile  Sea  Scallop 


49 


scallops.  Placiipecli'ii  mai^cUaniciis  (Gnielin.  1741  ).  seeded  on  the  se;i 
bottom  off  iles-de-la-Madeleine.  ./.  Shellfish  Res.  13-2:565-570. 

Cranford,  P.  J.  1995.  Relationship  between  food  quantity  and  qualit\  and 
absorption  efficiency  in  sea  scallop  Placopcciin  inafu'llimiciis  (Gnie- 
lin). J.  Exp.  Mar.  Biol.  Ecol.  189:12.V|42. 

Emerson.  C.  W..  J.  Grant.  A.  Mallet  &  C.  Carver.  1994.  Growth  and 
survival  of  sea  scallops  PlacopecWn  iiuii^elltmiiiis:  effects  of  culture 
depth.  Mtir.  Ecol.  Prog.  Ser.  108:1 19-132. 

Gaymer,  C.  F..  J.  H.  Himmelman  &  L.  E.  Johnson.  2002.  Effect  of  intra- 
and  interspecific  interactions  on  the  feeding  behavior  of  two  subtidal 
sea  stars.  Mar.  Ecol.  Prog.  Ser.  232:I4(S-I62. 

Gruffyd.  L.  D.  1974.  The  influence  of  certain  environmental  factors  on  the 
niaxiniiim  length  ot  the  scallop.  Pcctcii  iiiii\iniif\  I.,  ./,  Cons.  E.xplor. 
Mcr.  35(3):300-302. 

Guay.  M.  2003.  L'addition  Ue  coquilles  de  petoncles  {Chluiiiy.  i.sliiiklicn) 
sur  differents  types  de  fonds  inarins:  une  alternative  pour  favoriser  le 
recrutement  des  especes  comnierciales?  M.Sc.  Thesis.  Universite  La- 
val. Quebec  (Canada).  49  pp. 

Halcher,  B.  G..  R.  E.  Scheihling.  M.  A.  Barbeau.  A.  W.  Hennigar.  L.  H. 
Taylor  &  A.  J.  Windust.  1996.  Dispersion  and  mortality  of  a  population 
of  .sea  scallop  [Placopeclen  magellaniciis)  seeded  in  a  tidal  channel. 
Can.  J.  Fish.  Aquat.  Sci.  53:38-54. 

Kleinman.  S..  B.  G.  Hatcher,  R.  E.  Scheibhng.  L.  H.  Taylor  &  A.  W. 
Hennigar.  1996.  Shell  and  tissue  growth  of  juvenile  sea  scallops  (Pla- 
copeclen magellaniciis)  in  suspended  and  bottom  culture  in  Lunenburg 
Bay,  Nova  Scotia.  Aquaculnire  142:75-97. 

Kostylev.  V.  E..  R.  C.  Courtney.  G.  Robert  &  B.  J.  Todd.  2003.  Stock 
evaluation  of  giant  scallop  (Placopeclen  magellaniciis)  using  high- 
resolution  acoustics  for  sea  bed  mapping.  Fish.  Res.  60:479^92. 

Manuel,  J.  L.  &  M.  J.  Dadswell.  1991.  Swimming  behaviour  of  juvenile 
giant  scallop,  Placopeclen  magellaniciis.  in  relation  to  si/c  and  tem- 
perature. Can.  J.  Tool.  69:2250-2254. 

Nadeau.  M.  &  G.  Cliche.  1998.  Predation  of  juvenile  sea  scallops  (Pla- 
copeclen magellaniciis)  by  crabs  (Cancer  irroraliis  and  Hyas  sp.)  and 
starfish  (Aslerias  vulgaris.  Leptusterias  pntaris  and  Crossaster  papos- 
siis).  J.  Shellfish  Res.  17-4:905-910. 

Pacheco.  A.  &  W.  Stotz.  2003.  Effects  of  substrate  axailability  and  char- 
acteristics on  recruitment  and  survival  of  Argopeclen  piirpuratiis 
(Lamarck  1819).  In:  14th  International  Peetinid  Workshop,  April  23- 
29,  St.  Petersburg.  Florida.  Book  of  abstracts.  202  pp. 

Parson.  G.  J..  C.  R.  Warren-Perry  &  M.  J.  Dadswell.  1992.  Movements  of 
juvenile  sea  scallop  Placopeclen  magellaniciis  (Gmelin.  1791)  in  Pas- 
samaquody  Bay.  New  Brunswick.  J.  Shellfish  Res.  1 1-2:295-297. 

Pilditch.  C.  A.  &  J.  Grant.  1999.  Effect  of  temperature  fluctuations  and 
food  supply  on  the  growth  and  metabolism  of  juvenile  sea  scallop 
(Placopeclen  magellaniciis).  Mar.  Biol.  134:235-248. 


Pilditch.  C.  A..  C.  W.  Emerson  &  .1.  Grant.  1998.  Effect  of  scallop  shells 
and  sediment  grain  size  on  phytoplankton  flux  to  the  bed.  Com.  Sliell- 
fish  Res.  17-15:1869-1885. 

Rochette.  R..  J.-F.  Hamel  &  J.  H.  Himmelman.  1994.  Foraging  strategy  of 
the  asteroid  Leplasterias  polaris:  role  of  prey  odors,  current  and  feed- 
ing status.  Mar.  Ecol.  Prog.  Ser.  106:93-100. 

Sponaugle.  S.  &  P.  Lawton.  1990.  Portunid  crab  predation  on  juvenile  hard 
clams:  effect  of  substrate  type  and  prey  density.  Mar.  Ecol.  Prog.  Ser. 
67:43-53. 

Stokesbury.  K.  D.  E.  2002.  Estimation  of  sea  scallop  abundance  in  closed 
areas  of  Georges  Bank.  USA.  Am.  Fish.  Soc.  131:1081-1092. 

Stokesbury.  K.  D.  E.  &  J.  H.  Himmelman.  1996.  Experimental  examination 
of  the  movement  of  the  giant  scallop,  Placopeclen  magellaniciis.  Mar. 
Biol.  124:651-660. 

Stokesbury,  K.  D.  E.  &  J.  H.  Hniimclman.  1995.  Biological  and  physical 
variables  associated  with  the  aggregations  of  the  giant  scallop  Pla- 
copeclen magellaniciis.  Can.  J.  Fish.  Aijiiar.  Sci.  52:743-753. 

Thouzeau,  G.,  G.  Robert  &  R.  Ugarte.  1991a.  Faunal  assemblage  of  benthic 
mega  invertebrates  inhabiting  sea  scallop  grounds  from  eastern 
Georges  Bank,  in  relation  to  environmental  factors.  Mar.  Ecol.  Prog. 
Ser  74:61-82. 

Thouzeau.  G..  G.  Robert  &  S.  J.  Smith.  1991b.  Spatial  variability  in  dis- 
tribution and  growth  of  juvenile  and  adult  sea  scallops  PlacopecWn 
niagellanicus  on  eastern  Georges  Bank  (Northwest  Atlantic).  Mar. 
Ecol.  Prog.  Ser  74:205-218. 

Wildish,  D.  J.  &  A.  M.  Saulnier.  1993.  Hydrodynamic  control  of  filtration 
in  Placopeclen  magellaniciis.  J.  Exp.  Mar.  Biol.  Ecol.  1 74- 1 :65-82. 

Winter.  M.  A.  &  P.  V.  Hamilton.  1985.  Factors  influencing  swimming  in 
bay  scallops,  Argopeclen  irradians  (Lamark,  1819).  J.  Exp.  Mar.  Biol. 
Ecol.  88:227-242. 

Wong.  M.  C.  &  M.  A.  Barbeau.  2003.  Effects  of  substrate  on  interactions 
between  juvenile  sea  scallops  (Placopeclen  magellaniciis  Gmelin)  and 
predatory  sea  stars  (Aslerias  vnlgaris  Verrill)  and  rock  crabs  (Cancer 
irroratus  Say).  J.  Exp.  Mar.  Biol.  Ecol.  287:155-178. 

Wright.  L.  D.  2002.  Substrate  preferences  of  juvenile  sea  scallop  (Pla- 
copeclen magellaniciis),  sea  stars  (Aslerias  vulgaris),  and  rock  crabs 
(Cancer  irroraliis).  A  thesis  presented  to  the  Department  of  Biology. 
LIniversity  of  New  Brunswick,  in  partial  fulfillment  of  the  requirements 
of  Bachelor  of  Science  with  honours  in  biology.  April  2002.  47  pp. 

Yaniamoto,  G.  1957.  Tolerance  of  scallop  spat  to  suspended  silt,  low- 
oxygen  tension,  high  and  low  salinities  and  sudden  temperature 
changes.  Science  Report  of  Tohoku  University.  4th  series.  Biology 
22:149-156  (English  translation). 

Zafiriou.  O.  1972.  Response  ot  Aslerias  vulgaris  to  chemical  stimuli.  Mar 
Biol.  17:100-107. 


.hninial  of  Shellfish  Rc-sccinli.  Vol.  25.  No.  1.  51-54.  2006. 

BIVALVE  CONTRIBUTION  TO  SHALLOW  SANDY  BOTTOM  FOOD  WEB  OFF  MAR  DEL 
PLATA  (ARGENTINA):  INFERENCE  FROM  STOMACH  CONTENTS  AND  STABLE 

ISOTOPE  ANALYSIS 


PABLO  E.  PENCHASZADEH,'  -  FLORENCIA  ARRIGHETTI,'  "*  MAXIMILIANO  CLEDON,'  ' 
JUAN  PABLO  LIVORE,'  FLORENCIA  BOTTO'  '  AND  OSCAR  O.  IRIBARNE"  ' 

'Facidtad  de  Ciencias  Exuctas  v  Natitndes.  UBA  &  Museo  Argentina  de  Ciencias  Natundes.  Av  Angel 
Gallardo  470  (1405),  Buenos  Aires,  Argentina;  'CONICET;  ^ Lcdionitorio  de  Ecologia.  Dcpartamento  de 
Biologia.  Facidtad  de  Ciencias  Exactas  y  Natitrales.  UNMDP.  CC  573  Correo  Central  7600 
Mar  del  Plata.  Argentina. 

ABSTRACT  Two  infaunal  specie.s.  the  purple  clam  Aiiiiantis  iniipiirata  and  the  razor  clam  Sulcn  idlmclcltus.  are  common  species 
in  the  15-20  m  sandy  bottom  sediments  between  southern  Brazil  and  central  Argentina.  Both  species  are  food  sources  for  the  coastal 
food  web,  but  the  extent  of  their  contribution  to  this  food  web  is  still  unknown.  Based  on  stomach  content  analysis  and  8''*N  and  8'-'^C 
stable  isotope  signatures  we  explored  the  position  of  these  clams  in  the  food  web.  Stomach  content  shows  that  the  ray  Syinpterigia 
bonapanei  and  the  white  croaker  Micropof>onias  fumieri  prey  on  entire  .4.  purpuraui  and  S.  lehuelclms.  The  stable  isotopic  analysis 
confirms  this  result.  The  elephant  fish  CulUinnchiis  callorymhus  and  the  Brazilian  codling  Umphycis  linisilieiisis  also  show  values 
of  C  and  N  consistent  with  those  expected  from  species  that  are  preying  on  A.  purpurata.  Based  on  the  prediction  from  the  isotopic 
analysis  the  clam  A.  purpurata  is  a  food  source  for  the  shrimps  Artemesia  longiiiaris.  Pleoticus  imiclleri.  the  anemone  Antholoba 
achates  and  the  gastropod  Buccinanops  moniUfer.  The  gastropods  Adekvneloti  brasiliaiui.  Oliramillaria  deshayesiuiia.  Olivaiuillariu 
urceus  and  Zidona  dufresnei  also  show  evidence  of  consuming  A.  purpurata  but  with  contribution  from  other  species  with  heavier  C 
content.  According  to  complementary  results  the  razor  clam  Solen  tehuelchus  may  be  this  other  species.  The  stable  isotopic  analysis 
shows  that  both  clam  species  are  at  the  base  of  the  consumers  in  the  food  web.  A.  pupurata  showed  lighter  C  mark  than  5.  tehuelchus. 
but  the  N  isotopic  mark  showed  higher  value  but  still  being  within  the  same  trophic  level. 

KEY  WORDS:     food  web.  bivalves,  fish,  crustaceans,  gastropods.  SW  Atlantic 


INTRODUCTION 

Two  infaunal  bivalves,  the  purple  clam  Ainiantis  purpurata 
(Lamarck.  1818)  and  the  razor  clam  Solen  tehuelchus  iD'Oibigny 
1843).  are  common  species  in  the  coastal  (<20-m  depth)  sandy 
bottom  of  the  SW  Atlantic.  The  purple  clam  is  distributed  from 
Espi'rito  Santo,  Brazil  (20°S)  to  the  Golfo  San  Mati'as,  Argentina 
(42'S)  (Carcelles  1944.  de  Castellanos  1967.  Scarabino  1977)  oc- 
curring in  high-density  patches  (maximum  abundance:  632  clams 
m"")  at  depths  ranging  from  10-18  m  dominated  by  1-  or  2-year- 
classes  (Morsan  2003).  The  razor  clam  S.  tehuelchus  (S61-mm 
length)  shows  similar  distribution,  from  Ri'o  de  Janeiro,  Brazil 
(22°54'S)  to  Bahia  Blanca.  Argentina  (38°44'S)  (Rios  1994,  Capi- 
toli  1997).  However,  the  abundance  of  this  species  is  not  truly 
reflected  in  the  literature,  probably  because  of  their  deep  bun'ow- 
ing  habits.  There  is  evidence  that  both  species  are  important  food 
sources  for  a  number  of  species  in  shallow  coastal  areas  but  the 
extent  of  their  contribution  to  the  food  web  is  still  unknown. 

Several  predators  have  been  described  for  these  species  based 
on  gut  content  analysis  (Olivier  et  al.  1968,  Radonic  1997).  For 
example,  siphon  tips  of  A.  purpurata  are  the  main  food  item  of  the 
electric  ray  Discopyge  Hchiuiii.  Heckel  1846  (Anighetti  et  al. 
2003).  which  is  the  regionally  most  abundant  torpediniform  spe- 
cies. Also,  entire  clams  are  preyed  by  the  fish  Pogoitias  croinis 
(Linnaeus,  1766)  (Garcia  &  Gianuca  1997).  However,  gut  content 
analysis  is  limited  and  may  be  biased  toward  larger  species  that 
can  hold  the  bivalves  for  longer  time  (see  Sutela  &  Huusko  2()()0. 
Hyslop  1980)  and  toward  food  items  recently  consumed;  more- 
over, this  method  cannot  provide  information  on  the  rate  of  inges- 
tion and  regarding  long-term  assimilation  (Creach  et  al.  1997). 

As  an  alternative,  measurement  of  stable  isotope  ratios  has 
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become  widely  used  to  define  relationships  between  consumers 
and  their  food  sources  (Peterson  &  Fry  1987.  Michener  &  Schell 
1994.  Cabana  &  Rasmussen  1994).  and  they  have  been  applied  to 
study  foraging,  migration  and  other  life  history  phenomena 
(Hesslein  et  al.  1991,  Alisauskas  &  Hobson  1993,  Walker  et  al. 
1999.  Best  &  Schell  1996.  Hansson  et  al.  1997,  Kline  et  al.  1998, 
Griffin  &  Valiela  2001 .  McGinnis  &  Emslie  2001 ).  Stable  isotopes 
are  relatively  consistently  fractionated  by  biological  and  physical 
processes  as  they  pass  through  food  webs  becoming  heavier  by 
3%c  to  4%c  for  N  and  by  \%d  to  2%c  for  C  with  each  trophic  transfer 
(Peterson  &  Fry  1987,  Cabana  &  Rasmussen  1994).  This  fraction- 
ation from  potential  food  sources  to  tissues  in  consumers  has  been 
used  to  identify  trophic  relationships.  Trophic  relationships  be- 
tween motile  consumers  like  fishes  and  their  food  sources  may 
depend  on  size  of  consumers  and  foraging  patterns.  Larger  animals 
are  able  to  feed  higher  in  the  food  web  and  often  acquire  heavier 
isotopic  signatures  in  their  tissues  (France  et  al.  1998,  Harvey  et  al. 
2002).  Therefore,  combining  isotope  analysis  with  gut  contents 
can  provide  a  better  understanding  of  trophic  pathways,  given  that 
some  items  could  be  ingested  but  not  assimilated.  Also,  isotope 
analysis  can  provide  information  on  those  organisms  in  which  it  is 
not  possible  to  evaluate  gut  content. 

In  this  study,  we  used  stomach  content  analysis  whenever  pos- 
sible and  8'^N  and  8"C  stable  isotope  signatures  to  define  the 
position  of  the  purple  clam  Aiiuaiitis  purpurata  and  the  razor  clam 
Solen  tehuelchus  in  the  food  web  of  the  shallow  northern  Argen- 
tinean costal  ecosystem. 

MATERIAL  AND  METHODS 

Sampling  and  Study  Areas 

The  study  was  performed  at  the  coastal  area  of  northern  Ar- 
gentina (38°20'S)  between  April  2002  and  December  2002.  This 
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area  is  dominated  by  sandy  and  sandy-silty  bottoms  (Cortelezzi  in 
Olivier  et  al.  1968).  The  community  studied  is  typical  of  a  tem- 
perate marine  environment  where  few  taxa  are  dominant  over  a 
large  number  of  occasional  specie.s.  The  low  diversity  of  the  in- 
faunal  assemblages  has  been  described  (Olivier  et  al.  1968.  Scelzo 
et  al.  2002).  Samples  of  the  two  bivalves  and  of  the  most  repre- 
sentative and  abundant  organisms  coexisting  with  them  were  ob- 
tained from  the  study  area  with  bottom  trawls  using  a  2-cm  cup  net 
from  water  depth  of  10-18  m.  The  species  sampled  were  the  fishes 
Urophycis  brasiliensis  (Kaup  1858),  Cynoscion  striatus  (Cuvier 
1829),  Sympteiygia  bonapartei  (Miiller  &  Henle  1841).  Micro- 
pogonias  furnieri  (Desmarest  182.^)  and  Ctdlonucluis  calloiyn- 
cluis  (Meuschen  1778);  the  gastropods  Biicciiuinops  munilifer 
(Kiener  1834)  Adelomelon  brasiliaiui  (Lamark  1811).  Olivancil- 
laria  deshayesiana  (Duclos  1857).  Olivancillaria  iirceus  (Roding 
1798),  and  Zidona  dufresnei  (Donovan  1823);  the  anemone  An- 
tholoba  achates  (Drayton  1984)  and  the  shrimps  Artemesia  longi- 
iniris  (Bate  1888)  and  Pleotkus  mueilcri  (Bate  1888). 

Stomach  Content  Analysis 

The  stomach  of  1 5  Urophycis  brasiliensis.  35  Cynoscion  stria- 
tus. 1 1  Svmpteiygia  bonapartei  and  42  Micropogonias  furnieri 
were  injected  aboard  with  10<7r  formaline  to  stop  the  digestive 
process.  In  the  laboratory,  the  total  length  of  each  fish  was  mea- 
sured to  the  nearest  mm.  To  analyze  the  stomach  contents,  the 
digestive  tract  anterior  to  the  intestine  was  removed  and  preserved 
in  10%  formaline.  Stomach  contents  were  observed  under  a  dis- 
secting microscope.  Additional  information  was  made  on  the  gas- 
tro-vascular  cavity  of  Anihololni  achates  and  its  associated  snail 
Adelomehm  brasiliana.  This  information  was  coinplemented  by 
reported  information  from  the  same  area  (i.e.,  Olivier  et  al.  1968. 
Radonic  1997). 

Stable  Isotopes  Analysis 

Samples  of  white  dorsal  mu.scle  of  all  fish  species  were  re- 
moved and  frozen  for  stable  isotopic  analysis.  Samples  were  also 


obtained  from  the  epibenthic  fauna  (5  pools  of  5  individuals  each) 
for  the  same  analysis.  All  these  samples  were  dried  at  60-C.  tissues 
were  ground  using  a  mortar  and  pestle,  and  all  samples  were  sent 
to  the  University  of  California-Davis  Stable  Isotope  Facility  to 
determine  f)"C  and  5'^N  signatures  by  inass  spectrometry. 

RESULTS  AND  DISCUSSION 

Stable  isotope  analysis  shows  three  trophic  levels  based  on 
expected  N  fractionation  (3.4'^().  The  two  bivalves  Solen  tehiiel- 
chus  and  Amiantis  piirpiirata  are  at  the  base  of  the  food  web,  with 
5"N  values  between  W.9%c  and  I2.3%r.  5.  tehiielcluis  has  S'^'C 
values  more  depleted  than  A.  purpiirata  but  similar  N  isotope 
ratios.  The  fishes  Calknyncliiis  calUvynchus  and  Cynoscion  stria- 
tits  and  the  squid  Loligo  gahi  (d'Orbigny  1835)  are  in  the  upper 
trophic  level  with  S'^'N  values  between  I6.1%c  and  \1.59cc.  In  our 
study  system,  stomach  content  analysis  can  only  be  reliable  with 
fishes  and  anemones.  Based  on  information  pre\iously  reported 
and  our  sampling  (Table  I ).  the  ray  Sympterigia  bonapartei  prey 
on  siphons  of  Amiantis  piirpiirata  and  S.  bonapartei.  A  similar 
result  was  previously  found  for  other  ray  species,  the  electric  ray 
Discopyge  tschudii  (AiTighetti  et  al.  2005).  S.  bonapartei  showed 
C  and  N  isotopic  values  expected  from  a  clam  diet,  but  N  isotope 
ratios  showed  high  variability  and  could  be  the  result  of  a  mixed 
diet  of  both  clam  species  and  some  contribution  of  Artemesia 
hmginaris  (see  Fig.  I,  Table  1 ). 

Stomach  contents  showed  that  the  white  croaker  Micropogo- 
nias furnieri  prey  on  entire  individuals  of  A.  purpurata  and  Solcn 
tehuelchus  (Table  I).  This  fish  species  showed  different  isotopic 
values  between  juveniles  (<30  cm  in  length)  and  big  individuals 
(Fig.  1 ).  suggesting  a  shift  in  diet  during  their  life  cycle.  Juveniles 
have  values  more  depleted  in  C  suggesting  a  food  source  other 
than  clams,  probably  crustaceans  or  polychaetes  (Olivier  et  al. 
1968,  Radonic  1997  and  stomach  content  results).  Adults,  how- 
e\'er.  showed  values  that  suggest  an  influence  of  clams.  This  shift 
in  diet  between  sizes  for  this  species  was  found  for  other  sites 
(Olivier  et  al.  1968). 


TABLE  1. 
Biomass  of  the  prey  items  identified  in  the  .stomach  content  analysis  (%) 
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Figure  I.  5''N  versus  5"C  (mean  ±  1  SE)  for  the  subtidal  sandy 
bottom  food  web.  Olivancillaria  ulceus  (Ou),  Oliruiuillaria  deshayesi- 
aiia  (Od),  shrimp  Artemcsia  Uiiii^iiiaris.  (All.  anemone  Aiitholoha 
achates  ( Aal,  «hile  croacker  Miciopoiionias  funtieri  small  (Mfs)  and 
large  ( MIT ),  shrimp  Pleolicus  muelleri  i Pm ),  gastropod  Adeliimelon  bra- 
siliana  (Abl,  gastropod  '/Adoiia  dufresiiei  (Zd).  gastropod  Hacciiiaiiops 
inonilifcr  (Bm).  ray  Symplcrigia  honaparlei  (Sbl,  Hra/ilian  eodling  Vro- 
phycis  hrasiticnsis  (I'bl,  elephant  fish  CaUiiiynchus  calliiryiichiis  (Cc), 
stripped  weakflsh  Cyiioscion  sirialus  (Csl,  squid  Loliao  fialii  (Lgl.  The 
arrow  shows  expected  enrichment  in  one  trophic  le\el. 

The  Brazilian  codling  Urophycis  brasiliensis.  and  the  stripped 
weakfish  Cynoscion  suiatus  (Olivier  et  al.  1968.  Radonic  1997 
and  our  results;  Table  1 ).  did  not  show  clams  in  their  stomachs. 
Carbon  isotope  ratios  of  the  stripped  weakfish  C.  striatiis  showed 
no  evidence  of  preying  on  these  clams  (Fig.  1 ).  The  elephant  fish 
Callor-xnchus  callorynchus  and  the  Brazilian  codling  LI.  hrusilien- 
sis  show  values  of  C  consistent  with  those  expected  from  species 
that  are  preying  on  the  purple  clam  A.  purpurata.  but  higher  N 
signatures.  This  could  be  the  result  of  a  mix  diet  of  items  in  more 
than  one  trophic  level  for  example;  in  this  case  they  could  be 
feeding  on  shrimps  (as  seen  by  stomach  contents)  and  having  some 
contribution  of  clams. 

For  invertebrates  it  is  much  more  difficult,  or  just  impossible, 
to  recognize  items  in  the  stomach  content  by  microscopical  analy- 
sis. Based  on  the  prediction  from  the  isotopic  analysis  the  clam 
Amiantis  purpurata  is  a  food  source  for  the  shrimps  Artemcsia 


longinaris  and  Plcaticus  muelleri.  and  the  gastropod  Buecinaiuips 
monilifer.  However,  the  gastropods  Adelomelon  brasiliana,  Oliv- 
ancillaria deshayesiana.  Olivancillaria  urceus  and  Zidona  dufres- 
nei  also  show  evidence  of  consuming  the  purple  clam  but  with 
contribution  from  the  razor  clam  Sole/}  tehuelchus  (Fig.  1). 

One  of  the  few  invertebrate  species  where  items  in  the  stomach 
content  can  be  recognized  is  the  anemone  Antholoba  achates  (see 
Acufia  et  al.  2003).  Our  results  show  that  60%  of  the  weight  was 
Amiantis  purpurata.  whereas  the  other  species  contributed  with 
much  lower  values  (Solen  tehuelchus  5%.  Encope  emarginata 
1  \.59c.  Artemcsia  longinaris  1  \.5%.  Olivancelaria  urelai.  O.  Ur- 
ceus and  Buccinanops  numilifcruni  l()'7r.  the  hermit  crab  Pagurus 
excilis  0.6'7f.  Leucipa  patagimica  ().49r  and  polychaetes  l.l'7f). 
Isotope  C  and  N  also  showed  v  alues  expected  for  a  diet  mainly  on 
A.  purpurata.  Interestingly,  this  anemone  lives  epibiotic  on  the 
gastropod  A(/e/()/»('/(>/;  brasiliana  (see  Acuiia  et  al.  2003).  Adelom- 
elon brasiliana  is  a  common  inhabitant  of  the  studied  area,  which 
preys  on  Amiantis  purpurata  and  Solen  tehuelchus  of  all  sizes 
(Cledon  200.5).  These  snails  are  long-lived  and  can  reach  over  200 
mm  in  length  (Cledon  et  al.  2005).  which  means  a  high  predatory 
pressure  for  the  bivalves,  because  no  size  is  out  of  predation  risk 
and  their  burrowing  in  the  sediment  is  not  always  effective,  the 
snails  can  also  do  that  (Cledon  2005).  The  anemone  and  the  snail 
are  at  the  same  trophic  level  (i.e..  same  n  values)  but  C  isotope 
ratios  suggest  that  their  food  sources  are  somewhat  different  (i.e., 
the  C  mark  differ).  Whereas  the  anemone  showed  S'^'C  values 
expected  of  a  predator  feeding  on  A.  purpurata  and  no  on  S. 
tehuelchus.  the  gastropod  ,4.  hrasilicmu  showed  8'  C  values  sug- 
gesting a  diet  that  incorporates  both  bivalves  at  similar  proportion. 
The  sea  anemone  and  the  snail,  although  highly  associated,  do  not 
show  evidence  of  large  diet  overlap.  This  fact  could  be  related  to 
the  burrowing  activity  of  A.  brasiliana.  whereas  A.  achates  would 
remain  in  contact  with  the  upper  sediment  levels  (Arrighetti  et  al. 
2004). 

In  conclusion,  the  purple  clam  .Amicuuis  purpurata  and  the 
razor  clam  S<)len  tehuelchus  are  species  clearly  located  at  the  bot- 
tom of  the  food  web.  These  two  species  contribute  to  the  diet  of 
some  gastropods  and  sea  anemones  and  to  some  economically 
important  fish. 
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ABSTRACT  Ligln  and  electron  microscopical  studies  were  carried  out  to  characterize  the  hemocytes  of  the  oyster,  Cnis.mslrea 
ariakeiuis.  Three  types  of  hemocytes  were  recognized:  granulocytes,  large  hyalinocyte.s  and  small  hyalinocytes.  The  large  hyalinocytes 
and  small  hyalinocytes  were  agranular  cells.  The  large  hyalinocytes  presented  thin  cytoplasm  and  high  nucleus:  cytoplasm  ratios.  The 
small  hyalinocytes  were  the  most  homogeneous  in  shape  and  showed  round  or  oval.  They  have  the  highest  nucleus:  cytoplasm  ratios 
and  contained  very  thin  cytoplasm.  The  granulocytes  showed  abundant  cytoplasm  and  low  nucleus:  cytoplasm  ratios.  At  the  ultra- 
structural  level,  the  large  hyalinocytes  cytoplasm  contained  a  variable  number  of  mitochondria.  Golgi  complex  and  endoplasmic 
reticulum.  They  showed  a  total  absence  of  cytoplasmic  granules  or  a  few  small  electron-lucid  vesicles  of  different  sizes.  The 
granulocytes  showed  more  polymoiphic  than  the  agranular  cells,  with  numerous  pseudopodia  sprouting  off  their  surface.  The  granu- 
locytes showed  similar  organelles,  but  on  the  contrary  they  had  abundant  electron-dense  particles  or  electron-lucent  granules  in  the  cell 
cytoplasm.  The  small  hyalinocytes  presented  a  total  absence  of  cytoplasmic  granules  and  few  organelles  and  only  one  or  two 
mitochondria  were  sometimes  observed  in  the  cytoplasm.  Total  hemocyte  counts  gave  a  mean  (+SE)  concentration  of  2.06  ±  0.20  x 
10'  cells  mL"'  of  hemolymph.  Differential  hemocyte  counts  identified  the  granulocytes  as  the  predominant  cell  type,  followed  by  the 
large  hyalinocytes  and  the  small  hyalinocytes.  The  percentages  of  the  three  cell  types  in  the  hemocyte  population  of  C  ariakensis  were 
68.4%.  21.6%  and  9.0%.  respectively.  The  quantitative  study  of  phagocytosis  showed  that  the  granulocytes  were  phagocytic  cells  and 
the  agranular  cells  showed  a  limited  phagocytic  ability.  After  the  separation  in  Percoll  density  gradient,  the  granulocytes  were  separated 
from  agranulocytes  and  pure  granulocytes  were  obtained.  However,  the  separation  of  different  agranular  cell  types  (large  hyalinocytes 
and  small  hyalinocytes)  was  not  achieved  by  Percoll  or  Ficoll  gradient  centrifugation.  Our  study  provides  a  morphofunctional  basis  for 
the  cellular  defense  mechanisms  in  C.  ariakensis. 
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INTRODUCTION 

Hemocytes  of  bivalve  molluscs  play  an  important  and  central 
role  in  the  internal  defense,  and  are  known  to  be  involved  in  other 
processes  like  wound  and  shell  repair,  nutrient  digestion,  transport 
and  excretion  (Cheng  1981 ),  There  have  been  many  studies  on  the 
morphology,  structure,  function  and  classification  of  hemocytes  in 
bivalves.  The  most  important  reviews  of  the  various  morphofunc- 
tional aspects  of  the  hemocytes  of  the  whole  Mollusca  phylum  are 
those  of  Cheng  (1981)  and  Hine  (1999),  who  identified  2  funda- 
mental hemocyte  types  in  bivalve  hemolymph:  granulocytes  and 
hyalinocytes  (or  agranulocytes).  The  presence  of  these  two  types 
was  confirmed  in  Mya  arenaria  (Huffman  &  Tripp  1982).  Mrtiliis 
ediilis  (Pipe  1990).  Mylihis  galloproviiicialis  (Cajaraville  &  Pal 
1995.  Carballal  et  al,  1997a.  I997b|.  Mercenaria  mercciuiria 
(Tripp  1992).  Crassu.strea  virginica  (Ford  et  al,  1994)  and  Riuli- 
tapes  decussatus  (Lopez  et  al,  1997a),  However,  the  classification 
schedules  were  so  varied  that  three,  four  or  even  more  morpho- 
logically different  populations  have  been  proposed  by  authors  for 
various  bivalve  species  (Moore  &  Lowe  1977.  Cheng  &  Downs 
1988,  Hine  &  Wesney  1994.  Nakayama  et  al,  1997). 

The  oyster,  Crassostrea  ariakensis.  is  one  of  the  most  impor- 
tant commercial  mollusk  species  in  China,  whose  natural  range  is 
from  the  south  China  coast  through  Southeast  Asia  to  the  western 
coast  of  the  Indian  subcontinent.  In  China,  the  culture  of  C.  ari- 
akensis has  a  long  history  in  the  Pearl  River  Delta,  Guangdong 
Province,  In  recent  years,  the  mass  mortality  has  occurred  in  cul- 
tivated oysters  with  a  great  loss.  Some  studies  revealed  that  the 
oysters  were  infected  by  the  pathogen,  a  Rickettsia-like  organism 
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(RLO)  (Wu  &  Pan  2(100.  Sun  &  Wu  2004).  However,  no  system- 
atic studies  have  been  carried  out  to  investigate  the  morphology, 
structure,  function  and  classification  of  hemocytes  of  C.  ariaken- 
sis. A  better  understanding  of  the  defense  mechanisms  in  this 
bivalve  species  may  lead  to  practical  approaches  to  control  RLOs 
and  to  avoid  mass  damage.  Here  we  report  the  systematic  mor- 
phological and  structural  characteristics  of  the  hemocytes  in  the 
hemolymph  of  the  oysters.  Phagocytosis  and  separation  of 
hemocytes  by  discontinuous  density  gradient  centrifugation  were 
also  studied.  Our  study  provides  a  moiphofunctional  basis  for  the 
cellular  defense  mechanisms  in  C.  ariakensis. 

MATERIAL.S  AND  METHODS 

Hemolymph  Collection 

The  oysters.  C.  ariakensis  (length:  6.0-9.8  cm;  width:  4,5-6,6 
cm:  height:  9,0-14.0  cm)  were  collected  from  Hailing  Bay  in 
Yang.xi  County  of  Guangdong  Province.  China.  Approximately 
0.5-1  niL  of  hemolymph  was  extracted  from  the  posterior  adductor 
muscle  of  each  animal  using  a  25-gauge  needle  into  an  equal 
volume  of  either  Baker  formol-calcium  fixative  (4'/f  formalde- 
hyde, 27f  sodium  chloride.  I'/r  calcium  acetate)  or  0.05  M  Tris- 
HCl  buffer  (TBS:  pH  7,6,  containing  2%  sodium  chloride),  or  into 
an  equal  volume  of  EM  fixative  {I've  formaldehyde.  2,5'*  glutar- 
aldehyde.  1%  NaCI.  2  mM  calcium  chloride  in  0,2  M  cacodylate 
buffer.  pH  7.4).  as  appropriate,  .\  minimum  of  20  samples  was 
used  for  each  immune  parameter  investigated. 

Light  Microscopy  Observation 

To  characterize  the  heinocytes.  the  staining  technique  with  He- 
macolor  kit  (Merck)  on  hemolvmph  smears  was  earned  out  to 
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distinguish  the  hyahnocytes  and  granulocytes  cells.  According  to 
the  presence  or  absence  of  granules  in  the  cytoplasm  of  the  cells, 
differential  hemocyte  counts  were  carried  out  on  Hemacolor 
smears,  and  the  percentages  of  different  cell  types  were  calculated. 
Total  hemocyte  counts  were  cairied  out  w  ith  an  improved  Neu- 
bauer  hemocytometer  using  Baker's  fixed  hemolymph  samples. 
Mean  cell  parameters  (cell  diameters  and  nuclear  diameter)  were 
calculated  by  measuring  each  cell  type  on  hemacolor  stained 
smears  using  Motic  images  system. 

Transmission  Electron  Microscopy 

The  suspension  of  hemolymph  fixed  with  transmission  electron 
microscopy  (TEM)  fixative  solution  was  centrifuged  (x750  g. 
10  min).  The  pellets  were  washed  in  Pipes  buffer  with  sucrose  for 
2  h  at  4  C  and  post  fixed  in  1%  osminm  tetroxide  in  Pipes  buffer 
for  75  min  at  4"C.  After  being  washed  in  Pipes  buffer,  the  cells 
were  embedded  in  1.5%  agar  at  40°C  and  quickly  centrifuged 
(xl.700  g,  5  min).  Then,  the  pellets  were  dehydrated  and  embed- 
ded in  Epon.  Ultrathin  sections.  (30-70  nm).  were  stained  with 
uranyl  acetate  and  lead  citrate  and  examined  in  a  TEM  JEOL 
lOOCXII. 

Scanning  Electron  Microscopy 

Fresh  hemolymph  was  tlxed  with  gliitaraldehyde  at  29f  (vA  )  in 
Millonig  0.2  M;  pH  7..'^  buffer  solution,  washed  in  buffer,  post- 
fixed  with  osmium  tetraoxide  at  19r  (pA)  and  placed  in  dehydra- 
tion slides  with  ethanol  and  amilum  acetate,  followed  by  a  critical 
point  desiccation  process  with  CO^  and  a  platinum/palladium  co\- 
ering.  Obser\ation  was  done  using  a  JEOL  MODEL  1200  scan- 
ning electron  microscopy  (SEM). 

Separation  of  Hemocyles  hy  Disconlinumis  Density 
Gradient  Centrifugation 

Hemolymph  (0.5-1.5  mL)  was  withdrawn  from  the  posterior 
adductor  muscle  of  each  animal  using  a  25-gauge  needle,  then 
collected  and  diluted  1:1  in  a  modified  antiaggregant  Alsever  so- 
lution (MAS)  (20.8  g/1  glucose;  8  g/1  Na  citrate;  3.36  g/1  EDTA; 
22.5  g/l  NaCl  in  distilled  water).  The  hemocytes  were  then  col- 
lected by  centrifugation  at  x640i;  (4°C.  10  min).  The  commercial 
Percoll  (Sigma)  solution  was  adjusted  to  1.100  mOsm  by  adding 
NaCl  to  a  final  concentration  of  0.41%  (wA)  and  the  gradients 
(10%,  30%.  50%  and  70%  (vA))  were  prepared  in  MAS.  Oyster 
hemocyte  pellets  were  resuspended  in  MAS  and  layered  onto  the 
top  of  a  Percoll  gradient  composed  of  70%.  50%,  30%  and  10% 
Percoll.  After  centrifugation  at  x640^^  (4°C,  15  min).  the 
hemocytes  present  at  each  density  interface  were  collected  sepa- 
rately with  a  syringe.  The  hemocytes  appearing  at  interface  30/ 
10%  of  the  gradient  were  further  separated  by  centrifugation 
through  a  FicoU  (type  400.  Sigma)  density  gradient  containing 
20%.  15%,  10%  and  5%  (wA)  Ficoll  prepared  in  MAS.  After 
centrifugation.  the  cells  appearing  at  each  density  interface  were 
collected  separately.  The  density  gradient  centrifugation  was  car- 
ried out  in  13-mL  tubes.  Each  gradient  layer  of  2.5  niL  of  Percoll 
or  Ficoll  solution  and  2  niL  of  hemocyte  suspension  were  layered 
in  each  tube.  Each  separated  hemocyte  subpopulations  with  Percoll 
gradient  or  Ficoll  gradient  were  recovered  by  centrifugation  and 
washed  once  in  MAS.  With  Each  separated  hemocyte  subpopula- 
tions at  the  different  interfaces  were  made  smears,  and  rapid  he- 
macolor coloration  was  used. 


Hemocyte  I  iahility  Evaluation 

The  viabilities  of  the  fresh  hemocytes  collected  from  the  oys- 
ters and  the  separated  hemocyte  subpopulations  by  Percoll  discon- 
tinuous density  gradient  centrifugation  were  estimated  by  the  0.1% 
(w/v)  Trypan  blue  test. 

Phagocytosis  of  Zymosan 

Zymosan  (cell  walls  of  Sciccharoiuyces  cerevisiae.  zymosan  A. 
Sigma)  suspensions  were  prepared  as  described  by  Bachere  et  al. 
( 1991 ).  Zymosan  particles  at  40  mg  10  mL^'  were  suspended  in 
sterile  sea  water  (SSW)  and  boiled  for  30  min.  then  washed  twice 
and  suspended  in  SSW  before  divided  into  aliquots  and  stored  at 
-20°C.  The  aliquots  were  thawed  and  counted  in  a  Mallassez  cell 
immediately  before  use. 

To  study  the  phagocytosis  of  the  external  materials  by  oyster 
hemocytes.  hemolymph  from  20  oysters  was  extracted  1:3  in  MAS 
and  pooled.  Eppendorf  vials  containing  1  x  10*  hemocytes  (he) 
were  prepared,  then  centrifuged  (x200  ?,  10  min.  4°C)  to  remove 
MAS.  One  milliliter  of  filtered  seawater  (FSW)  containing  2.5%  of 
MAS  was  then  added  to  the  vials.  Phagocytosis  assays  were  car- 
ried out  by  adding  zymosan  (zy)  suspensions  to  the  Eppendorf 
\ials.  The  ratios  of  zy/he  were  5:1.  The  assays  were  carried  out  at 
room  temperature  (20-23 'C)  for  60  min.  Smears  were  performed 
at  the  end  of  phagocytosis  assay.  Hemocytes  were  fixed  and 
stained  with  Hemacolor  kit.  The  percentage  of  cells  with  phago- 
cytosed  particles  was  evaluated  in  30  random  selected  microscope 
fields  at  a  magnification  of  x  1.000  in  the  slides. 

To  study  the  phagocytosis  process  with  election  microscopy, 
hemolymph  from  five  oysters  was  extracted  in  MAS  (1:3)  and 
pooled.  Phagocytosis  vials  consisted  of  1x10''  hemocytes.  5zy/he. 
and  SOfxL  of  MAS  and  FSW  to  a  final  volume  of  2  mL.  These 
assays  were  carried  out  at  room  temperature  (20"C  to  23°C)  for  60 
min.  After  this  time,  cells  were  fixed  (1  h.  4°C)  by  adding  2.5% 
glutaraldehyde  to  the  phagocytosis  vials.  Hemocytes  were  then 
washed  for  2  h.  4^C  in  0.1  M  PIPES  buffer  containing  7%  sucrose 
(pH  =  7.2).  postfixed  in  1%  osmium  tetroxide  and  embedded  in 
agar  and  epon.  Ultrathin  sections  (50-70  nm)  were  contrasted  with 
uranyl  acetate  and  lead  citrate. 

Statistical  Analysis 

The  SPSS  software  was  used  for  statistical  analysis.  Differ- 
ences in  all  studied  parameters  were  evaluated  by  1-way  ANOVA 
followed  by  Tukey  test  for  comparisons.  LSD  test  was  used  for 
multiple  comparisons.  Values  of  P  <  0.05  were  considered  signifi- 
cant. 

RESULTS 

Light  Microscopy  Observation 

On  Hemacolor  smears.  2  hemocyte  types  were  distinguished  by 
light  micro.scopy:  granulocytes  and  hyalinocytes  (or  agranulo- 
cytes)  according  to  the  presence  or  the  absence  of  cytoplasmic 
granules.  Hyalinocytes  appeared  to  have  2  types:  small  and  large 
hyalinocyte  cells,  according  to  the  cell  diameter  in  size  (Fig.  I). 
The  granulocytes  were  abundant  and  often  appeared  as  either 
spherical  cells  (round  hemocytes)  or  amoebocytes  (spreading 
hemocytes)  on  the  smears.  The  granulocytes  contained  numerous 
basophilic  or  refringent  cytoplasmic  granules  and  had  small  nuclei, 
which  often  showed  the  oval  or  eccentric  shapes.  On  smears,  en- 
doplasm  and  ectoplasm  of  the  cytoplasm  could  be  clearly  distin- 
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Figure  I.  IDlal  heniocvte  population  of  C.  uriakinsis  on  smears 
stained  with  the  Hemacolor  l\il  (Mercl<).  (i.  jjranulocyte;  H,  large 
hyalinocytc:  S,  small  hyalinocyte.  Bar.  6.(1  urn. 

guished  in  the  granulocytes.  The  ectopUism  presenting  scmie  thin 
pseudopodia  showed  a  hyaline  aspect  whereas  endoplasm  was 
denser  and  contained  cytoplasmic  granules  I  Fig.  2).  The  large 
hyalinocytes  were  less  abundant  and  often  showed  the  round  or 
o\al  shape.  They  often  had  the  round  and  large  nuclei  in  the  center 


of  the  cells  and  reduced  acidophilic  cytoplasms,  generally  u  ithout 
granules  or  with  fev\  granules  in  the  cytoplasms  (Fig.  1 ).  The  small 
hyalinocytes  were  the  least  abundant  on  the  smears.  The  cells  and 
the  nuclei  often  showed  the  round  shape,  and  they  showed  large 
nuclei  and  reduced  acidophilic  and  thin  cytoplasms.  Cytoplasmic 
granules  were  seldom  observed  in  the  small  hyalinocytes  (Fig.  1 ). 
In  addition,  inultinucleate  (2-4  nuclei)  hemocytes  with  cytoplas- 
mic granules  were  observed  on  these  smears  (Fig.  3).  These  multi- 
nucleate structures  could  be  the  result  of  the  fusion  of  granulo- 
cytes. 

Hemocyte  Count  and  Metisnrenienls 

Total  hemocyte  counts  gave  a  mean  (±SE)  concentration  of 
(2.06  ±  0.20)  xlO^  cells  inL"'  of  heniolymph.  A  total  of  1.016 
hemocytes  of  eight  oysters  were  counted  for  this  study.  Differen- 
tial type  hemocytes  counts  showed  that  the  mean  percentage  com- 
positions (±SE)  of  granulocytes,  large  hyalinocytes  and  small  hy- 
alinocytes were  68.4  ±  L.'iS,  21.6  ±  1.21  and  9.0  ±  0.74  respec- 
tively- Table  1  showed  the  percentage  of  three  cell  types  in  the 
hemocyte  population  of  C.  ariakensis. 

Table  2  showed  the  ranges  and  mean  values  (±SE)  of  the  cell 
and  nucleus  sizes  and  the  nucleus/cytoplasmic  (N/C)  ratios  mea- 
sured on  Hemacolor  stained  smears.  Granulocyte  types  showed 
larger  sizes  and  smaller  N/C  ratios  than  hyalinocytes.  Granulocytes 
were  about  6.8  ±  0.\5  \xm  and  ranged  from  3.2-9.3  [jlui.  Their 
nuclei  were  about  2.08  ±  0.05  |jLm  and  ranged  from  1.29-4.23  |xm. 
The  large  hyalinocytes  are  homogenous  in  size  but  smaller  than 
granulocytes,  with  about  3.8  ±  0.08  )j.m  in  diameter  ranging  from 
2.35-6.35  |jLin.  Their  nuclei  were  about  2.20  ±  0.05  (jLUI  and  ranged 
from  1.2-3.07  |j.m.  The  small  hyalinocytes  had  an  average  size  of 
2.05  ±  0.04  [j.m.  ranging  from  1 .32-2.78  |j-m.  Their  nuclei  diam- 
eter was  1.20  ±  0.03  pim.  and  ranged  from  0.78-1.75  |ji.m.  Their 
N/C  ratios  were  the  highest,  but  different  among  cells. 

The  results  of  the  ANOVA  comparison  indicated  a  significant 
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Figure  2.  Light  micrograph  showing  the  granulocyte,  en,  endoplasm; 
ec.  ectoplasm;  ps,  pseudopod;  gr,  cytoplasmic  hasophilic  granules;  n, 
nucleus.  Bar.  1.5  pm. 


Figure  3.  Light  micrograph  showing  multinucleate  hemocyte  (arrow- 
head), n,  nuclei.  Bar.  15.0  nm. 
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TABLE  1. 

The  percentage  of  3  cell  types  (jjraniilocvtes,  large  hvalinocvtes  and 

small  hyalinocytes)  in  the  henioc>te  population  of  Crassostrea 

ariakensis  analyzed  bv  the  SPSS  software. 


Type  of  cell 


Cell 
Mean"  +  SEM 


Sum 
(1016) 


Percentage 
±SEM 


Granulocytes 

86.7500  +  4.45112 

8 

694 

68.4125  ±  1.54796 

Larne  Hvalinocvtes 

28.8750  +  2.40117 

8 

231 

22.5958  ±1.20902 

Small  Hyalinocytes 

1  1.375  ±  1.05115 

8 

91 

8.9918  ±73910 

A  total  of  1.016  Haemocyles  were  distinguished  and  counted  on  Hcnia- 

color"s  stained  smears. 

"  Mean  of  cells  on  8  smears.  N.  the  observed  smear  size 

difference  for  the  cell  size.  N/C  ratio  and  nucleus  size.  The  mul- 
tiple compaiisons  with  the  LSD  indicated  a  significant  difference 
between  all  hemocyte  types  for  the  cell  size.  However,  in  the  case 
of  the  N/C  ratio,  multiple  comparisons  indicated  no  significant 
difference  between  the  large  and  small  hyalinocytes.  and  in  the 
case  of  the  nuclear  diameter,  multiple  comparisons  indicated  no 
significant  difference  between  the  large  hyalinocytes  and  granulo- 
cyte types  (Table  2). 

Electron  Microscopy 

Electron  microscopy  permitted  us  to  confirm  the  occurrence  of 
three  hemocyte  types:  granulocytes,  large  and  small  hyalinocytes 
in  the  hemolymph  of  C.  (iriakeiisi.s.  The  large  hyalinocytes  often 
showed  round  or  oval  shapes,  and  presented  smooth  surface.  The 
large  hyalinocytes  presented  the  high  N/C  ratios  and  thm  cyto- 
plasms, which  contained  a  variable  number  of  mitochondria.  Golgi 
complex  and  endoplasmic  reticulum  (Fig.  4-6).  They  showed  a 
total  absence  of  cytoplasmic  granules  or  a  few  small  electron-lucid 
vesicles  of  different  sizes,  some  of  them  probably  originating  in 
the  Golgi  complex  or  the  smooth  endoplasmic  reticulum  (Fig.  4). 
The  nucleus  of  the  hyalinocyte  appeared  round  or  oval  and  often 
was  in  a  central  position  of  the  cell.  Some  large  hyalinocyte  nuclei 
had  abundant  euchromatin.  and  some  showed  abundant  hetero- 
chromatin  in  the  central  and  the  peripheral  positions.  The  nuclei  of 
some  hyalinocytes  were  surrounded  only  by  small  cytoplasmic  rim 
(Fig.  5). 

The  small  hyalinocytes  were  the  most  homogeneous  in  shape 
and  showed  round  or  oval.  They  had  the  highest  N/C  ratios  and 
contained  very  thin  cytoplasm.  They   showed  a  total  absence  of 


cytoplasmic  granules.  The  organelles  such  as  Golgi  complex  and 
endoplasmic  reticulum  were  not  observed  in  the  cytoplasm;  how- 
ever, one  or  two  mitochondria  were  sometimes  observed  in  the 
cytoplasm  (Fig.  6,  7).  The  nucleus  often  appeared  oval  and  held 
most  position  of  the  cell.  The  nucleus  sometimes  showed  abundant 
heterochromatin  in  the  central  and  the  peripheral  positions  (Fig.  6). 
The  granulocytes  showed  more  polymorphic  than  the  hyali- 
nocytes. and  were  oval  or  eccentric  in  shape.  The  tnost  prominent 
features  of  the  granulocytes  were  the  numerous  pseudopodia 
sprouting  off  their  surfaces  (Fig.  8.  9,  10).  which  were  suggested 
related  with  the  phagocytic  ability  of  the  granulocytes.  Some 
pseudopodia  of  the  granulocytes  were  slim  and  long,  however 
some  were  thick  and  short  (Fig.  8).  Some  pseudopodia  complected 
together  (Fig.  10).  Engulfed  vacuoles  and  residual  bodies  were 
also  observed  in  the  granulocytes.  The  granulocytes  showed  abun- 
dant cytoplasm  and  low  N/C  ratios.  They  presented  similar  or- 
ganelles but  on  the  contrary  had  abundant  electron-dense  particles 
or  electron-lucent  granules  in  the  cell  cytoplasm.  The  electron 
dense  granules  were  spherical,  often  different  in  size  and  measured 
0.2-0.4  p.m  in  diameter.  The  electron-dense  granules  were  com- 
posed of  a  homogenous  electron-dense  matrix  (Fig.  8).  The  elec- 
tron-lucent granules  were  round,  with  an  electron-lucent  core,  sur- 
rounded by  an  electron-dense  membrane  unit  and  often  very  dif- 
ferent in  size  and  measured  0.2-0.6  \xm  in  diameter  (Fig.  9.  10). 
Some  electron-lucent  granules  were  rough  along  the  peripheral; 
some  were  very  smooth  along  the  peripheral.  Their  nuclei  ap- 
peared polymorphic  such  as  round  shape,  kidney  shape  and  bell 
shape  (Figs.  8.  9).  They  often  were  in  one  end  of  the  cells  or  in 
eccentric  positions  in  the  cell  cytoplasms. 

Scaiiiiiiig  Electron  Microscopy  Observation 

Observation  under  SEM  confirmed  the  surface  structures  of  the 
hemocytes.  According  to  the  size  and  the  surface  structure.  3 
hemocyte  types  could  be  identified:  ( I )  large  cells  that  were  usu- 
ally round  and  showed  no  pseudopodia  with  relatively  smooth 
surfaces,  however,  sometimes  they  showed  some  tiny  refractive 
inclusions  or  spherule  (Fig.  1 1 );  (2)  small  round  cells  that  were  the 
smallest,  they  were  usually  round  and  showed  no  pseudopodia 
with  relatively  smooth  surfaces  (Fig.  12);  (3)  irregular  cells  that 
often  were  irregular  in  shape  and  presented  abundant  tenuous  and 
long  pseudopodia  they  usually  appeared  irregular  twist,  poly-angle 
shapes  and  honeycomb-like  surface  structure;  the  surfaces  of  these 
cells  were  usually  with  corrugation,  spongy  projections  and  sur- 
face secretion  particles  (Fig.  13). 


TABLE  2. 

Mean  values  (pm)  ±  Standard  Error  and  ranges  of  cell  and  nuclear  diameters  and  nuclear/cytoplasmic  (N/C)  ratio  of  hemocytes  of 

Crassostrea  ariakensis. 


Hemocyte  type 


Cell  diameter  ±  sem 


Nuclear  diameter  ±  sem 


N/C 
ratio  ±  sem 


Granulocyte 

107 

Ranges 

Large  Hyalinocytes 

92 

Ranges 

Small  Hyalinocytes 

68 

Ranges 

6.7937  ±.14657-' 
3.2857-9.5 
3.7637  ±  .07966" 

2.35-6.35 
2.0490  ±  .04052'-^ 

1.32-2.78 


2.08 16  ±.054(38' 
1.29^.23 

2.1959±.0449r 
1.2-3.07 

1.2013 +  .03312'' 
0.78-1.75 


.3 144  ±.01061" 
0.171291-0.79520 

.5924  ±.01 020" 
0.321809-0.822148 

.5988 +  .01 809" 
0.337662-0.890052 


Measurements  were  made  on  Hemacolor's  stained  smears.  iV.  sample  size. 

The  multiple  comparisons  were  made  by  LSD.  Different  letters  (a.  b.  c)  al  the  same  column  showed  significant  difference,  and  the  same  letters  (a.  b.  c) 

at  the  same  column  showed  no  significant  difference  between  the  mean  values.  Values  of  P  <  0.05  were  considered  significant. 


Studies  on  Hemocytes  of  C.  Akiakensis 


59 


Fi{;urf  4.  The  large  hyaliiioc>te  presented  an  oval  nucleus,  a  variable 
number  of  mitochondria  and  a  few  small  electron-lucid  vesicles,  n. 
nucleus:  ni,  mitochondrion;  v,  small  electron-lucid  vesicles.  Bar.  1.(1 
fim. 

Sepurtitiim  of  Hemocytes 

After  centritiigation  in  Peicull  L'ladieiits,  the  total  hemocyte 
population  was  separated  into  three  cell  fractions.  Fraction  present 
at  the  interface   WBQ'/t  contained  only  agranular  hemocytes  in- 


Figure  5.  The  large  hyalinocvte  presented  an  irregular  nucleus  con- 
taining abundant  heterochromatin  in  the  central  and  the  peripheral 
positions.  The  large  nucleus  was  surrounded  bv  a  small  cytoplasmic 
rim.  The  large  hyalinocyte  showed  a  total  absence  of  cytoplasmic  gran- 
ules. However,  mitochondria.  Golgi  complex  and  endoplasmic  reticu- 
lum were  observed  in  the  cytoplasm,  er,  endoplasmic  reticulum:  gc, 
(iolgi  complex:  he,  heterochromatin;  iii.  mitochondrion;  n,  nucleus. 
Bar,  1.(1  Mm. 


Figure  6.  The  large  byalinocyte  and  the  small  hyalinocyte  were  both 
round,  and  their  nuclei  were  also  round.  .Several  mitochondria  were 
observed  in  the  cytoplasm  of  the  large  byalinocyte  and  only  one  mi- 
tochondrion was  found  in  the  cytoplasm  of  the  small  hyalinocyte.  H. 
large  hyalinocyte;  S,  small  hyalinocyte:  m,  mitochondrion;  n,  nucleus. 
Bar,  I.O  fim. 

eluding  the  large  and  small  hyalinocytes.  Fraction  collected  from 
the  interface  50/70'/^  was  composed  of  pure  granulocytes.  Fraction 
appearing  at  the  interface  .lO/SOVr  was  a  mixture  of  all  hemocyte 
types. 

However,  the  large  and  small  hyalinocytes  could  not  be  sepa- 
rated with  Percoll  izradients  or  Ficoll  gradient.  Bv  using  Ficoll 


.^  J 


Figure  7.  Higher  magnification  of  the  small  hyalinocyte  showing  a 
total  absence  of  cytoplasmic  granules  and  thin  cytoplasm.  Only  one 
mitochondrion  was  found  in  the  cytoplasm,  m,  mitochondrion;  n, 
nucleus.  Bar.  (1.5  Min. 
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Figure  8.  The  granul<>t>te  slioHid  ;il)iin(l;int  cjloplasm  and  low 
nucleus:  cytoplasm  ratio.  The  most  pniniinent  feature  of  the  granulo- 
cyte Has  the  pseudupodia  (ps)  sprouting  off  its  surface.  Some 
pseudopodia  of  the  granulocytes  were  slim  and  long,  however  some 
were  thick  and  short.  Ahundant  electron-dense  granules  (dgr)  and 
hell-shaped  nucleus  (n)  in  the  cell  cUoplasm  were  also  ohserved.  e\, 
engulfed  vacuole;  ni,  mitochondrion:  Bar.  1.0  (jni. 


gradient,  both  fractions  at  the  interface  of  I0/I57f  and  5/10% 
consisted  of  the  large  and  small  hyalinocytes  simultaneously;  the 
fraction  at  the  interface  of  13/20'/f  contained  cells  whose  compo- 
sition was  variable  in  different  experiments. 


Figure  10.  Many  slim  pseudopodia  ips)  sprouting  off  the  granulocyte 
surface,  some  pseudopodia  complected  together  (arrow  head  I.  n, 
nucleus.  Bar,  1.0  pni. 


Hcmmyle  \  iahilily  After  Separatiiiii 

The  dead  cells  appeared  blue  staining  with  the  Trypan  blue,  and 
the  live  cells  did  not  stain  with  the  Trypan  blue  (Fig.  14).  The 
viability  of  the  separated  hemocytes  collected  from  fractions  at  the 
interface  10/30%  and  30/509<-  of  Percoll  gradients  were  compared 
with  the  nonseparated  hemocytes.  For  the  total  hemocyte  popula- 


Figure  9.  The  granulocyte  presented  a  round  nucleus  (n),  ahundant 
cytoplasm  and  electron-lucent  granules  (IgrI  in  the  cytoplasm.  The 
pseudopodia  (ps)  sprouting  off  its  surface.  Bar,  1.0  (im. 


Figure  11.  Scanning  electron  micrograph  showed  the  large  round  cell 
was  usually  round  and  presented  a  relatively  smooth  surface,  some- 
times presenting  some  tiny  refractive  inclusions  or  speherule.  Bar,  1.3 
pm. 
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Figure  12.  Scaiininn  cU-clron  mkrof-raph  showed  (he  small  round  cell 
Has  the  smallest,  usually  round,  having  a  smooth  surface.  Bar,  0.6  jini. 

tion  before  separation,  the  mean  cell  viability  was  86.4%.  After 
separation,  the  corresponding  values  for  fractions  at  the  interface 
10/30%  and  30/50%  of  Percoli  gradients  were  81.8.  82.8%.  re- 
spectively. No  significant  difference  (?-test)  was  detected  between 


Figure  13.  Scanning  electron  micrograph  showed  the  irregular  cell 
appeared  twist  in  shape  or  irregular  poly-angle  shapes  and  hiiney- 
comh-like  surface  structure.  The  surface  of  the  cells  was  usually  with 
corrugation,  spongy  projections,  and  surface  secretion  particles.  The 
surface  of  the  cell  had  abundant  tenuous  and  long  pseudopudia.  Bar, 
2.1  pm. 


Figure  14.  Trypan  blue  test.  The  dead  cells  (d(  appeared  blue  staining 
with  the  Trypan  blue,  and  the  living  (I I  did  not  stain  with  the  Trypan 
blue.  Bar,  6.0  jim. 

the  viabilities  of  the  total  hemocyte  population  before  separation 
and  any  of  the  two  separated  cell  fractions. 

Pliagocytosis 

111  virin  phagocytosis  assays  showed  that  among  the  hemocyte 
types,  the  granulocytes  showed  an  important  phagocytic  activity 
whereas  the  hyalinocytes  did  not.  Light  microscopy  revealed  that 
several  zymosans  were  located  inside  the  hemocytes  after  60  min, 
and  a  few  particles  were  encircled  by  pseudopodia.  The  number  of 
zymosan  particles  phagocytosed  per  hemocyte  was  variable,  and 
6.24  ±  0.74%.  20.61  ±  1.19%.  and  29.07  ±  1.08%'  of  hemocytes 
phagocytosed,  one.  two  or  three  particles,  respectively,  whereas 
39.08  ±  1.69%i  of  hemocytes  phagocytosed  four  or  more  particles. 
Electron  microscopy  confirmed  the  intracellular  location  of  zymo- 
san. Particles  were  found  inside  phagosomes  (Fig.  15).  some  of  the 
particles  partially  degraded.  Hemocytes  containing  zymosan  had 
many  vacuoles  that  included  degraded  products. 

DISCUSSION 

Morphological  criteria  were  generally  used  to  characterize 
hemocytes  in  bivalves,  however,  the  existing  nomenclature  of  bi- 
valve hemocytes  is  inconsistent,  being  dependent  on  the  observer 
and  the  technique  used  (Feng  et  al.  1971.  Ruddell  1971a.  Ruddell 
1971b.  Foley  &  Cheng  1972.  Cheng  1975.  Cheng  1981.  Moore  & 
Lowe  1977,  Hawkins  &  Howse  1982,  Rasmussen  et  al.  1985, 
Chang  et  al.  2005).  Cheng  (1981)  presented  a  morphological 
scheme  based  on  numbers  of  cytoplasmic  granules,  dividing  cells 
into  2  types:  granulocytes,  cells  containing  granules  that  ranged 
from  very  few  to  numerous;  and  agranulocytes.  cells  containing 
few  or  no  granules.  In  this  study,  we  identified  2  main  hemocyte 
types  in  C.  ariiikensis.  with  both  light  and  electron  microscopy 
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Figure  15.  Transmission  electron  micrograph  shoHcd  Zymosan  par- 
ticles phagocytosed  hy  Crassoslrea  aiiukeiisis  haemocyte.  Z,  zymosan; 
gr,  granule.  Bar.  1.5  ^im. 

observation:  granulocytes  and  agranulocytes  (large  hyalinocytes 
and  small  hyalinocytes).  The  granulocytes  were  characterized  by 
the  abundant  content  of  granules,  presenting  a  noncentral  small 
nucleus,  spreading  with  pseudopodia  related  with  the  phagocytic 
abilities.  According  to  the  cell  size,  agranulocytes  appeared  to 
have  two  types;  small  hyalinocytes  and  large  hyalinocytes.  The 
large  hyalinocytes  were  morphologically  characterized  by  the  rela- 
tively large  and  central  nuclei  surrounded  by  the  small  volume  of 
cytoplasm  and  by  few  or  no  cytoplasmic  granules.  The  small  hy- 
alinocytes have  the  least  cell  diameter  and  large  and  central  nuclei 
surrounded  by  the  small  volume  of  cytoplasm  with  the  absence  of 
cytoplasmic  granules.  Many  authors  suggested  that  the  hyali- 
nocytes were  non-different  cells;  however,  hyalinocytes  were 
classed  into  2  types,  small  and  large  hyalinocytes.  by  Xue  et  al. 
(2000),  which  supported  our  classification.  Some  studies  sug- 
gested that  it  was  possible  to  distinguish  acidophilic  and  basophilic 
granulocytes  according  to  the  staining  affinities  of  the  cytoplasmic 
granules  of  the  granulocytes  (Cheng  1975.  Cheng  1981.  Suresh  & 
Mohandas  1990.  Nakayama  et  al.  1997,  Lopez  et  al.  1997b.  Woot- 
ton  &  Pipe  2003,  Zhang  et  al.  2005).  However,  Xue  et  al.  (2000) 
found  the  granulocytes  of  Ostrea  ediilis  contained  only  numerous 
basophilic  or  refringent  cytoplasmic  granules,  in  agreement  with 
our  study  on  the  staining  characteristic  of  C.  ariakensis  granulo- 
cytes. 

In  addition,  the  multinucleate  granulocytes  were  observed  on 
smears.  These  cells  have  been  observed  in  other  mollusks  (Sparks 
&  Pauley  1964.  Cheng  1981.  Anderson  1987.  Wootton  &  Pipe 
2003)  with  light  microscopy.  They  are  considered  to  be  the  result 
of  a  fusion  of  granulocytes  in  some  pathological  conditions  such  as 
postmortem  changes  or  rejection  of  grafts.  However,  the  origin  and 
progress  of  their  forming  are  not  clear. 

The  ultrastructure  of  the  hemocytes  in  this  study  revealed  that 
granulocytes  mainly  contained  two  types  of  granules;  electrim- 
dense  particles  and  electron-lucent  granules.  They  were  different 
in  size  of  both  types  of  granules.  Furthermore,  the  granules  of 
different  size  often  existed  inside  most  granulocytes  simulta- 
neously. Therefore,  granulocytes  were  not  differentiated  in  this 
study.  Some  investigators  distinguished  the  granulocytes  in  other 


bivalve  with  only  small  or  large  granules  and  classed  the  granu- 
locytes into  large  and  small  granulocytes.  They  considered  that  the 
granulocytes  with  small  or  large  granules  were  immature  or  mature 
granulocytes,  respectively  (Klebanoff  &  Clark  1978.  Rasmussen  et 
al.  1985  Pipe  1990).  However,  we  agree  with  the  option  of  Zhang 
et  al.  (2005)  that  the  peculiarity  of  granules  should  be  determined 
by  their  origin  or  function,  not  by  their  size  and  did  not  believe  that 
granulocytes  with  different  type  of  granules  were  in  different  de- 
\elopment  phases,  though  their  origin  and  functions  were  not 
wholly  clear. 

The  ultrastructural  study  of  C.  uiiakcnsis  hemocytes  showed 
that  some  large  hyalinocytes  contained  nuclei  with  abundant  eu- 
chromatin  and  others  contained  nuclei  with  large  clumps  of  het- 
erochromatin.  Carballal  et  al.  ( 1997c)  also  found  this  phenomenon, 
but  they  suggested  that  both  types  of  hyalinocytes  could  belong  to 
a  different  cell  line,  one  for  hyalinocytes  and  another  for  granu- 
locytes, or  hyalinocytes  containing  abundant  euchromatin  might 
give  rise  to  hyalinocytes  with  more  heterochromatin  and  granulo- 
cytes. However,  we  consider  that  maybe  the  both  types  of  large 
hyalinocytes  are  in  different  development  phases  of  the  hemocytes. 
the  large  hyalinocytes  containing  nuclei  with  abundant  euchroma- 
tin can  give  rise  to  hyalinocytes  with  more  heterochromatin  that 
are  ovempe.  The  most  granulocytes  containing  nuclei  with  abun- 
dant euchromatin  probably  are  in  their  bloom  stage  and  present 
more  phagocytic  competence.  Maybe  some  large  hyalinocytes 
containing  nuclei  with  abundant  euchromatin  also  result  from  the 
overripe  granulocytes  after  fulfilling  their  phagocytic  functions 
because  the  nuclear  diameters  were  not  significantly  different  be- 
tween the  large  hyalinocytes  and  the  granulocytes. 

There  are  several  theories  on  bivalve  hemocytes  renewal  and 
maturation.  Moore  and  Eble  (1977)  suggested  that  different 
hemocytes  are  maturing  stages  within  a  single  cell  line.  Cheng 
( 1981 )  proposed  an  ontogenetic  model  with  two  cell  lines,  one  for 
hyalinocytes  and  another  for  granulocytes,  each  originating  from  a 
different  prohemocyte.  Auffret  (1988)  also  suggested  this  last  hy- 
pothesis for  O.  edulis  and  C.  gigas  hemocytes.  However,  in  our 
study  the  morphological  variability  found  by  light  and  electron 
microscopy  in  the  oyster  hemocytes  do  not  allow  us  to  confirm  any 
of  the  previous  hypotheses. 

Total  hemocyte  counts  showed  high  variabihty  in  the  number 
of  circulation  hemocytes  because  the  density  of  hemolymph  might 
vary  with  different  species,  age  and  physical  status.  Because 
spreading  ability  was  different  between  hyalinocytes  and  granulo- 
cytes, results  of  cell  measurements  were  different  according  to  the 
method  used.  Lopez  et  al.  (1997a.  1997b)  suggested  that  fixing 
hemocytes  in  suspension  before  measuring  was  a  better  method.  In 
our  study,  differential  hemocyte  counts  after  fixing  identified 
granulocytes  as  the  predominant  cell  type  (68.4%),  followed  by  the 
large  hyalinocytes  (21.6%)  and  the  small  hyalinocytes  (9.0%).  In 
the  study  of  other  mollusks.  similar  results  were  reported.  The 
granulocytes  corresponded  to  roughly  75%  and  66%  of  the  total 
population  of  hemocytes  and  the  hyalinocytes  corresponded  to  the 
remaining  25%  and  34%  in  Scrobicidaiia  plana  (Wootton  &.  Pipe 
2003)  and  Argopecleu  iiradians  (Xing  et  al.  2002)  respectively. 
However,  some  authors  reported  the  hyalinocytes  were  the  pre- 
dominant cell  type  (i.e.,  granulocytes/hyalinocytes  were  44.7%/ 
55.3%  and  37.3%/62.7%)  in  A.  iiradians  (Zhang  et  al.  2005)  and 
C.  virginica  (Hegaret  et  al.  2(103)  respectively. 

The  significant  differences  of  cell  size  and  N/C  ratios  existed  in 
either  hyalinocytes  or  granulocytes.  Granulocyte  types  showed 
larger  sizes  and  smaller  N/C  ratios  than  hyalinocytes.  These  fun- 
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duiiiental  features  are  coniinon  hi  many  bi\al\e  species  (e.g..  M. 
merceiiaria:  Foley  &  Cheng  1974.  C.  virgiiucci:  Feng  I96.'i,  C. 
ediile:  Russell-Pinto  el  al.  1994.  M.  eilitlis:  Rasnuissen  et  al.  1985. 
Friebel  &  Reinvianl/  1995,  M.  hisoria:  Wen  et  al.  1994  and  A. 
irnuUcuis:  Zhang  et  al.  2005). 

In  SEM.  special  emphasis  had  been  placed  on  the  surface  struc- 
ture. The  observation  under  SEM  confirmed  the  pseudopodia  ob- 
served under  TEM.  Moreover,  the  irregular  cells,  large  round  cells 
and  small  rotind  cells  under  SEM  might  correspond  to  the  granu- 
locytes, large  liyalinocytes  and  small  hyalinocytes  observed  tinder 
TEM. 

The  quantitative  study  of  phagocytosis  showed  that  there  were 
functional  differences  between  hemocyte  types  of  C  ariakensis. 
The  granulocytes  were  phagocytic  cells.  On  the  contrary,  the  hy- 
alinocytes showed  a  limited  phagocytic  ability.  Similar  results 
were  reported  in  M.  ediilis  (Moore  &  Lowe  1977).  Tapes  seinide- 
ciissatus  (Montes  et  al,  1995).  Tridacna  crocea  (Nakayama  et  al. 
1997),  C.  vir^inica  (Foley  &  Cheng  1975,  Renwrantz  et  al,  1979), 
M.  iiuTcemirici  (Foley  &  Cheng  1975).  Mytilus  catifornianus 
(Bayne  et  al.  1979),  O.  cdiilis  and  C.  gigas  (Mourton  et  al.  1992). 
Ccnistodernui  ediilc  (Russell-Pinto  et  al.  1994).  Tiostrea  chilensis 
(Hine  &  Wesney  1994),  M.  gallopioviiicialis  (Carballal  et  al. 
1997c)  and  A.  inadiaiis  (Zhang  et  al.  2005).  but  these  reports  were 
in  contrast  with  those  previously  reported  by  Tripp  (1992)  on  M. 
inercenaria.  Lope/  et  al.  ( 1997b)  on  R.  deciissatits  and  Cima  et  al. 
(2000)  on  Tapes  philippinannn.  In  the  latter  species,  the  authors 
considered  that  the  agranular  hemocytes  and  granulocytes  were 
both  active  phagocytes. 

Phagocytic  hemocytes  require  considerable  amounts  of  energy 
in  the  process  from  phagocytosis  of  particles,  secretion  of  hydro- 
lysis enzymes,  fusion  and  decomposition  of  granules  to  discharge 
of  wastes.  Therefore,  phagocytic  hemocytes  often  contained  abun- 
dant numerous  mitochondria,  Golgi  complex,  endoplasmic  reticu- 
lum, and  a  great  quantity  of  glycogen.  Moreover,  abundant  gran- 
ules and  many  spreading  pseudopodia  of  the  phagocytic 
hemocytes  were  related  to  the  phagocytic  competence. 

The  role  of  bivalve  hyalinocytes  with  no  phagocytosis  is  un- 
known. It  is  possible  that  they  develop  other  functions  different 
from  phagocytosis  because  in  Cenistodenua  edide  they  are  in- 
volved in  rosette  formation  with  sheep  erythrocytes  (Russell-Pinto 
et  al.  1994)  and  in  other  invertebrates,  such  as  the  crustaceans,  they 
participate  in  the  coagulation  process  (Hose  et  al.  1990). 

Density  gradient  centrifugation  is  one  of  the  most  used  tech- 
niques for  separating  molluscan  hemocytes  into  subpopulations. 


Different  materials  have  been  applied  as  gradient  substrates. 
Cheng  et  al.  ( 1980)  separated  fixed  hemocytes  of  C.  virgiiiic  into 
several  subpopulations  by  sucrose  density  gradient  centrifugation. 
Clearly,  sucro.se  is  not  suitable  for  separation  of  live  cells,  in 
particular,  when  the  separation  aims  at  studies  about  cell  function, 
because  sucrose  solutions  cannot  keep  the  same  osmolarity  at  dif- 
ferent concentrations.  However.  Percoll.  a  colloidal  suspension  of 
polyvinylpyrolidone  coated  silica  particles,  has  been  extensively 
used  for  separation  of  living  cells.  Some  investigators  have  applied 
it  in  separating  hemocytes  of  C.  gigas  (Bachere  et  al.  1988),  C. 
\iigiiiica  (Cheng  &  Downs  1988).  Lymnaea  stagnalis  (Adema  et 
al.  1994).  M.  ediilis  (Friebel  &  Renwrantz  1995)  and  R.  decussatiis 
(Lopez  et  al.  1997b)  and  O.  edidis  (Xue  et  al.  2000).  The  results 
obtained  in  this  study  indicated  that  it  was  also  applicable  to  the 
separation  of  C.  ariakensis  hemocytes.  After  the  separation  in  this 
type  of  density  gradient,  the  granulocytes  were  separated  from 
agranulocytes  and  pure  granulocytes  were  obtained.  However,  the 
separation  of  different  agranular  cell  types  was  not  achieved  by 
Percoll  gradient  centrifugation.  The  agranulocytes  had  the  low 
percentage  of  population  of  hemocytes  and  were  difficult  in  ad- 
hering on  the  smears,  so  the  observed  agranulocytes  were  fewer 
than  the  granulocytes  after  Percoll  gradient  centrifugation.  In  ad- 
dition, the  granulocytes  were  very  stained  because  the  Percoll  was 
not  wholly  washed  off. 

Ficoll  has  very  high  viscosity,  and  Ficoll  density  gradient  had 
been  used  to  separate  the  large  and  small  hyalinocytes  of  the  O. 
edidis  (Xue  et  al.  2000).  In  this  study,  we  also  applied  the  tech- 
nique of  centrifugal  elutriation.  however,  the  large  hyalinocytes 
and  small  hyalinocytes  could  not  be  separated  in  this  study.  In  O. 
edidis.  the  large  hyalinocytes  could  be  separated  from  the  small 
hyalinocytes.  but  the  separation  was  not  complete.  However,  the 
density  gradient  centrifugation  with  successive  Percoll  and  Ficoll 
solutions  is  a  practical  technique  for  molluscan  hemocyte  separa- 
tion, although  it  has  different  efficiency  with  the  different  mollus- 
can hemocytes. 
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ADVANCED  PERKINSUS  MARINUS  INFECTIONS  IN  CRASSOSTREA  ARIAKENSIS 
MAINTAINED  UNDER  LABORATORY  CONDITIONS 
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ABSTRACT  The  Suminoe  oysler.  Cnissostrea  ariakeiisis.  has  been  under  invesligatioii  since  Ihe  early  1990s  for  potential  use  in 
restoring  the  commercial  harvest  or  for  aquaculture  of  oysters  in  the  Chesapeake  Bay.  USA.  Initial  studies  focusing  on  C.  ariakensis 
documented  a  significant  level  of  tolerance  to  the  protozoan  parasite  Perkinsiis  maiimis.  a  pathogen  found  in  almost  all  reaches  of  the 
Bay  and  widely  acknowledged  as  one  of  the  main  reasons  for  the  decline  in  the  eastern  oyster,  Crassostrea  virginica.  harvest  since  the 
late  1980s.  Crassostrea  ariakeiisis  was  demonstrated  to  acquire  P.  inarinus,  however  infection  intensities,  as  measured  using  Ray's 
thioglycoUate  medium  assay  indices,  generally  were  found  to  be  light.  As  part  of  a  series  of  experiments  to  study  potential  impacts  on 
the  Chesapeake  Bay  region  of  pathogens  found  in  C.  ariakensis  in  Asia,  a  challenge  experiment  was  conducted  to  study  the 
pathogenicity  of  Perkinsiis  olseni  to  C.  ariakensis.  During  this  study,  we  observed  the  acquisition  of  moderate  and  heavy  infection 
intensities  of  P.  inarinus  in  triploid  C.  ariakensis  oysters  being  maintained  in  the  laboratory.  Results  suggest  that  there  may  be  some 
risk  of  mortality  from  P.  inarinus  if  C.  ariakensis  is  held  under  stressful  conditions  at  least  in  hatchery  or  laboratory  settings. 

A'£)'  WORDS:     Pcrkinsus  inarinus.  Crassostrea  ariakensis.  PCR,  RFTM.  oyster 


INTRODUCTION 

The  eastern  oyster.  Crassostrea  virginica  (Gmelin,  1791).  an 
integral  part  of  the  economy  and  ecology  of  the  Chesapeake  Bay, 
has  been  in  a  severe  state  of  decline  in  recent  decades.  Two  patho- 
gens, Haplosporidiiiin  nelsoni  (Haskin.  Stauber  &  Mackin.  1966) 
and  Perkinsiis  inarinus  (Mackin,  Owen  &  Collier,  1950).  the  para- 
sites responsible  for  the  diseases  known  as  MSX  and  dermo  re- 
spectively, have  contributed  significantly  to  the  decitnation  of  the 
oyster  populations  in  Chesapeake  Bay  since  the  1950s  (Sinder- 
mann  1990). 

The  decline  in  oyster  production  in  Virginia  led  to  the  forma- 
tion of  a  number  of  panels  in  the  early  1990s  to  make  recommen- 
dations on  restoring  oyster  populations.  One  option  currently  being 
seriously  considered  is  the  introduction  and  use  of  a  nonnative 
oyster  in  Chesapeake  Bay.  A  Virginia  Institute  of  Marine  Science 
(VIMS)  study  conducted  in  1996  focusing  on  the  Pacific  oyster. 
Crassostrea  gigas  (Thunberg,  1793),  documented  lower  disease 
susceptibility  in  C.  gigas  than  in  the  native  eastern  oyster,  C. 
virginica:  however,  growth  rates  of  the  Pacific  oyster  were  equal 
to  or  inferior  to  the  native  oyster  in  the  Chesapeake  Bay  (Calvo  et 
al.  1999).  A  1998  tleld-hased  study  on  another  Asian  oyster,  the 
Suminoe  oyster,  Crassostrea  ariakensis  (Fujita,  1913),  docu- 
mented rapid  growth  and  survival  in  that  species,  as  compared  with 
r.  virginica.  even  when  endemic  diseases  were  prevalent  (Calvo  et 
al.  2001 ).  Although  initial  baseline  samples  of  C.  ariakensis  in  that 
study  revealed  a  129;-  prevalence  of  P.  inarinus.  all  subsequent 
samples  collected  after  field  deployment  showed  C.  virginica  with 
higher  P.  niariniis  prevalence  than  C.  ariakensis.  Additionally. 
Ray  fluid  thioglycoUate  medium  (RFTM)  (Ray  1952)  diagnoses 
showed  several  heavy  P.  inarinus  infections  in  C.  virginica.  how- 
ever, only  light  infections  were  observed  in  C.  ariaken.ds  (Calvo  et 
al.  2001). 

In  this  report  we  describe  the  first  account  of  moderate  to  heavy 
P.  nuiriinis  infections  in  C.  ariakensis.  The  oysters  in  this  study 
were  held  in  laboratory  aquaria  at  VIMS  during  a  challenge  ex- 
periment conducted  to  examine  the  potential  pathogenicity  of  Per- 
kinsiis ol.'ieni  Lester  and  Davis,  1981,  to  C.  ariakensis.  because  P. 
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olseni  was  found  during  a  recent  survey  of  C.  ariakensis  popula- 
tions in  Asia  (Moss  &  Reece  2005).  Prior  to  the  start  of  the  chal- 
lenge experiment.  C.  ariakensis  were  initially  detemiined  to  be 
Perkinsiis  sp.-free.  based  on  molecular  diagnostics  using  PCR  (Ca- 
sas  et  al.  2002).  The  oysters  acquired  detectable  levels  of  the 
parasite,  however,  after  being  held  for  about  8  weeks  in  the  labo- 
ratory aquaria.  We  used  the  infected  oysters  in  our  challenge  study, 
despite  baseline  P.  inarinus  infection  prevalence,  to  examine  the 
potential  for  C.  ariakensis  oysters  to  become  coinfected  with  mul- 
tiple Perkinsus  species.  We  report  here  our  observations  regarding 
the  P.  inarinus  infection  levels  observed  in  C.  ariakensis  during 
this  challenge  experiment. 

MATERIALS  AND  METHODS 

Experimental  Design 

On  January  24,  2005,  120  market  sized  (-75  mm  shell  height) 
triploid  C.  ariakensis  were  received  from  the  Aquaculture  Genetics 
and  Breeding  Technology  Center  hatchery  at  VIMS.  The  animals 
were  held  for  4  days  inside  a  plastic  mesh  bag  in  a  holding  tank 
prior  to  bringing  them  into  the  laboratory  aquaria.  The  holding 
tank  was  not  covered  and  there  was  flow-through  of  nonfiltered 
York  River  water  of  approximately  9°C  and  16  ppt  salinity.  On 
removal  from  the  holding  tank,  20  C.  ariakensis  were  immediately 
sacrificed,  and  gill  and  mantle  tissues  were  excised  aseptically 
from  each  animal  for  DNA  extraction.  Genomic  DNA  of  each 
oyster  was  used  in  a  PCR-based  molecular  diagnostic  assay  (Casas 
et  al.  2002)  to  examine  the  animals  for  the  presence  of  DNA  from 
Perkinsus  spp.  parasites.  The  animals  were  subsequently  held  for 
59  days  in  lO-gallon  glass  aquaria  that  were  maintained  at  lO'C 
and  25  ppt  salinity  at  a  density  of  approximately  25  oysters  per 
tank  and  were  fed  0.1  g  oyster"'  algal  food  daily  (Reed  Maricul- 
ture.  San  Jose.  CA).  At  the  end  of  59  days,  on  March  24,  2005,  five 
C.  ariakensis  were  sacrificed  and  gill  and  mantle  were  excised 
aseptically  from  each  animal  to  be  used  in  Perkinsus  spp.  screen- 
ing by  PCR  assays  as  described  later. 

On  March  28,  2005,  the  remaining  C.  ariakensis  {n  =  60)  were 
used  in  a  challenge  experiment  designed  to  evaluate  the  pathoge- 
nicity of  P.  olseni  to  C.  ariakensis.  Twenty  C.  ariakensis  received 
single  pallial  cavity  injections  of  100  |j.L  of  25  ppt  sterile  artificial 


65 


66 


Moss  ET  AL. 


seawater  (SASW)  through  a  notch  in  the  shell,  and  40  animals 
were  inoculated  with  10''  log  phase  cultured  P.  olseni  cells  per 
gram  body  weight  in  a  100-jj.L  volume.  The  clonal  P.  olseni  cul- 
ture isolated  from  a  Japanese  Venenipis  philippinanim  (Adams 
and  Reeve.  1850)  clam  was  obtained  from  Mr.  Chris  Dungan. 
Maryland  DNR  Cooperative  Oxford  Laboratory,  O.xford  Mary- 
land. (ATCC  PRA-181).  Thirty  additional  untreated,  control  C. 
ariakensis  were  neither  notched  nor  inoculated,  but  held  in  sepa- 
rate aquaria  and  otherwise  maintained  and  fed  in  the  same  manner 
as  the  experimental  animals  for  the  duration  of  the  experiment. 
Those  C.  ariakensis  inoculated  with  2.S  ppt  SASW  were  main- 
tained in  one  lO-gallon  aquarium,  and  those  inoculated  with 
P.  olseni  were  split  evenly  between  two  aquaria.  All  aquaria  were 
identical  and  each  tank  was  covered  with  a  plexiglass  lid. 

All  aquaria  environments  were  maintained  at  20°C  to  22  C  and 
contained  25  ppt  aerated,  l-fxm  filtered  York  River  water,  two 
thirds  of  which  was  removed  each  week  and  replaced  with  an 
equal  volume  of  clean.  25  ppt.  l-|xm  filtered  York  River  water. 
Animals  were  fed  daily  a  single  dose  of  approximately  0.1  g  oys- 
ter"' algal  feed  (Reed  Mariculture). 

Aquaria  were  checked  daily  for  oyster  mortalities,  and  mori- 
bund animals  were  removed.  The  cumulative  mortality  was  calcu- 
lated for  each  sample  as  the  sum  of  the  mortalities  that  occurred 
during  the  course  of  the  experiment,  which  started  59  days  after  the 
C.  ariakensis  were  brought  into  the  aquaria,  divided  by  the  number 
of  live  animals  at  the  start  of  the  experiment.  When  moribund 
animals  were  discovered,  if  adequate  undegraded  tissues  reinained 
they  were  processed  for  analysis.  Gill  and  mantle  tissues  were 
reinoved  with  a  portion  preserved  in  959c  ethanol  for  DNA  ex- 
traction and  molecular  diagnostics  and  gill,  mantle  and  rectal  tis- 
sues were  processed  for  Ray  fluid  thioglycollate  medium  (RFTM) 
assay  (Ray  1952).  After  27°C  incubation  for  5-6  days  in  RFTM. 
tissues  were  removed  from  the  culture  tubes,  macerated  on  micro- 
scope slides  and  stained  with  Lugol  iodine.  Stained,  cover-slipped 
tissue  preparations  were  examined  under  a  light  microscope  and 
Perkinsus  sp.  tissue  burdens  were  enumerated  on  a  scale  from  rare 
(R)  to  very  heavy  (VH)  based  on  the  categories  of  Ray  (1952. 
f954).  Visceral  mass  tissue  sections  were  preserved  in  Davidson's 
solution  for  histological  analysis  (Shaw  &  Battle  19571. 

Experimental  Sampling 

Because  of  space  constraints  in  the  laboratory,  the  untreated  C. 
ariakensis  that  were  remaining  after  37  days  were  sacrificed  and 
tissues  were  taken  for  DNA,  RFTM  and  histological  analysis  of 
disease  status  as  described  earlier.  For  those  tanks  in  which  C. 
ariakensis  were  inoculated  with  either  25  ppt  SASW  (one  tank)  or 
with  P.  olseni  (two  tanks),  two  randomly  chosen  oysters  from  each 
tank  were  removed  and  sacrificed  for  disease  diagnosis  on  days  2 1 , 
44  and  59  postinoculation.  The  challenge  experiment  was  termi- 
nated on  day  72  and  all  remaining  animals  were  sacrificed  and 
tissues  preserved  as  mentioned  earlier  for  DNA.  RFTM  and  his- 
tological analysis. 

Nucleic  Acid  Extraction 

Genomic  DNA  was  extracted  from  the  excised  mantle  and  gill 
tissue  snips,  using  a  DNeasy  Tissue  Kit  (Qiagen  Inc..  Valencia. 
CA),  following  manufacturer's  protocols,  except  that  DNA  was 
eliited  in  a  single  200-jiL  voluine  of  elution  buffer  after  a  10  min 
incubation  at  room  temperature  (approximately  20°C). 


SSU  Genes 

To  assure  that  PCR  amplifiable  DNA  was  present  in  all  ex- 
tracted samples,  genomic  DNAs  were  tested  using  universal  small 
subunit  (SSU)  ribosomal  RNA  gene  primers  16S-A  (5'  CCG  AAT 
TCG  TCG  ACA  ACC  TGG  TTG  ATC  CTG  CCA  GT  3')  and 
I6S-B  (5'  GGA  TCC  A  AG  CTT  GAT  CCT  TCT  GCA  GGT  TCA 
CCT  AC  3')  (modified  from  Medlin  et  al.  I9S8)  with  an  expected 
amplification  product  of  approximately  1,800  bp.  Each  25-|xL  re- 
action contained  20  niM  Tris-HCl  (pH8.4).  50  mM  KCl,  0.75  niM 
MgCK.  0.1  mM  of  each  dNTP.  0.5  |jlM  each  primer.  0.0125  U 
|jiL"'  Tacj  polymerase,  0.2  mg  niL"'  BSA  and  0.5  p,L  genomic 
DNA  (-10-50  ng  total).  Amplifications  were  performed  with  an 
initial  denaturation  of  94°C  for  4  min,  followed  by  35  cycles  at 
94' C  for  30  sec,  45°C  for  30  sec,  65°C  for  2  min,  with  a  final 
elongation  of  65°C  for  2  min.  After  amplification,  3  (jlL  of  PCR 
product  were  analyzed  by  agarose  gel  electrophoresis  {2%),  stained 
with  ethidium  bromide  and  visualized  under  UV  light.  Images 
were  recorded  with  an  Alpha  Innotech  FlourChem  (SanLeandro, 
CA)  imaging  system. 

Genus-specific  Perkinsus  sp.  PCR  Assay 

Screening  for  Perkinsns  sp.  DNA  was  performed  using  Perk- 
insus genus-specific  primers.  PerkITS-85  (5'  CCG  CTT  TGT  TTG 
GAT  CCC  3')  and  PerkITS-750  (5'  ACA  TCA  GGC  CTC  TAA 
TGA  TG  3')  (Casas  et  al.  2002)  that  target  the  internal  transcribed 
spacer  (ITS)  region  of  the  ribosomal  RNA  gene  complex.  Each 
PCR  reaction  contained  the  following;  PCR  buffer  at  a  concentra- 
tion of  20  mM  Tris-HCl  (pH8.4).  50  mM  KCl.  1 .5  mM  MgCU.  0.2 
mM  of  each  dNTP  each  primer  at  0.1  (jlM.  0.025  U  (xL  '  Taq 
polymerase.  0.05  mg  niL"'  BSA  and  0.5  p.L  genomic  DNA  (-10- 
50  ng  total!.  Amplifications  were  performed  with  an  initial  dena- 
turation of  95°C  for  4  min  followed  by  40  cycles  of  95°C  for  1 
min.  53^C  for  1  min,  65°C  for  3  min.  with  a  final  elongation  of 
65'C  for  5  min.  After  amplification.  4  |j.L  of  PCR  product  were 
analyzed  as  described  earlier. 

Perkinsus  Species-specific  Assays 

Identification  of  the  Perkinsns  species  that  was  infecting  ani- 
mals shown  to  have  positive  amplification  products  with  the  Per- 
kinsns genus-specific  assay  was  accomplished  through  the  use  of 
P.  marinus  and  P.  olseni  species-specific  PCR  assays.  Perkinsus 
»;</r//;/(,v-specific  primers  PmarITS-70F  (5'  CCT  TTG  YTW  GAG 
WGT  TGC  CAG  ATG  3' )  and  PmarITS-600R  (5'  CGA  GTT  TGC 
GAG  TAG  CTC  KAG  AG  3')  (Audemard  et  al.  2004)  and  P. 
i-)/.fe/(;-specific  primers  designed  for  this  study  Pols-140F  (5'  GAG 
CGC  CTT  A  AC  GGG  CCG  TGT  T  3')  and  PolsITS-600R  (5' 
GGR  CTT  GCG  AGC  ATC  CAA  AG  3')  were  used  in  separate 
25-jji.L  reactions.  PCR  reactions  for  the  P.  marinus  ITS  region 
contained  the  following:  PCR  buffer  at  a  concentration  of  20  mM 
Tris-HCl  (pH8.4).  50  mM  KCl,  1.5  mM  MgCK,  0.2  mM  each 
dNTP.  each  primer  at  0. 1  p.M.  0.025  U  fjiL"'  Taq  polymerase.  0.05 
mg  niL"'  BSA  and  0.5  |jlL  genomic  DNA  (-10-50  ng).  Amplifi- 
cations were  performed  with  an  initial  denaturation  of  95°C  for  4 
min  followed  by  40  cycles  of  94°C  for  I  min,  57X  for  1  min,  65°C 
for  3  min,  with  a  final  elongation  of  65°C  for  10  min.  PCR  reac- 
tions for  the  P.  olseni  ITS  region  contained  the  following:  PCR 
buffer  at  a  concentration  of  20  mM  Tris-HCl  (pH8.4).  50  niM  KCl. 
1.5  mM  MgCK.  0.2  mM  each  dNTP,  each  primer  at  O.I(xM,  0.025 
U  |jiL"'  Taq  polymerase,  0.05  mg  niL"'  BSA  and  0.5  |xL  genomic 
DNA  (-10-50  ng).  Thermocycling  parameters  were  as  follows:  an 
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initial  (.Iciuitiiration  of  93  C  for  4  iiiin  followed  hy  40  cycles  of: 
94°C  for  1  min.  62  C  for  1  min.  65  C  for  3  min.  all  followed  by 
a  final  elongation  step  of  65"C  for  10  min.  After  amplification,  for 
each  species-specific  reaction,  4  \xL  of  PCR  product  were  analyzed 
as  described  earlier. 

Specificity  of  P.  oheiu  piimers  was  tested  against  P.  iiuirimts 
and  Perkinsus  chesapeaki  McLaughlin.  Tall.  Shaheen.  Elsayed  and 
Faisal  2000.  DNAs.  In  addition,  amplification  products  from  posi- 
tive P.  ()/.9(';;(-specific  reactions  were  sequenced.  PCR  products 
were  cloned  into  the  plasmid  pCR4-TOPO  and  transformed  into  E. 
coll  using  a  TOPO  TA  Cloning  Kit  (Invitrogen,  Carlsbad.  CA) 
following  the  manufacturer's  protocols.  Transformed  bacterial 
colonies  were  picked  from  agar  plates  using  a  sterile  wooden 
toothpick  and  were  inoculated  into  10  |jlL  of  sterile  water  in  200 
(jlL  plastic  strip  tubes.  Inoculated  water  samples  were  boiled  tor  4 
min  at  94°C  and  0.5  \xL  of  the  boiled  preparation  was  used  in  an 
M13  PCR  reaction  using  the  forward  and  reverse  primers  supplied 
in  the  cloning  kit.  Each  25  |j.L  reaction  contained  the  following:  20 
mM  Tns-HCl  (pH  8.4).  50  niM  KCI.  1.5  mM  MgCk.  0.2  mM 
each  dNTP  each  primer  at  1  jjlM.  0.25  U  |xL"'  Taq  polymerase,  and 
0.2  mg  mL"'  BSA.  Thermocycling  parameters  were  as  follows:  an 
initial  denaturation  at  94°C  for  2  min.  followed  by  30  cycles  of 
94  C  for  30  sec.  54X  for  30  sec  and  72''C  for  1  min.  followed  by 
a  final  elongation  at  72°C  for  5  min.  Following  amplification  using 
the  M13  primer  pairs.  3  |xL  of  each  PCR  product  were  analyzed  as 
mentioned  earlier.  Prior  to  sequencing,  PCR  products  from  clones 
containing  the  correct  insert  size  were  treated  with  shrimp  alkaline 
phosphatase  (SAP)  and  exonuclease  1  (£.\y>  I)  (Amersham  Bio- 
sciences,  Piscataway.  NJ).  to  degrade  nucleotides  and  single- 
stranded  DNA  (primers)  remaining  after  PCR.  Five  micro  liters  of 
the  M13  PCR  product  were  combined  with  0.5  units  of  SAP  and 
5.0  units  of  Exo  I.  and  incubated  at  37"C  for  30  min,  80°C  for  15 
min,  and  15°C  for  at  least  5  s.  Clean  PCR  products  from  plasmid 
inserts  were  sequenced  bidirectionally  using  the  Big  Dye  Termi- 
nator kit  (Applied  Biosystems,  Norwalk,  CT)  with  MI3  sequenc- 
ing primers,  and  using  5-|xL  reactions  with  0.125  times  the  con- 
centration t.-\i  Big  Dye  reagent  specified  in  the  manufacturer's  pro- 
tocols. Each  5  |j.L  reaction  contained  0.0625  |jiL  of  Big  Dye. 
0.96875  |jlL  of  5x  buffer.  1.6  pmol  of  each  primer,  and  10  ng  of  clean 
PCR  product.  Thermocycling  parameters  were  as  follow:  25  cycles 
of  96°C  for  1  min.  96°C  for  10  sec.  50X  for  5  sec.  60°C  for  4  min, 
followed  by  a  final  incubation  at  4°C  until  the  sequencing  reac- 
tion products  were  precipitated  using  the  ethanol/sodium  acetate  pre- 
cipitation method  (ABI  User  Bulletin,  April  1 1,  2002).  Precipitated 
sequencing  reaction  products  were  resuspended  in  20  (xL  of  Hi-Di 
formamide  (Applied  Biosystems)  and  10  |j.L  of  each  were  elec- 
trophoretically  separated  on  an  ABI  3100  Prism  Genetic  Analyzer. 

RFLP 

For  further  confirmation  of  the  presence  of  P.  marinus  or  P. 
olseiii  DNA,  and  to  further  \'erify  the  specificity  of  the  Perkinsus 
species-specific  primer  sets,  genus-specific  PerklTS-85/750  am- 
plification products  were  digested  with  Mho  I  restriction  endonu- 
clease  (New  England  Biolabs,  Beverly,  MA).  Based  on  analyzing 
published  and  unpublished  sequence  data  of  all  known  Perkinsus 
species,  this  enzyme  will  cut  the  approximately  760  bp  ITS  frag- 
ment of  P.  marinus  DNA  that  is  generated  in  the  genus-specific 
assay  to  yield  a  3-fragment  digestion  profile  unique  to  this  species. 
The  fragments  should  be  approximately  17.226  and  264  bp  in 
length.  For  P.  alseni.  Mlio  1  should  cut  the  ITS  region  fragment  to 


yield  a  4-fragmenl  digestion  profile  w  ith  fragment  lengths  of  ap- 
proximately 64.  85.  251  and  262  bp  in  length.  Each  1()-|jlL- 
digestion  reaction  contained  5  |jlL  of  PCR  product,  8.2  p.L  of 
sterile  distilled  water,  1 .5  p.L  of  lOX  NEB  buffer  3.  and  0.3  jjlL  of 
restriction  enzyme.  As  controls,  separate  oyster  genomic  DNA 
samples,  determined  previously  to  be  infected  with  P.  olseni  and  P. 
marinus.  and  plasmid-purified  P.  cliesapeaki  ITS  DNA  was  first 
amplified  with  the  Perkinsus  genus-specific  primers.  Perk-ITS85/ 
750.  as  described  above  and  then  digested  with  Mho  I  restriction 
endonuclease.  We  chose  to  use  only  P.  marinus.  P.  olseni  and  P. 
eliesapeaki  DNAs  as  controls,  because  these  were  the  Perkinsus 
species,  that  we  expected  might  be  present  in  our  samples.  Perk- 
insus olseni  was  being  used  in  the  experiment  and  P.  marinus  and 
P.  chesapeaki  are  common  to  Chesapeake  Bay  and  potentially 
their  DNAs  could  have  contaminated  the  l-|j.m  filtered  York  River 
water,  although  this  was  not  likely.  PCR  products  were  digested  at 
37°C  for  6  h  and  10  (jlL  of  the  digested  PCR  product  was  elec- 
trophoresed  on  a  3%  agarose  gel  that  was  1.5%  agarose  and  1.5% 
low  melt  agarose  (Fisher  Scientific.  Raleigh.  NO.  stained  with 
ethidium  bromide  and  visualized  under  UV  light.  Images  were 
recorded  with  an  Alpha  Innotech  FlourChem  (SanLeandro.  CA) 
imaging  system. 

Histological  Analysis 

Tissues  preserved  for  histological  analysis  in  Davidson's  solu- 
tion (Shaw  &  Battle  1957)  were  dehydrated  in  a  series  of  ethanol 
baths,  infiltrated  with  paraffin  and  embedded  in  paraffin  blocks 
prior  to  sectioning.  Sections  of  5-|jim  thickness  were  stained  with 
Harris-hematoxylin  and  eosin.  Histological  sections  of  infected 
oysters  were  examined  using  light  microscopy  to  visualize  Perk- 
insus sp.  parasite  cells  /;;  siiu. 

In-situ  Hybridizaliun 

Representative  tissue  sections  from  a  few  of  the  C.  ariakcnsis 
oysters  determined  to  have  P.  marinus  or  mixed  infections  of  both 
P.  marinus  and  P.  olseni  by  species-specific  PCR  were  evaluated  by 
in  situ  hybridization  (ISH).  A  genus-specific  5'  end  digoxigenin- 
labeled  Perkinsus  probe  (Elston  et  al.  2004)  was  used  to  specifi- 
cally target  SSU  rRNA  sequences.  Perkinsus  species-specific 
probes.  PmarLSU- 1 8 1  DIG  (5'-GACAACGGCGAACGACTC-3'), 
specific  to  P.  marinus.  and  PolsLSU-464DIG  (5'-CTCACAAGT- 
GCCAAACAACTG-3').  specific  to  P.  olseni.  were  designed  by 
locating  unique  regions  in  aligned  available  Perkinsus  species 
LSU  rRNA  gene  sequences.  Digoxigenin-labeled  oligos  were  ob- 
tained from  Operon  Biotechnologies.  Inc.  (Huntsville.  AL).  The 
protocol  followed  for  ISH  was  that  previously  published  (Stokes  & 
Burreson.  19951  v\ith  the  modifications  published  by  Elston  et  al. 
(2004).  Pronase  at  a  final  concentration  of  125  p-g  mL"'  was  used 
for  permeabilization  during  a  30-min  incubation,  and  a  probe 
concentration  of  7  ng  p.L"'  was  used  for  hybridization.  The 
species-specific  probes  were  tested  for  specificity  with  numerous 
Perkinsus  sp. -infected  reference  tissues,  including  P.  marinus  in 
C.  virginica.  P.  chesapeaki  in  Mya  arenaria  Linnaeus,  1758  and 
P.  olseni  in  Haliotis  lacvii^ala  Donovan.  1808.  Controls  for  each 
Perkinsus  species-specific  probe  were  tested  identically  except 
that  they  received  hybridization  buffer  lacking  probe  during  the 
hybridization  step. 
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TABLE  1. 

RFTM  ranking  and  PCR-based  Perkiiisiis  genus-specific  assay  screening  results  of  the  challenge  study  oysters  that  were  notched  and 
inoculated  with  either  SASVV  or  cultured  P.  olseni  cells  and  sampled  from  the  experimental  aquaria  on  days  44,  59  and  72. 


Day  44  ( 

n  =  2) 

Day  44  ( 

,1  =  4) 

Day  59  (H  =  2) 

Day  5 

9  (H  =  4) 

Day  72  ( 

II  =  6) 

Day  72 

(H  =  15) 

SASW 

P.  olseni 

SASVV 

P. 

<ilsciii 

SASW 

P.  olseni 

# 

#PCR 

it 

#PCR 

#           #  PCR 

# 

#PCR 

# 

#PCR 

# 

#  PCR 

RFTM  Ranking 

RFTM 

Pos 

RFTM 

Pos 

RFTM         Pos 

RFTM 

Pos 

RFTM 

Pos 

RFTM 

Pos 

None  (Nl 

") 

1 

1 

1 

1 

1 

3 

3 

1 

1 

Rare  (R) 

3 

3 

1 

1 

Very  Light  (VL) 

1 

1 

2* 

2 

Light  (L) 

1 

1 

2 

2 

6 

6 

Light/Moderate  (LM) 

1 

1 

Moderate  (M) 

1                1 

1 

1 

Moderate/Heavy  (MH) 

1                 1 

Heavy  (H) 

1 

1 

Very  Heavy  (VH) 

3 

3 

*  Species-specit"ic  PCR  assays  indicated  that  one  of  these  individuals,  as  well  as  one  P.  (>/.«')(/-inoculated  indixidual  collected  on  day  21  (data  nol  shown), 
contained  DNA  from  both  P.  marinus  and  P.  olseni.  Only  P.  imiriniis  DNA  was  detected  in  all  other  individuals. 


RESULTS 

Genus-specific  PCR  and  RFTM  Assay  Results 

All  tissue  samples  used  for  DNA  extraction  yielded  high  qual- 
ity genomic  DNA  as  indicated  by  strong  1,800  bp  amplification 
products  that  were  clearly  visible  by  UV  illumination  of  agarose 
gels  following  PCR  with  the  SSU  rRNA  gene  universal  primers. 
Perkinsus  genus-specific  PCR-based  diagnostic  screening  of  an 
initial  baseline  subset  of  20  C.  ariakensis  sacrificed  on  January  24, 
2005  showed  that  all  animals  were  free  of  Perkinsus  DNA.  After 
being  held  in  the  laboratory  aquaria  for  59  days,  prior  to  inocula- 
tion, five  C.  ariakensis  were  sacrificed  and  genus-specific  PCR 
screening  indicated  a  100%  prevalence  of  Perkinsus  sp.  DNA. 

RFTM  and  Perkinsus  genus-specific  PCR  screening  results  for 
the  C.  ariakensis  that  were  inoculated  with  SASW  or  P.  olseni 
cells  are  shown  in  Table  I.  RFTM  data  were  not  collected  during 
the  first  day  of  subsampling  (Day  21 ),  however  the  PCR  screening 
indicated  the  presence  of  Perkinsus  sp.  DNA  in  both  oysters 
sampled  from  those  inoculated  with  SASW  and  in  three  of  the  four 
oysters  sampled  from  the  P.  olseni  injections.  There  were  no  Per- 
kinsus cells  observed  by  RFTM  assays  in  the  day  44  SASW 
sample,  although  Perkinsus  sp.  DNA  was  found  by  the  PCR  assay 
in  one  of  the  two  oysters  sampled.  Very  light-light  RFTM  rankings 
were  found  for  two  of  the  four  P.  o/.?('/;/-inoculaled  oysters 
sampled  on  day  44  and  three  of  the  four  were  positive  in  the 
Perkinsus  genus-specific  PCR  assay.  On  day  59  both  of  the 
SASW-inoculated  oysters  sampled  had  moderate-moderate/heavy 
Perkinsus  sp.  tissue  burdens  and  Perkinsus  sp.  DNA  was  found  in 
both  by  the  PCR  assay.  Three  of  the  four  P.  ((/,fe»/-inoculated 
oysters  that  were  sampled  on  day  59  had  light-moderate  infections 
as  indicated  by  the  RFTM  assay  and  Perkinsus  DNA  was  detected 
in  all  four  of  the  oysters.  On  day  72,  when  the  experiment  was 
terminated,  six  SASW-  and  15  P.  olseni-treated  oysters  remained 
and  were  sacrificed.  Perkinsus  DNA  was  found  by  the  PCR  assay 
in  all  of  the  oysters  remaining  from  the  two  treatment  groups 
(Table  1).  Perkinsus  sp.  cells  were  not  detected,  however,  by  the 
RFTM  assay  in  three  of  the  SASW-inoculated  or  in  one  of  the  P. 
o/.?p/?/-inoculaled  oysters.  The  other  three  remaining  SASW- 
inoculated  oysters  had  rare  RFTM  rankings.  Rare-light/moderate 


tissue  burdens  were  found  in  nine  P.  o/,v?«/-inoculaled  oysters  at 
the  end  of  the  experiment  and  four  P.  oAvcnZ-inoculated  oysters  had 
heavy-very  heavy  infections  as  indicated  by  the  RFTM  assay. 

RFTM  and  P.  marinus  PCR  assay  results  for  the  29  untreated 
C.  ariakensis  that  were  still  alive  and  were  sacrificed  on  day  37  of 
the  challenge  experiment  are  shown  in  Table  2.  Eighteen  of  these 
oysters  were  ranked  as  having  rare  to  light  Perkinsus  sp.  tissue 
burdens,  two  were  ranked  as  light/moderate  and  two  as  moderate- 
moderate/heavy  tissue  burdens.  Seven  had  no  observable  Perkin- 
sus sp.  cells  in  the  RFTM  assay,  however  five  of  these  were 
positive  in  the  PCR  assay.  Perkinsus  nun-iiuis  DNA.  as  indicated 
by  the  PCR  assay,  was  found  in  23  of  these  29  untreated  oysters 
(Table  2),  with  no  DNA  detected  in  three  of  the  oysters  with  a  rare 
RFTM  ranking  and  in  one  with  a  light  infection  as  indicated  by  the 
RFTM  assay. 

Mortality  Data 

Mortality  was  observed  in  untreated  oysters  and  in  those  in- 
jected with  either  SASW  or  P.  olseni  (Table  3).  For  the  untreated 
C.  ariakensis,  two  died  during  the  37  day  period  that  they  were 

TABLE  2. 

RFTM  ranking  and  PCR-based  P.  marinus  assay  screening  results 

of  control  untreated  C.  ariakensis  (unnotched  and  uninoculated)  on 

day  37  of  the  challenge  study. 


Day 

37 

(H  = 

29) 

RFTM  Ranking 

#  Individuals 

#P. 

marinus  PCR-H 

None  (N) 

7 

s 

Rare  (R) 

7 

4 

Very  Light  (VL) 

3 

3 

Light  (L) 

8 

7 

Light/Moderate  (LM) 

2 

2 

Moderate  (M) 

1 

1 

Moderate/Heavy  (MH) 

1 

1 

Heavy  (H) 

Very  Heavy  (VH) 

(Note;  P.  olseni  DNA  was  not  detected  in  any  of  these  oysters.] 
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TABLE  3. 

Daily  obserMtl  ('.  arinkensis  mortalities  during  the  course  of  the 
challenge  experiment. 


Dav 


Untreated 


25  ppt  SASW 


Perkinsiis  olseni 


2 

1 

11 

1 

37 

43 

na 

44 

na 

53 

na 

55 

na 

5S 

na 

59 

na 

64 

na 

66 

na 

72 

na 

*  na  =  not  applicable  because  the  oysters  from  llie  unlreated  tank  uerc 

sacrificed  on  day  37. 

Column  headings  indicate  the  sample  treatments. 

held  in  the  aquaria.  For  the  SASW  treatment  and  the  P.  olseni 
treatment,  cumulative  mortality  after  72  days  was  40.0%  and 
46.2%,  respectively.  Of  the  27  dead  C.  ariakciisis  removed  from 
the  untreated  tank  and  the  experimental  aquaria  during  the  course 
of  the  experiment,  it  was  possible  to  conduct  RFTM  analysi.s  on  I  I 
oysters  and  PCR  analysis  on  22.  All  tissues  taken  from  dead  C 
ariakciisis  were  PCR  positive  for  Perkinsiis  sp.  DNA.  Of  these  I  1 
oysters  examined  by  RFTM.  2  had  none,  or  rarely  observable 
Perkinsiis  sp.  cells.  2  had  very  light  or  light  tissue  burdens.  I  had 
a  light/moderate  tissue  burden  and  6  had  moderate  to  heavy  tissue 
burdens  of  Perkinsiis  sp.  cells. 

Species-speiiju-  PCR  Screening  fnr  Perkinsus  marinus  and 
Perkinsus  olseni 

DNAs  from  all  oysters  shown  to  be  PCR  positive  with  the 
Perkinsus  genus-specific  assay  were  analyzed  using  both  P.  iiiari- 
/;((.s-specific  and  P.  olseni-specifk  primers.  Because  the  P.  olseni 
primers  were  new  for  this  study,  specificity  was  tested  against  P. 
marinus  and  P.  ehesapeaki  DNAs.  The  P.  olseni  primers  did  not 
amplify  DNA  from  these  other  Perkinsus  species.  Sequencing  of 
amplification  products  further  confirmed  the  specificity  as  se- 
quences of  amplification  products  from  all  positive  P.  olseni- 
specific  reactions  matched  those  of  GenBank  deposited  P.  olseni 
{P.  atlantieus)  sequences.  The  five  C.  ariakensis  taken  as  a  base- 
line sample  immediately  prior  to  the  start  of  the  study,  and  all 
untreated  oysters  had  only  P.  marinus  DNA.  In  addition,  all  but 
two  of  the  C.  ariakensis  that  were  SASW-  or  P.  ()/,f('/;/-inoculated 
and  that  were  Perkinsus  sp.  positive  with  the  genus-specific  prim- 
ers, were  positive  for  only  P.  marinus  DNA.  Two  oysters  that  were 
inoculated  with  P.  olseni  at  the  start  of  the  challenge  and  were 
sampled  on  days  21  and  72  were  positive  for  both  P.  marinus  and 
for  P.  olseni  DNA.  Tissue  from  all  dead  oysters  collected  from 
either  the  experimental  or  untreated  aquaria  were  found  to  be 
PCR-positive  for  P.  muriniis  only. 

Kl  l.r  Results 

The  P.  olseni  and  P.  nimiiiiis  positive  control  DNA  isolated 
from  culltired  cells,  and  plasmid-ptirified  Perkinsus  ehesapeaki 


ITS  region  DNA.  were  amplified  in  the  Perkinsus  genus-specific 
assay  and  were  digested  with  Mho  I  restriction  endonuclease.  Re- 
sults confirmed  that  P.  marinus  ITS  region  DNA  has  a  unique 
digestion  profile  when  digested  with  Mho  I  and  the  observed  frag- 
ment sizes  of  approximately  17  bp.  226  bp  and  264  bp  were 
consistent  with  the  fragment  sizes  expected  for  P.  marinus. 

Histology 

Ten  animals  shown  by  PCR  to  have  Perkinsus  sp.  DNA.  and 
whose  tissues  showed  light  to  very  heavy  RFTM  rankings  were 
chosen  for  further  histological  examination.  A  tissue  section  from 
one  animal  with  a  very  heavy  RFTM  ranking  that  had  died  during 
the  experiment  showed  gross  lesions  (Fig.  I  A)  and  observable 
parasite  cells  when  stained  with  Harris-hemotoxylin  and  eosin 
(Fig.  IB).  Parasite  cells  were  numerous  and  observed  systemically 


Figure  1.  H&E-stained  histological  section  of  Perkinsus  marinus  le- 
sions in  the  gonad  of  Crassoslrea  ariakensis.  lAl  Low  power  photomi- 
crograph showing  the  extent  of  the  lesions  (arrows)  in  the  vicinity  of 
the  gonoduct  (g).  Square  represents  the  area  shown  in  B.  (B)  Higher 
magnitication  in  the  vicinity  of  a  gonoduct  (g)  showing  P.  marinus  ceils 
(arrows)  in  the  lesions. 
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throughout  the  visceral  mass.  Obvious  lesions  caused  by  Perkiiisiis 
sp.  infection  were  not  observed  by  histology  in  tissue  sections 
taken  from  animals  with  light  or  moderate  PerkiiisKs  sp.  tissue 
burdens  as  determined  by  the  RFTM  assays. 

ISH  Assay  Kes tills 

In-silH  hybridization  probes  designed  to  target  the  LSU  rRNA 
genes  of  P.  niuriiiiis  or  P.  olsciii  exhibited  specificity  for  the  tar- 
geted Perkiitsus  species.  In  the  specificity  tests,  the  P.  muiinus 
probe  hybridized  only  to  the  Peikinsiis  cells  in  the  sample  of  P. 
mariniis  in  C.  virginica  and  the  P.  olseni  probe  hybridized  to 
Perkinsus  sp.  cells  in  the  control  sample  of  P.  olseni  in  Halictis 
laevigata.  The  probes  did  not  cross-react  with  nontargeted  Perk- 
insus species  or  host  tissues  in  other  control  samples.  Figure  2A  to 
D  shows  four  consecutive  sections  from  the  heavily  infected  oyster 
shown  in  Figure  1 .  Figure  2A  is  an  H&E-stained  section.  Figure 
2B  shows  positive  in-silii  hybridization  with  the  PmarDIGLSU- 
181  probe  to  Perkinsus  sp.  cells  indicating  that  the  lesions  were 
caused  by  P.  marinus.  The  P.  luarinus-speclfic  probe  bound  to 
cells  throughout  the  digestive  epithelium,  gonads  and  gonoducts. 
In  situ  hybridization  reactions  conducted  without  probe  (Fig.  2C), 
or  with  the  PolsDIGLSU-464  probe  {Fig.  2D),  produced  no  signal 
in  host  tissues  of  this  oyster.  The  PolsDIGLSU-464  probe  was  also 
tested  against  two  individuals  that  were  inoculated  with  P.  olseni 
and  found  to  harbor  both  P.  nuiriniis  and  P.  olseni  DNA  by  the 
PCR  assays.  The  P.  marinus  probe  hybridized  to  Perkinsus  sp. 
cells  in  the  dually  infected  oysters,  however,  no  binding  of  the  P. 
olseni  probe  was  observed,  suggesting  that  infections  by  P.  olseni 
were  extremely  light,  or  that  only  P.  olseni  DNA  was  present  and 
not  viable  cells. 


DISCUSSION 

Initial  screening  using  a  PCR-based  diagnostic  method  on  a 
sample  of  the  triploid  C.  ariakensis  oysters  that  were  obtained  for 
the  challenge  study  suggested  that  they  did  not  harbor  P.  marinus. 
A  small  sample  (/i  =  5)  of  these  oysters  screened  59  days  later, 
however,  had  100%  P.  marinus  DNA  prevalence  as  indicated  by 
the  P.  marinus-  specific  PCR  assay.  We  suggest  that  the  C  ari- 
akeiisis  oysters  either  acquired  a  small  number  of  P.  marinus  cells 
that  were  not  numerous  enough  to  be  detected  by  our  initial  PCR 
assay  of  gill/mantle  tissue,  while  in  the  VIMS  hatchery  before 
collection  for  this  experiment,  or  while  being  held  in  unfiltered 
\'ork  River  water  for  4  days  prior  to  being  brought  into  the  aquaria 
where  they  were  subsequently  held  only  in  filtered  York  River 
water.  The  P.  marinus  proliferated  to  PCR  detectable  levels  after 
39  days  in  aquaria  with  disease  developing  and  mortality  subse- 
quently occurring  in  not  only  those  oyster  groups  that  had  been 
subjected  to  notching  and  inoculation  with  either  SASW  or  P. 
olseni  for  the  challenge  study,  but  also  in  the  control  group  of 
unnotched  and  untreated  oysters  that  were  simply  held  for  an  ad- 
ditional .^7  days  during  the  challenge  experiment. 

RFTM  and  PCR  assay  results  for  the  C.  ariakensis  initially 
inoculated  with  either  25  ppt  SASW  or  cultured  P.  olseni  cells  for 
the  challenge  study  revealed  a  progression  of  P.  marinus  infection 
in  the  oyster  tissues.  Sampling  and  subsequent  PCR-based  screen- 
ing of  both  the  25  SASW  and  P.  ('/.sc/jZ-inoculated  oysters  on 
Days  21  and  44  indicated  that  P.  marinus  DNA  was  found  in 
83.3%  and  66.7%  of  the  oysters,  respectively.  We  believe  that  the 
apparent  decrease  in  P.  marinus  prevalence  on  day  44  reflects 
sampling  eiTor  related  to  the  small  sample  sizes  Ui  =  6)  assayed 
to  determine  PCR-based  Perkinsus  sp.  prevalence  at  each  time 
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Figure  2.  Perkinsus  mariuiis  in  Crassoslrea  ariakensis.  (.\)  H&K-slaini'd  histological  section  in  the  ticinitv  of  u  gonoduci  Igl  showing  Perkinsus 
marinus  lesions  (arrovvsl.  (B)  In  situ  hybridization  with  the  /'.  /;mri»»v-specinc  probe,  I'marlSILSllDIG,  illustrating  strong  binding  to  the 
Perkinsus  sp.  cells  (arrows).  (C)  No  probe  negative  control  showing  no  binding  to  the  C.  ariakensis  tissue.  (I))  /;;  situ  hybridization  with  the  P. 
o/sf/ii-speeific  probe,  Pol.s4A4LSL'UlG,  illustrating  no  binding  to  the  Perkinsus  sp.  cells. 
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point.  Although  P.  olseni  DNA  was  found  \n  two  ol  the  /-■.  ohciii- 
inoculated  oysters  (one  each  on  days  21  and  72).  there  was  an 
increase  in  the  observed  PCR  prevalence  of  P.  inahnus  DNA  to 
1009r  in  samples  of  all  treated  oysters  collected  on  days  39  and  72. 
Likewise,  as  determined  b\  RFTM  assays,  the  tissue  burdens  for 
the  two  positive  indisiduals  were  light  in  the  P.  o/.vc/K-treated 
oysters  collected  on  day  44  of  the  experiment.  However,  among 
samples  of  these  same  oyster  groups  that  were  collected  on  days  f>9 
and  72.  not  only  light  infections,  but  also  moderate  to  very  heavy 
tissue  burdens  were  observed.  Interestingly,  disease  progression  in 
those  C.  ariakensis  not  notched  or  inoculated,  mimicked  that  seen 
in  the  manipulated  experimental  oysters  based  on  the  RFTM-based 
tissue  burdens.  By  day  37  when  the  control  oysters  were  sacrificed, 
the  observed  Perl<insus  sp.  tissue  burdens  ranged  from  light  to 
moderate/heavy. 

During  the  course  of  the  experiment,  there  were  many  instances 
where  dead  oysters  were  discovered  in  the  \arious  treatment 
groups,  with  little  or  no  tissue  available  for  either  PCR  or  RFTM 
analysis.  It  is  important  to  note,  however,  that  of  the  I  dead  oysters 
with  available  tissue,  more  than  half  (55*)  had  moderate  to  heavy 
tissue  burdens. 

Prevalence  and  intensity  of  P.  iiuiiiiiiis  infections  in  C.  vir- 
giiiica  oysters  are  closely  linked  to  temperature  and  salinity,  and 
the  rate  of  infection  in  the  natural  environment  is  believed  to  be 
proportional  to  the  number  of  waterbome  infective  cells  (Andrews 
&  Hewatt  1957,  Chu  et  al.  1994).  Warm  water  temperatures,  20°C 
to  25°C,  and  high  salinity  >15  ppt.  have  been  shown  to  correlate 
with  times  of  rnaximal  proliferation  of  parasite  cells,  as  well  as 
highest  incidences  of  infection  in  oysters  (Andrews  &  Hewatt 
1957.  Chu  et  al.  1994).  Mortality  of  infected  oyster  hosts  depends 
on  the  level  of  infection,  with  an  apparent  dose  of  between  10  and 
100  cells  adequate  to  establish  infection  (Chu  1996).  Because  of 
the  effects  of  salinity  and  temperature  on  the  parasite,  the  infec- 
tions caused  by  P.  marinus  are  seasonal  in  the  Chesapeake  Bay. 
with  maximum  parasite  prevalence  recorded  in  late  summer  and 
minimum  prevalence  observed  during  the  winter  months  (Bune- 
son  &.  Ragone  Calvo  1996).  York  River  water  conditions  during 
the  time  that  the  oysters  were  in  the  holding  tank  were  approxi- 
mately 9°C  and  16  ppt  salinity.  Environmental  conditions  of  the 
York  River  were  not  likely  favorable  for  P.  marinus  proliferation 
at  the  start  of  these  experiments;  however,  it  has  been  shown  that 
parasite  cells  can  remain  viable  in  over  wintering  conditions  of 
temperatures  as  low  as  4''C  and  a  salinity  of  4  ppt  (Chu  &  Greene 
1989,  Ragone  Calvo  &  Burreson  1994,  Chu  1996).  Therefore,  we 
cannot  discount  the  possible  presence  of  parasite  cells  in  the  York 
River  water  during  the  holding  period,  when  the  oysters  were  in 
unfiltered  water.  The  experimental  conditions  under  which  the 
oysters  were  held,  20°C  and  25  ppt  salinity,  would  have  favored 
the  proliferation  of  P.  marinus  cells  present  in  the  oysters,  ac- 
counting for  the  increase  in  infection  prevalence  observed  after  the 
baseline  sampling. 

Cumulative  mortalities  were  highest  in  those  treatments  where 
oysters  were  subjected  to  the  extra  stress  of  notching  and  injection, 
and  the  highest  Perkinsus  sp.  tissue  burdens  were  seen  in  dead  C. 
ariakensis.  We  may  have  observed  higher  cumulative  mortalities 


in  the  untreated  control  oysters,  as  well,  had  they  been  held  for  a 
longer  time  period.  In  C.  virginica.  digestive  gland  epithelia  and 
the  stomach  are  often  heavily  colonized  with  P.  marinus  and  dam- 
aged. As  parasite  proliferation  increases  to  lethal  levels,  massive 
tissue  sloughing  occurs,  which  exentually  contributes  to  the  death  of 
the  animals  (Mackin.  1951).  In  this  study,  tissue  sections  from  a 
moribund  C.  ariakensis  with  a  very  heavy  RFTM  ranking  showed 
dense,  systemic  P.  marinus  infection  and  the  ISH  assays  confirmed 
that  all  of  the  observable  Perkinsus  sp.  cells  were  P.  marinus.  Col- 
lectively, the  results  presented  here  strongly  suggest  that  P.  marinus 
was  an  important  contributing  factor  to  the  death  of  these  oysters. 

Because  P.  olseni  was  found  during  a  recent  survey  of  C. 
ariakensis  populations  in  Asia  (Moss  &  Reece  2005).  this  study 
was  initiated  to  examine  the  pathogenicity  of  P.  olseni  to  C.  ari- 
akensis. At  the  termination  of  this  experiment,  however,  PCR 
based  diagnostics  suggested  that  a  relatively  low  number  of  the  P. 
o/ieoZ-inoculated  C.  ariakensis  (/;  =  2)  harbored  both  P.  marinus 
and  P.  olseni  DNA.  This  result  may  indicate  that  C.  ariakensis  are 
not  readily  susceptible  to  P.  olseni.  or  that  virulence  attenuation  of 
the  parasite  may  have  occurred  during  the  culturing  period  prior  to 
the  use  of  the  parasite  as  inoculum.  Virulence  attenuation  with 
in-vitro  cultured  P.  uuiriims  cells  has  been  documented  (Ford  et  al. 
2002).  Recent  studies,  however,  have  demonstrated  that  cultured 
cell  virulence  is  enhanced  by  supplementing  media  with  host  oys- 
ter homogenate  (Maclntyre  et  al.  2003.  Eamhart  et  al.  2004)  and 
therefore,  we  plan  to  do  homogenate  supplementation  of  media  for 
Perkinsus  sp.  isolates  used  in  future  challenge  studies. 

Although  little  data  on  P.  olseni  pathogenicity  was  obtained 
during  this  expermient,  it  provided  valuable  information  regarding 
the  potential  for  advanced  P.  marinus  infections  to  occur  in  C. 
ariakensis.  Prior  field  studies  conducted  in  Chesapeake  Bay  have 
indicated  that  although  C.  ariaken.sis  is  capable  of  acquiring  P. 
marinus  infections  (Calvo  et  al.  2001 ).  there  was  no  evidence  that 
C.  ariakensis  was  susceptible  to  the  advanced  parasite  infections 
known  to  occur  in  C.  virginiea.  We  contend  that  the  experimental 
environmental  conditions,  under  which  the  oysters  were  held  for  a 
total  of  5  months,  combined  with  the  stress  of  the  unnatural  aquaria 
environment  and  experimental  manipulation,  may  have  promoted 
the  development  of  the  intense  P.  marinus  infections  in  C.  ariak- 
ensis that  were  observed  here.  This  study  provides  valuable  infor- 
mation on  potentially  problematic  disease  issues  including  parasite 
proliferation  that  can  arise  if  P.  nuirinus-'mfecled  C.  ariakensis 
encounter  stress  challenges  in  the  wild  or  aquaculture  environ- 
ment, or  if  they  are  held  in  hatcheries  or  laboratories  under  stress- 
ful conditions. 
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AGE  AND  GROWTH  OF  WILD  SUMINOE  {CRASSOSTREA  ARIAKENSIS,  FUGITA  1913)  AND 
PACIFIC  (C.  GIGAS,  THUNBERG  1793)  OYSTERS  FROM  LAIZHOD  BAY,  CHINA 
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ABSTRACT  Shell  height  ;il  age  estiiiiates  IVoin  Suniinoe  ( Oo.wo.srrra  ariakensis)  and  Pacifie  (C.  ,t;(,i;(/,v)  oysters  from  a  natural  oyster 
reef  in  Laizhou  Bay.  China  were  compared  with  shell  height  at  age  estimates  from  triploid  C.  urialiciuis  of  known  age  from  the 
Rappahannock  River.  Virginia.  C.  uriakensi.s  and  C.  gigm  reach  shell  heights  in  excess  of  7fi  mm  {3  inches)  within  2  years  after 
settlement  regardless  of  the  source  location.  This  fast  growth  appears  to  continue  through  at  least  age  4  or  age  5  in  wild  individuals, 
because  the  growth  trajectories  for  both  species  had  not  reached  asymptotic  height  in  the  oldest  individuals  collected.  Estimates  of  the 
asymptotic  maximum  height  (SH„,aJ  from  fitted  Von  Bertalanffy  (VB)  growth  models  were  greatest  for  Chinese  C.  ariakeiuis  (244.0 
mm.  standard  error  of  the  mean  [SE]  30.4)  and  near  the  maximum  shell  height  (227.0  mm)  measured  at  the  time  of  collection. 
Maximum  shell  heights  measured  on  live  Chinese  C.  gigas  (173.0  mm)  and  Rappahannock  C.  ariakensis  (190.0  mm)  were  also  within 
the  standard  error  estimates  for  the  SH,„,,^  estimates  from  the  fitted  VB  models  for  Chinese  C.  ,?(,?o.v  (158.6  mm.  SE  20.3)  and 
Rappahannock  C.  ariakciisi.s  ( 1 83  mm.  SE  19.1 ).  Fitted  VB  growth  curves  were  not  significantly  different  between  species  within  the 
same  habitat,  within  species  in  different  habitats  or  between  species  in  different  habitats.  The  ratio  of  shell  height  to  shell  width  and 
shell  height  to  shell  inllation  for  tnplnid  C.  (iiiakcnsis  was  significantly  less  than  similar  ratios  observed  in  wild  C.  uriakeiisis  and  C. 
gigas  oysters. 

KEY  WORDS:  Suminoe  oyster.  Crassosiira  tiricikcnsis.  Pacific  oyster.  Crassoslrea  gigus.  age  determination,  bivalves,  oysters, 
growth  rates,  resilium 


INTRODUCTION 

Bivalves  catry  a  complete  record  of  their  lives  in  their  shells 
(Pannella  &  MacClintock  1968,  Lutz  &  Rhoads  1980.  Richardson 
2001).  Environmental  change.s  as  well  as  seasonal  changes  in  bi- 
ology and  physiology  are  recorded  in  the  shell  structure  as  external 
rings,  internal  lines  and  growth  increments  or  both  (e.g..  Pannella 
&  MacClintock  1968,  Lutz  &  Rhoads  1980.  Ropes  1985.  Rich- 
ardson 2001).  Using  the  terminology  of  Richardson  (2001),  a 
growth  line  is  an  internal  line  deposited  once  a  year  (annually), 
whereas  the  annual  growth  increment  is  the  distance  separating 
adjacent  growth  lines.  In  oysters,  internal  growth  lines  may  be 
ob.served  in  the  resilium  of  the  hinge  structure  (Richardson  et  al. 
1993a,  1993b,  Kirby  et  al.  1998,  Richardson  2001)  and  in  the 
middle  homogenous  shell  layers.  The  resilium  is  protected  from 
damage  or  erosion  by  the  valves.  During  periods  of  reduced  shell 
growth,  the  ligatnent  growth  also  slows  producing  growth  lines  in 
both  shell  and  resilium  (Richardson  2001).  In  temperate  oysters, 
the  annual  growth  cycle  includes  one  thick,  grey  growth  line  de- 
posited in  between  white  growth  increments  (Richardson  et  al. 
1993a).  Enumerating  the  thick  grey  growth  lines  within  a  resilium 
or  shell  cross  section  provides  an  estimate  of  age  (years)  for  the 
oyster  (Richardson  et  al.  1993a,  1993b.  Kit-by  et  al.  1998.  Rich- 
ardson 2001). 

Pacific  (Crassostrea  gigas.  Thunberg  1793)  oysters  are  cul- 
tured for  commercial  purposes  around  the  world  with  initial  intro- 
ductions often  made  to  supplement  native  oyster  stocks  (see  re- 
views by  Mann  1981,  Mann  et  al.  1991,  Shatkin  et  al.  1997),  In 
recent  years,  Suminoe  (C  ariakensis.  Fugita  1913)  oysters  have 
also  been  proposed  as  candidates  for  commercial  ac|uaculture  and/ 
or  introductions  to  supplement  native  oyster  stocks  (e.g..  Langdon 
&  Robinson  1996,  Hallerman  et  al.  2002)  Whereas  little  is  known 
about  the  population  age  stmcture  of  wild  populations  of  either 
species  in  natural  reef  settings  in  their  native  Asian  waters,  some 
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data  on  growth  rates  in  native  waters  are  available.  Zhang  and  Lou 
(1956,  reported  by  Zhou  &  Allen  2003)  report  Chinese  C.  aria- 
kensis reaching  sizes  of  100-160  imii  shell  height  in  2-3  y, 
whereas  Fujimori  (1929,  reported  by  Cahn  1950)  describes 
Japanese  C.  ariakensis  reaching  197-min  shell  height  at  ages  of  6 
y;  C.  ariakensis  from  China  and  Japan  are  described  as  large 
reaching  sizes  in  excess  of  200  mm  shell  height  (Torigoe  1981). 

The  observed  morphology  of  these  oysters  is  variable.  The 
morphology  of  C.  ariakensis  has  been  described  as  discoid 
(Ahmed  1971)  and  oval  or  rounded  with  relatively  flat  shell  layers 
with  only  the  left  valve  concave  (Wakiya  1929,  Torigoe  1981). 
Wakiya  (1929)  describes  shells  of  C.  ariakensis  from  soft  mud 
habitats  as  "extremely  elongated"  and  difficult  to  distinguish  from 
C.  gigas  found  on  mud  bottotiis.  C.  gigas  are  also  described  as 
large  (reaching  shell  heights  >400  mm,  Torigoe  I98I)  but  both 
valves  are  concave  with  rippled  shell  layers  (Torigoe  1981,  Lang- 
don &  Robinson  1996).  Torigoe  ( 198 1)  de.scribes  C.  gigas  as  "o\a.\ 
to  spatulate."  but  Wakiya  ( 1929)  describes  adult  C.  gigas  as  "ex- 
tremely elongated". 

The  objectives  of  this  study  are  to  describe  shell  morphology, 
shell  height  at  age  relationships  and  growth  curves  for  wild  C. 
ariakensis  and  C.  gigas  specimens  collected  concurrently  from  a 
natural  population  of  reef  oysters  in  Laizhou  Bay.  Gulf  of  Bohai, 
China  and  compare  these  data  with  shell  morphology,  shell  height 
at  age  relationships,  and  growth  curves  for  triploid  C.  ariakensis 
grown  in  Chesapeake  Bay.  USA. 

METHODS 

Sample  Collection 

Oysters  of  both  species  were  collected  from  the  same  natural 
intertidal  oyster  reef  in  Laizhou  Bay,  Gulf  of  Bohai,  China 
(37°14'38.0,  1I9°03'29.9)  during  a  quadrat  survey  conducted  in 
June  2004  by  Dr.  Mark  Luckenbach  ( Virginia  Institute  of  Marine 
Science  (VIMS),  Eastern  Shore  Laboratory)  and  Dr.  Christopher 
Richardson  (University  of  Wales  Bangor,  Menai  Bridge).  Ambient 
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salinities  were  30  ppt  at  the  time  of  collection.  Oyster  shells  were 
separated  from  meats  in  the  field  at  the  lime  of  collection.  Shells 
were  labeled,  bagged  and  shipped  as  \'al\e  pairs  coiresponding  to 
individuals.  The  species  co-occurred  on  the  reef  and  were  distin- 
guished from  each  other  by  genetic  analyses  (mitochondrial  16S- 
based  molecular  key,  per  Banks  et  al.  1993)  of  tissue  samples 
conducted  by  Dr.  Ryan  Carnegie  (VIMS,  Department  of  Environ- 
mental and  Aquatic  Animal  Health).  A  total  of  11  C.  ariakensis 
individuals  and  186  C.  gigas  individuals  were  identified  from  this 
collection  on  the  basis  of  genetic  analyses. 

Four  triploid  C.  ariakensis  were  collected  from  the  lower  Rap- 
pahannock River.  Virginia  during  May  2004  as  the  remnant  of  a 
controlled  field  experiment  conducted  with  aquacultured  triploid 
C.  ariakensis  in  2001  (Dr.  J.  Wesson.  Virginia  Marine  Resources 
Commission).  These  animals  were  spawned  at  VIMS  in  June  2000 
(Dr.  S.  K.  Allen.  VIMS  Aquaculture  Genetics  and  Breeding  Tech- 
nology Center,  pers.  comm.);  thus  when  they  were  collected  and 
again  certified  as  triploid  in  May  2004  they  were  approximately  4 
years  old. 

Laboratory  Methods 

The  hinge  structure  and  shell  morphology  of  each  individual 
oyster  was  examined  to  evaluate  suitability  for  sectioning  and  age 
estimation.  Oysters  in  which  the  resilium.  adductor  muscle  scar 
and  growth  edge  on  the  left  valve  that  formed  a  straight  line  were 
deemed  suitable  for  aging  and  were  set  aside.  A  total  of  nine 
Chinese  C.  ariakensis  and  19  Chinese  C.  gigas  were  suitable  for 
estimation  of  age  and  growth  rates.  All  four  of  the  Rappahannock 
triploid  C.  ariakensis  were  used  for  age  estimation. 

The  shells  for  estimation  of  age  and  growth  rates  were  gently 
cleaned  to  remove  attached  epifauna  using  a  sonicator.  Measure- 
ments of  shell  height  (SH,  maximum  dimension  from  the  hinge  to 
the  growth  edge.  mm),  maximum  shell  width  (SW.  maximum 
dimension  peipendicular  to  the  hinge  across  one  valve,  mm)  and 
maximum  shell  inflation  (SI.  maximum  dimension  perpendicular 
to  the  hinge  across  both  valves,  mm)  were  made  for  each  indi- 
vidual (Fig.  I ).  The  ratios  of  ( I )  SH  to  SW  and  (2)  SH  to  SI  were 
calculated  for  each  individual  as  metrics  to  describe  shell  shape. 
SH:SW  ratios  near  1  indicate  a  disk  shaped  or  round  individual, 
whereas  SH:SW  ratio  values  >2  are  indicative  of  individuals  that 
are  long  and  narrow.  SH:SI  ratios  provide  an  index  of  cupping  or 
depth.  SH;SI  ratio  values  near  I  indicate  an  individual  that  is  as 
deep  or  cupped  as  it  is  long  (a  spherical  oyster),  whereas  higher 
SH:SI  values  describe  oysters  that  are  longer  than  they  are  deep. 
SH:SW  and  SH:SI  ratios  were  compared  across  species  within  a 
site  (Chinese  C.  ariakensis  vs.  Chinese  C.  gigas)  and  across  sites 
within  a  species  (Chinese  vs.  Rappahannock  C.  ariakensis)  using 
1-way  ANOVAs  with  significance  values  set  at  f  =  0.05  a  priori. 

Shells  were  sectioned  from  hinge  to  the  growth  edge  along  a 
straight  line  that  included  the  resilium  and  adductor  muscle  scar 
(the  major  axis  of  growth.  Fig.  1  (a)  using  a  diamond  blade  saw. 
Shell  cross-sections  were  polished  using  wetable  carborundum 
disks  (240  through  600  grit)  and  diamond  polishing  suspension 
(Buehler  Metadai.  6  and  I  ixm  suspension).  Shells  were  allowed  to 
dry  thoroughly  after  polishing  before  examination  for  growth  sig- 
natures. 

The  section  of  the  left  valve  containing  the  hulk  ot  the  adductor 
muscle  scar  was  used  for  shell  cross-section  evaluation.  The  num- 
ber of  growth  lines  within  each  shell  cross  section  were  counted  by 
following  the  thick  grey  lines  that  were  continuous  from  the  hinge 


A. 
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Figure  1.  t.\)  .Sketch  of  the  left  \a\\e  of  a  Crassoslrea  shell  «ith  the 
umbo  (li|,  resilium  (Rl.  and  adductor  muscle  scar  (.\MS|  shown  as 
reference  points.  Morphological  measurements  made  for  each  shell  are 
shown  including  shell  height  (SH.  mml,  shell  width  (SW),  and  shell 
inflation  (SIl.  After  morphological  measurements  were  made,  a  radial 
cross  section  IRCS)  was  made  for  each  shell  follow hig  the  growth 
trajectory  through  the  resilium  (R)  and  AMS  to  the  growth  edge  (G). 
(Bl  Sketch  of  a  vahes  of  a  Crasstistrea  shell  In  profile  showing  where 
the  measurement  for  shell  intlatlon  (SI)  was  made. 

to  the  outer  shell  layer  throughout  the  valve  radial  cross  section 
(Fig.  2a).  Lines  visible  in  the  cross  section  had  to  also  be  visible  in 
the  resilium  structure  to  be  included  (Fig.  2b).  The  position  of 
growth  lines  along  the  radial  cross  section  in  relation  to  the  resi- 
lium of  the  hinge  ligament  provides  a  growth  curve  for  individual 
animals.  The  distance  from  the  hinge  to  the  emergence  of  a  growth 
line  in  the  shell  exterior  of  the  radial  cross  section  was  measured 
(mm)  for  each  shell.  The  resilium  was  used  to  validate  cross  sec- 
tion lines  given  the  foliation  and  ornamentation  found  in  the  shells 
of  larger  specimens.  Shell  height  (mm)  at  age  (yr)  curves  were 
plotted  for  populations  based  on  the  sequential  measurements  of 
growth  lines  (height  at  age)  made  from  left  valve  cross  sections 
from  a  size  range  of  individuals. 

Population  growth  curves  (age  (yr).  shell  height  (mm))  were 
fitted  using  the  von  Bertalanffy  (VB)  model  (von  Bertalanffy 
1938)  with  nonlinear  least  squares  regression.  This  model  de- 
scribes maximum  growth  and  does  not  assume  rotational  symme- 
try about  an  inflection  point  (Brown  &  Rothery  1993).  It  has  been 
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Figurt  2.  A.  Sketch  of  a  radial  cross  section  of  a  Crassrislrca  left  >alve 
sliowing  the  annual  growth  lines  (black  arrows).  Shell  height  at  age 
measurements  were  made  along  axis  V-C  from  the  umbo  to  locations 
where  the  annual  growth  lines  ended  at  the  periostracum  (P).  B.  Pho- 
tograph of  a  representative  resilium  radial  cross  section  from  a  2-j  ear- 
old  C.  gii;as  with  the  annual  growth  lines  marked  (black  arrows). 


used  e.xtensively  to  describe  the  growth  of  other  species  of  shell- 
fish (e.g..  Spisiila  solicHssiuia,  Sephton  &  Bryan  1990:  Raiiiiia 
ciineata.  Fritz  et  al.  1990,  Merceiniria  nwneiuirid.  Jones  et  al. 
1990.  Devillers  et  al.  1998.  Ostrea  ediilis.  Richardson  et  al.  1993a 
and  Tiostrea  {=  Ostrea)  liiraria.  Richardson  et  al.  1993bl.  The 
mode!  equation  is: 


SH,  =  SH„ 


-l^ll-tni 


a  J  1  -  e 

where  SH,  is  the  shell  height  at  time  t.  SH,„^,^  is  the  maximum  or 
asymptotic  shell  height.  t„  is  the  size  at  time  0.  and  k  is  a  rate 
constant. 

The  fitted  VB  growth  curves  for  populations  of  Chinese  C. 
ariakensis,  Chinese  C.  gigas,  and  cultured  Rappahannock  C.  ari- 
akensis were  compared  as  pairs  using  the  nonlinear  coincident 
curve  method  described  by  Haddon  (2001 )  based  on  Chen  et  al. 
(1992)  and  Zar  (1996).  This  method  compares  two  curves  using 
the  analysis  of  the  residual  sum  of  squares  to  test  if  two  or  more 
nonlinear  curves  are  statisticallv  different  (Haddon  2001 ). 


RESULTS  AND  DISCUSSION 

Murplwlogy 

C.ariakensis  from  the  Rappahannock  River  were  more  cupped 
than  similarly  sized  individuals  of  either  species  from  China  as 
indicated  by  inflation  measurements  and  SH:SI  ratios  (Table  1. 
Fig.  3,  Fig.  4).  The  triploid  Rappahannock  River  individuals  were 
discoid  (plate-like)  when  viewed  from  above  as  indicated  by 
SH:SW  ratios  near  1  (Table  1.  Fig.  3,  4).  Ratios  of  SH:SW  and 
SH:SI  for  Rappahannock  C.  ariakensis  were  significantly  less  than 
the  same  ratios  for  Chinese  C.  ariakensis  (ANOVAs.  DF  =  1.  F 
=  28.1  (SH:SW)  and  F  =  8.86  (SH:SI).  P  <  0.05).  Ratios  of 
SH:SW  and  SH:SI  from  Chinese  C.  ariakensis  and  C.  gigas  were 
similar  (ANOVAs,  DF  =  1.  F  =  0.73  (SH:SW)  and  F  =  0.47 
(SH:SI).  P  >  0.40).  Ratios  from  all  four  species  and  site  combi- 
nations satisfied  assumptions  of  homogeneity  and  normality  with- 
out transformation.  The  wild  Chinese  C.  ariakensis  and  C.  gigas 
were  typically  long  (SH).  naiTow  (SW).  and  flatter  in  profile  (SI) 
with  higher  SH:SW  and  SH:SI  ratios  than  the  Rappahannock 
River  C.  ariakensis  (Table  1.  Fig.  3.  4).  The  descriptions  and 
photographs  of  C.  ariakensis  provided  by  Cahn  (1950)  and 
Torigoe  ( 1 98 1 )  from  Ariake  Bay,  Japan  are  similar  in  terms  of 
shape  (tongue-like)  and  SH:SW  ratio  to  the  large  Chinese  C.  ari- 
akensis and  C.  gigas  examined  in  this  study  (Table  1,  Fig.  3A 
to  F.4). 

Shell  Height  at  Age 

Chinese  C.  ariakensis  and  C.  gigas  displayed  overlap  in  the 
range  of  observed  shell  heights  at  age  with  each  other  and  with  the 
triploid  C.  ariakensis  from  the  Rappahannock  River,  Virginia 
(Table  2).  C.  ariakensis  and  C.  gigas  reach  shell  heights  in  excess 
of  76  mm  (3  inches)  within  2  years  after  settlement  (Table  2,  Fig. 
5 )  regardless  of  the  source  location.  This  fast  growth  appears  to 
continue  through  at  least  Age  4  (C.  gigas.  Fig.  5)  and  Age  5  (C 
ariakensis.  Fig.  5)  in  wild  individuals  because  the  growth  trajec- 
tory for  both  species  had  not  begun  to  flatten  in  the  oldest  indi- 
viduals collected  (Fig.  5).  The  observed  shell  height  ranges  for 
each  age  class  (Table  2)  are  within  the  ranges  of  previously  pub- 
lished reports  of  shell  heights  at  age  for  both  species  (Table  3).  The 
triploid  C.ariakensis  in  the  Rappahannock  River  2001  to  2004 
followed  a  growth  trajectory  siinilar  to  that  reported  for  Ariake 
Bay  Japan  by  Cahn  (1950.  from  Fujimori  1929.  Fig.  5).  The  Rap- 
pahannock animals  had  not  reached  asymptotic  shell  height  when 
they  were  collected  in  May  2004  (Fig.  5). 

The  observed  range  in  shell  heights  at  Age  1  for  the  Chinese 
oysters  may  be  the  result  of  differences  in  the  timing  of  individual 


TABLE  1. 

Sunimarv  of  morphological  measurements  made  on  individual  wild  diploid  C.  gigas  and  C.  ariakensis  from  Laizhou  Ba\.  China  and  cultured 

triploid  C.  ariakensis  from  the  Rappahannock  River,  I  S.\.  Measurements  were  made  for  shell  height  (SH).  shell  width  (SW),  and  shell 

thickness  or  inflation  (SI)  as  shown  in  Figure  1  and  explained  in  the  text.  Ranges  for  each  measurement  type  (SH,  SW,  SI)  are  presented  for 

each  species  by  habitat  with  average  ratio  and  standard  error  of  the  mean  (SF>)  values. 


Site 

Species 

n 

SH  Range 
(mm) 

SW  Range 
(mm) 

SI  Range 
(mm) 

A 

verage  SH:SW 
Ratio  (SE) 

Average  SH:SI 
Ratio  (SE) 

Laizhou  Bay.  China 
Rappahannock  Ri\cr. 

US 

C.  ariakensis 

C.  gigas 

C.  ariakensis 

y 

19 

4 

I1.V227 
38-173 
170-190 

60-135 
35-107 
145-157 

26.3-72.0 
25.0-50.0 
55.1-79.6 

1.79(0.07) 
1 .92  (0.09) 
1.19(0.03) 

4.01  (0.30) 
3.74  (0.23) 
2.57  (0.23) 
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Figure  3.  Photographs  of  represfiitathe  specinit-ns  from  China  and  the  Rappahannock  Ri\er.  Virginia.  A  to  C.  Chinese  C.  ariakeiisis.  SH  =  227  mm. 


recruitment.  Potential  differences  in  the  timing  of  spawning  (Per- 
due &  Ericl<son  1984.  Langdon  &  Robinson  1996)  and  recruitment 
between  species  may  be  offset  by  differences  in  tlie  growth  rates  of 
each  species  at  temperatures  less  than  25°C.  Whereas  recruits  of 
both  species  grow  faster  at  25°C  than  at  1 5°C.  C.  gigas  spat  growth 
is  less  at  20°C  than  at  25°C  and  C.  aiiakciisis  spat  grow  as  fast  at 
20°C  as  they  do  at  25  C  (Langdon  &  Robinson  1996).  C.  gigas 
that  settle  early  in  the  season  may  stop  growing  earlier  than  con- 
specific  C  ariakeiisis  because  of  differences  in  thermal  physiol- 
ogy. Although  C.  ahakeusis  may  recruit  later,  they  are  able  to 
grow  at  lower  temperatures  than  C.  ,i;/,!,'((,v  and  the  relatively  ex- 
tended growing  window  probably  offsets  differences  in  the  timing 
of  recruitment  resulting  in  the  observed  overlap  in  size  range  (C. 
gigas:  27-55  mm  SH.  C.  ariakeiisis:  27-57  mm  SH)  when  the  first 
growth  line  (Age  1)  was  deposited. 


VB  Growth  Model  Coefficients  and  Model  Fitting 

Fitted  VB  growth  curves  (Fig.  6)  were  not  significantly  differ- 
ent between  species  within  the  same  habitat  (Chinese  C.  gigas  vs. 
C.  ariakeiisis.  F  =  2.2.  P  =  0.10,  degrees  of  freedom  =  71), 
within  species  in  different  habitats  (Chinese  C.  ariakeiisis  vs.  Rap- 
pahannock C  ariakeiisis.  F  =  1.13.  P  =  0.35,  df  =  45)  or 
between  species  in  different  habitats  (Chinese  C.  gigas  vs.  Rap- 
pahannock C.  ariakeiisis.  F  =  0.93,  P  =  0.43.  df  =  55). 

Estimates  of  the  asymptotic  maximum  height  (SH,„.,J  were 
greatest  for  Chinese  C.  ariakeiisis  (244.0  mm,  SE  30.41 )  and  near 
the  maximum  shell  height  (227.0  mm)  measured  at  the  time  of 
collection  (Fig.  6,  Table  4).  Maximuin  shell  heights  measured  on 
live  Chinese  C.  gigas  (173.0  mm)  and  Rappahannock  C.  ariakeiisis 
(190.0  mm)  were  also  within  the  standard  error  estimates  for  the 
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Figure  3.  D  to  F,  Chinese  C.  gigas,  SH  =  165 


mm. 


SH,„,,^  estimates  from  the  fitted  VB  models  for  Cliinese  C.  gi,qas 
( 158.6  mm.  SE  20.25)  and  Rappafiannoek  C.  uriiikeusis  ( 1S3  mm. 
SE  19.1 4;  Table  4).  The  reported  SH„,.,^  estimates  for  C.  ahakensis 
(Table  4)  are  within  the  range  of  shell  heights  reported  for  C. 
ariakensis  from  Ariake  Bay.  Japan  (Cahn  1950:  240  mm;  Torigoe 
I9S1:  200  mm).  The  SH,,,.,,  estimates  for  C  .i;/,i,'(/,v  (Table  4)  are 
smaller  than  the  reported  maximum  size  range  for  Japan  (Cahn 
1950:  Tokoro.  400  mm;  Torigoe  1981:  Ariake  Bay,  448  mm).  The 
lack  of  representation  of  older  age  classes  in  the  wild  population 
and  the  fact  that  1 3  out  of  the  1 9  C.  g/,?a.v  examined  were  2  years 
old  or  less  with  only  one  4  year  old  available  resulted  in  dispro- 


portionate representation  of  younger  individuals  and  uneven 
sample  sizes  across  the  age  distribution,  which  may  have  skewed 
the  estimate  of  asymptotic  height  towards  the  smaller  indi\  iduals 
(Fig.  5  and  6.  Tables  2  and  4). 

The  k  model  parameter  specifies  the  curvature  of  the  fitted 
growth  line  (Gallucci  &  Quinn  1979)  and  is  associated  with  the 
rate  at  which  the  organism  approaches  maximum  size  (Gallucci  & 
Quinn  1979).  Observed  k  values  (Table  4)  for  C.  ariakensis  were 
0.33  (Chinese,  diploid)  and  0.55  (Rappahannock  triploid),  respec- 
tively with  a  k  value  of  0.68  observed  for  the  C.  gigas.  Coefficients 
of  determination  (R")  for  the  Chinese  and  Rappahannock  C.  ari- 
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Figure  3.  G  to  1,  Chinese  C.  gigas,  SH  =  126  mm. 


akensis  were  greater  than  or  equal  to  0.94  {Table  4).  The  C.  gigas 
coefficient  of  determination  was  0.89  and  this  may  be  reflective  of 
the  fact  that  most  of  the  specimens  examined  (17/19)  were  less 
than  3  y  old  (Fig.  5.  Tables  2  and  4).  The  relative  under  represen- 
tation or  absence  of  older  C.  gigas  at  or  near  asymptotic  height  is 


reflected  in  the  high  k  value  (0.68)  and  lower  coefficient  of  deter- 
mination (0.89)  relative  to  the  C.  ariakensis  populations  both  of 
which  had  more  balanced  distribution  of  individuals  across  age 
classes  (Fig.  3,  Tables  2  and  4). 

Salinities  in  Lai/hou  Bay  (,iO  ppt)  are  higher  than  those  typi- 
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Figure  3.    J  l(>  I>.  Rappahannock  ('.  ariakeiisis.  SH  =  ISO  mm. 


cally  observed  in  the  lower  Rappahannock  Ki\er  (12-15  ppl, 
Slroup  &  Lynn  1963).  bnt  bolh  sites  have  salinities  within  the 
doeumented  salinity  tolerance  of  both  species  (e.g..  Robinson 
1992.  LangdonA  Robinson  1996.  Almeida  et  al.  1997,  Calvo  et  al. 
1999.  2001.  Grubowski  et  al.  2004).  Seasonally  water  temperatures 


ni  the  Rappahannock  River  range  from  4°C  to  28°C  (Stroup  & 
Lynn  1963).  Laizhou  Bay  probably  experiences  a  similar  annual 
water  temperature  range  based  on  documented  annual  water  tem- 
perature profiles  from  adjacent  habitats  (Yellow  Sea.  Chung  et  al. 
1993;  South  Korean  coastal  habitats.  Kang  et  al.  2000). 
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Average  shell  height  shell  width  ratio  (standard  error  of  the  mean) 

Figure  4.  .Average  shell  height  (SH):  shell  width  (S\V)  ratios  («ith 
standard  error  of  the  ineanl  in  relation  to  average  shell  height:  shell 
inflation  (SI)  ratios  (with  standard  error  of  the  mean)  for  wild  Chinese 
C.  ariakensis  and  C.  i'/gnv  and  triploid  Rappahannock  C.  ariakensis. 
Ratios  of  SH:S\V'  and  SH:S1  for  Rappahannock  C.  ariakensis  are  sig- 
niflcantly  less  than  these  ratios  for  Chinese  C.  ariakensis  (ANOVAs, 
P  <  0.05).  Ratios  of  SH:S\V  and  SH:SI  are  similar  for  both  Chinese 
species  (ANOVAs.  P  >  0.05). 

Oysters  have  the  potential  to  lj\e  in  excess  of  10  y  in  the 
absence  of  disease  pressure,  environmental  degradation  or  human 
fishing  pressure  (Richardson  et  al.  1993a.  1993b).  Evolutionarily 
life  history  has  evolved  to  ensure  success  of  the  species  over  the 
course  of  its  lifetime;  that  is,  each  individual  only  has  to  reproduce 
successfully  once  to  maintain  the  population.  Recruitment  in  wild 
populations  should  not  necessarily  be  expected  every  year  given 

TABLE  2. 

Observed  average  shell  height  (SH)  at  age  (standard  error  of  the 

mean)  and  the  observed  range  of  shell  heights  at  age  for  populations 

of  Chinese  C.  gigas  (CHCg),  Chinese  C.  ariakensis  (CHCa),  and 

Rappahannock  C.  ariakensis  (RACa)  examined  in  this  study. 

Measurements  were  made  from  internal  growth  lines  within  the  left 

valve  of  each  individual.  SE  =  standard  error  of  the  mean. 


Population        Age 


Average  SH 
(mm,  SE)  at  Age 


Range  of  Observed 
SH  at  Age  (mm) 


CHCs; 


CHCa 


RACa 


14 
17 
5 
1 
9 
9 
6 
4 
4 
4 
4 
4 
4 


39.31 

99.0 

123.0 

155 

42.7 

101.42 

136.83 

167.25 

191.25 

43.38 

102.37 

136.48 

156.20 


(2.12) 

(3.78) 

(6.44) 

(NA) 

(3.3) 

(6.05) 

(4.74) 

(5.23) 

(8.14) 

(3.54) 

(5.85) 

(5.54) 

(5.91) 


27-55 
68-130 
105-145 

NA 

27-57 

75-134 

120-152 

155-179 

1 70-204 

35-50 

95-120 

125-150 

140-165 


100    - 


• 

Chinese  C  gigas  (CCg) 
Chinese  C  ariakensis  (CCa) 
Rappahannock  C  ariakensis  (RCa) 
Japanese  C  anakensis  (Fujimori  1929) 

■ 

- 

J  CCa  =  4* 

■ 

SCCg  = 
iCCa  = 
f  RCa  = 

♦ 
=  1 
=  4 
-4 

■ 

i  CCg  =  5 
i  CCa  =  6 
I  RCa  =  4 

■ 

- 

T  CCg  =  17 
1  CCa  =  9 
RCa  =  4 

- 

■ 

* 

■ 

i  CCg  =  19 
?  CCa  =  9 
RCa  =  4 

■ 

.      .      . 

■   1   ■   '   ■   ■   1   '    '   ■   ■   1   ■   '    '    '    1   ■   ■    ' 

.    1    ,    .    .    .    1    ,    .    ,    .■ 

0 


Age  (years) 

Figure  5.  Average  shell  height  (mm,  standard  error  of  the  mean)  at 
age  for  \tild  Chinese  Crassostrea  ariakensis  and  C.  gigas  and  triploid  ('. 
ariakensis  from  the  Rappahannock  River,  \  irginia,  I  nited  States  in 
relation  to  reported  shell-height  at  age  for  ('.  ariakensis  in  Ariake  Bay, 
.Japan  (Fujimori  1929  reported  by  Cahn  1950).  n  values  for  each  spe- 
cies at  age  are  presented  to  the  right  of  each  data  point  for  Chinese  and 
Rappahannock  River  animals. 

the  potential  for  interannual  variability  in  recruitnieiit  to  estuarine 
and  marine  benthic  habitats  (Loosanoff  1966,  Powell  &  Cummins 
1985).  The  observed  age  distribution  within  wild  collections  (11 
2-y-old  C.  gigas  out  of  19  total,  four  5-y-old  C.  ariakensis  out  of 
9  total)  indicates  that  we  are  seeing  cohorts.  Size  variation  within 

TABLE  3. 

Summary  of  published  shell-heights  at  age  for  C.  ariakensis  and 
C  gigas. 


C.  ariakensis 

C. 

gigas 

SH 

SH 

Age 

(mm) 

Location 

•Age 

(mm) 

Location 

1 

55 

Japan' 

1 

20.1 
(SD6.1) 

Portugal' 

45 

Washington,  US" 

24.4 

Mexico'' 

45-50 

Oregon,  US- 

30 

Washington.  US- 

30-60 

California,  US- 

40-100 

Oregon.  US- 

1 

97 

Japan  ' 

50 

California.  US- 

100 

Washington,  US- 

-) 

60-70 

Portugal' 

65-90 

Oregon,  US- 

65.6 

Mexico"* 

110 

California,  US- 

110 

Washington.  US- 

i 

124 

Japan' 

70-90 

Oregon,  us- 

4 

152 

Japan ' 

145 

Culifornia.  US" 

5 

179 

Japan' 

6 

197 

Japan' 

NA  =  Not  applicable. 


'  Ariake  Bay.  Japan.  Fujimori  1929  from  Cahn  1950. 

-  Puget  Sound.  Washington.  US;  Yasquina  and  Coos  Bay.  Oregon.  US; 

Tomales  Bay,  California.  US.  Langdon  and  Robinson  1996. 

'  Rio  de  Averio  and  Mondego  River  estuary,  Portugal.  Almeida  ct  al.  1997. 

"  Baliia  de  La  Paz.  Mexico.  Arizpe  1996. 
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Figure  6.  Fitted  Von  Bertalanffy  growth  curM's  for  wild  Chinese  Cras- 
soslrea  ariakensi\  and  ('.  Rigas  and  triplold  ('.  ariakensis  from  (he 
Rappahannock  River,  \  irginia,  United  Stales. 

a  cohort  may  reflect  time  of  settlement  (early  vs.  late,  see  earlier), 
position  in  reef  structure,  or  local  conditions  in  the  microhabitat  in 
which  the  animal  settled. 

Comparisons  of  shell  height  at  age  and  fitted  growth  curves 
present  one  element  of  comparison  between  oyster  species  within 
and  across  sites  but  these  comparisons  do  not  address  the  differ- 
ence in  inflation  rates/cupping  observed  between  the  Rappahan- 
nock triploid  C.  ariakensis  and  the  wild  oysters  of  both  species. 
The  discoid,  cupped  Rappahannock  oysters  were  larger  in  all  di- 
mensions than  the  Chinese  oysters.  When  the  four  triploid  Rappa- 
hannock C.  ariakensis  were  shucked  in  May  2004.  the  meat  fully 
filled  the  shell  cavity  with  an  average  meat  wet  weight  of  1 17.5  g 
(standard  error  of  the  mean.  SE  =  7.43  g)  and  average  dry  weight 
of  27.01  g  (SE  =  2.24  g).  J.  Harding,  unpublished  data).  This 
effective  increase  in  shell  volume  has  a  direct  coirelation  to  the 
biomass  of  the  animal  and,  in  diploid  individuals,  fecundity.  In  the 
absence  of  tissue  weights  (wet  or  dry)  for  the  diploid  Chinese 
oysters,  direct  comparisons  of  biomass  w  ithin  a  species  (triploid 
vs.  dipoloid),  site  (C  ariakensis  \ersiis  C.  ftificis)  or  within  species 
across  sites  are  impossible,  although  it  is  probable  that  biomass 
trends  for  sites  and  species  follow  the  observed  trends  in  external 
morphology.  In  the  absence  of  detailed  habitat  or  ecological  in- 


TABLE  4. 

Von  Bertalanff>  yrowth  model  coel'llcients  (standard  error), 

coefficient  of  determination  (R"),  and  mean  square  of  residual 

values  for  populations  of  Chinese  C.  ariakensis  (CHCa),  Chinese  C. 

gigas  (CHCg),  and  Rappahannock  C.  ariakensis  (RACa).  Residual 

mean  square  values  are  from  the  linear  regression  of  observed 

versus  predicted  shell  height  (.see  text). 


Residual 

Mean 

Population 

Age/n 

SHmax 

k 

'o 

R- 

Square 

CHCg 

i/iy,  2/17. 

15S.6 

O.fiS 

0.58 

0.89 

383.22 

.V5.  4/1 

(2a2.S) 

10.20) 

(0.08) 

CHCa 

1/y.  2/9. 

244.0 

0.33 

0.40 

0.94 

125.33 

.V6.  4/4, 

(30.41) 

lO.OSi 

10.13) 

5/4 

RACa 

1^/4 

183.0 
(19.14) 

0.55 
(0.15) 

0.5 1 

(0.51) 

0.96 

92.19 

formation  for  either  collection  site  (e.g..  annual  temperature  and 
salinity  profiles,  sediment  characterization,  population  density)  it 
is  impossible  to  attribute  observed  differences  in  morphology  to 
genetic  (triploid  vs.  diploid),  habitat,  or  ecological  factors  includ- 
ing competition  for  space  or  resources.  Application  of  these 
growth  trajectories  to  other  oyster  populations  and  habitats  must 
include  consideration  of  genetics  and  individual  morphology  (bio- 
mass) as  well  as  ambient  seasonal  salinity  and  water  temperature 
profiles  for  the  habitats  of  interest. 

ACKNOWLEDGMENTS 

The  authors  thank  Mr.  Kirby  A.  Carpenter  (Potomac  River 
Fisheries  Commission)  for  his  interest  in  and  support  of  the  proj- 
ect. Drs.  Mark  Luckenbach  (VIMS  ESL)  and  Christopher  Rich- 
ardson (University  of  Wales-Bangor,  Menai  Bridge)  collected  the 
Chinese  oysters  in  June  2004.  Dr.  Ryan  Carnegie  (VIMS  EAAH) 
provided  genetic  identification  of  individual  Chinese  oysters.  Dr. 
James  Wesson  (Virginia  Marine  Resources  Comrtussion)  and  Dr. 
Standish  K.  Allen.  Jr.  (VIMS  ABC)  made  the  triploid  Rappahan- 
nock individuals  available.  Ms.  Karen  Hudson  (VIMS  ABC)  and 
Dr.  Allen  provided  access  to  original  literature  used  in  Zhou  and 
Allen  (2003).  Dr.  Allen  and  Ms.  Melissa  Southworth  (VIMS  Mol- 
luscan  Ecology  Program)  provided  helpful  reviews  of  earlier  ver- 
sions of  this  manuscript.  This  is  Contribution  Number  2725  from 
the  Virginia  Institute  of  Marine  Science.  Funding  for  this  project 
was  provided  by  Potomac  River  Fisheries  Commission  and  Mary- 
land Department  of  Natural  Resources. 


LITERATURE  CITED 


Ahmed.  M.  1971.  Oyster  species  of  west  Pakistan.  Ptik.  J.  Zool.  3(2):229- 
236. 

Almeida.  M..  J.  Machado  &  J.  Coimbra.  1997.  Growth  and  biochemical 
composition  of  Crassoslrea  gigas  (Thunberg)  at  three  fishfarm  earthen 
ponds.  J.  Sliellfisli  Res.  16(2):455^62. 

Arizpe.  O.  1996.  Secondary  production,  growth,  and  surx  ival  of  the  Pacilic 
oyster  Craassostrea  gigiis  (Thunberg)  in  tropical  waters.  Bahia  dc  La 
Paz.  Mexico.  /  Sliellfisli  Res.  15(3):601-607. 

Banks.  M.  A..  D.  Hedgecock  &  C.  Waters.  1993.  Discrimination  between 
closely  related  Pacific  oyster  species  (Crassoslrea)  \ia  mitochondiial 


DNA  sequences  coding  for  large  -.uhuiiit  rRNA.  Miil.  Mar.  Biol.  Bio- 
technol.  2:129-136. 

Brown.  D.  &  P.  Rothery.  1993.  Models  in  Biology:  mathematics,  statistics, 
and  computing.  New  York.  NY:  J.  Wiley  &  Sons.  688  pp. 

Cahn.  A.  1950.  Oyster  culture  in  Japan.  United  States  Fish  and  Wildlife 

Service  Fishery  Leaflet  No.  383.  80  pp. 
Calvo.  G..  M.  Luckenbach.  S.  Allen  &  E.  Burreson.  1999.  Comparative 

field  study  of  Crassoslrea  gigas  (Thunberg   1793)  and  Crasso.ttrea 

virginica  (Gmelin  1791)  in  relation  to  salinity  in  Virginia.  J.  Shellfish 

Res.  18:465-t73. 


82 


Harding  and  Mann 


Calvo,  G..  M.  Luckcnhach.  S.  Allen  &  E.  Bunesoii.  2001.  Comparative 
field  study  of  Cnissostrea  ariakensis  (Fujita  1913)  and  Crassostrea 
virginica  (Gmelin  1791 )  in  relation  to  salinity  in  Virginia.  J.  Shellfish 
Res.  20:221-229. 

Chen,  Y.,  D.  A.  Jackson  &  H.  Harvey.  1992.  A  comparison  of  von  Berla- 
lanffy  and  polynomial  functions  in  modelling  fish  growth  data.  Ctm.  .1. 
Fish.  Aquat.  Sci.  49:1228-1235. 

Chung,  E.,  S.  Kim  &  Y.  Kim.  1993.  Reproductive  ecology  of  the  purple 
shell,  Rapana  veiiosa  (Gastropoda:  Muricidae),  with  special  reference 
to  the  reproductive  cycle,  depositions  of  egg  capsules  and  hatchings  of 
larvae.  Korean  J.  Mukicol.  9(2):1-15. 

Devillers.  N.,  A.  Eversole  &  J.  Isely.  1998.  A  comparison  of  four  growth 
models  for  evakiating  the  growth  of  the  northern  quahog  Mercenanu 
menenaiUi  (L.).  /  Shellfish  Res.  17(11:191-194. 

Fritz,  L..  L.  Ragone  &  R.  Lutz.  1990.  Microstructure  of  the  outer  shell  layer 
of  Rangia  cuneata  (Sowerby,  1831)  from  the  Delaware  River:  Appli- 
cations in  the  studies  of  population  dynamics.  ./.  Shellfish  Res.  9(  1 ): 
205-213. 

Gallucci,  V.  &  T.  Quinn.  1979.  Reparameleri/ing,  fitting,  and  testing  a 
simple  growth  model.  Trans.  Am.  Fish.  Soc.  108:14-25. 

Grabowski,  J.,  C.  Peterson,  S.  Powers.  D.  Gaskill  &  H.  Summerson.  2004. 
Growth  and  survivorship  of  non-native  [Crassosireci  gigas  and  Cras- 
sostrea ariakensis)  versus  native  Eastern  oysters  (Crassostrea  vir- 
ginica). J.  Shellfish  Res.  23(3):78 1-793. 

Haddon.  M.  2001.  Modelling  and  quantitative  methods  in  fisheries.  Boca 
Raton.  FL:  Chapman  and  Hall/CRC  press.  406  pp. 

Hallerman.  E..  S.  Leftler,  S.  Mills  &  S.  K.  Allen.  Jr.  2002.  Aquaculture  of 
triploid  Crassostrea  ariakensis  in  Chesapeake  Bay:  a  symposium  re- 
port. Maryland  Sea  Grant  Extension  Publication  UM-SG-TS-2002-01 
and  Virginia  Sea  Grant  Publication  VSG-02-03.  20  pp. 

Jones,  D.,  I.  Quitmyer,  W.  Arnold  &  D.  Marelli.  1990.  Annual  shell  band- 
ing, age,  and  growth  rate  of  hard  clams  (Mercenuria  spp.)  from  Florida. 
J.  Shellfish  Res.  9(1):2 15-225. 

Kang,  C.  M.  Park,  P.  Lee,  W.  Choi  &  W.  Lee.  2000.  Seasonal  variation  in 
condition,  reproductive  activity,  and  biochemical  composition  of  the 
Pacific  oyster,  Crassostrea  gigas  (ThunbergI,  in  suspended  culture  in 
two  coa.stal  bays  of  Korea.  J.  Shellfish  Res.  19l2):77l-778. 

Kirby,  M.,  T.  Soniat  &  H.  Spero.  1998.  Stable  isotope  sclerochronology  of 
Pleistocene  and  recent  oyster  shells  {Crassostrea  virginica).  Palaios 
13:560-569. 

Langdon.  C.  &  A.  Robinson.  1996.  Aquaculture  potential  of  the  Suminoe 
oyster  {Crassostrea  ariakensis  Fugita  1913).  Ac/uacnllnre  l-(4:321- 
328. 

Loosanoff,  V.  1966.  Time  and  intensity  of  setting  of  the  oyser,  Crassostrea 
virginica.  in  Long  Island  Sound.  Biol.  Bull.  130:211-227. 

Lutz.  R.  &  D.  Rhoads.  1980.  Growth  patterns  within  the  molluscan  shell: 
an  overview..  Skeletal  growth  of  aquatic  organisms.  In:  D.  C.  Rhoads 
&  R.  A.  Lutz,  editor.  Biological  records  of  environmental  change.  New 
York,  NY:  Plenum  Press,  pp.  203-254. 

Mann.  R.  1981.  The  role  of  introduced  bivalve  mollusc  species  in  mari- 
culture.  J.  Worhl  Maricult.  Soc.  14:546-559. 


Mann,  R.,  E.  Burreson  &  P.  Baker.  1991.  The  decline  of  the  Virginia  oyster 
fishery  in  Chesapeake  Bay:  Considerations  for  introduction  of  a  non- 
endemic  species,  Crassostrea  gigas  (Thunberg.  1973).  J.  Shellfish  Res. 
10:379-388. 

Pannella.  G.  &  C.  MacClintock.  1968.  Biological  and  environmental 
rhythms  reflected  in  molluscan  shell  growth.  Me?n.  Journ.  Paleo.  42: 
64-80. 

Perdue.  J.  &  G.  Erickson.  1984.  A  comparison  of  the  gametogenic  cycle 
between  the  Pacific  oyster  Crassostrea  gigas  and  the  Suminoe  oyster 
Crassostrea  rivularis  in  Washington  State.  Aquaculture  37:231-237. 

Powell.  E.  &  H.  Cummins.  1985.  Are  molluscan  maximum  life  spans 
determined  by  long-term  cycles  in  benthic  communities?  Oecologica. 
67:177-182. 

Richardson.  C,  S.  CoUis,  K.  Ekaralne,  P.  Dare  &  D.  Key.  1993a.  The  age 
determination  and  growth  rate  of  the  European  flat  oysters.  Ostrea 
edulis.  in  British  waters  determined  from  acetate  peels  of  umbo  growth 
lines.  ICES  J.  Mar.  Sci.  50:493-500. 

Richardson,  C,  R.  Seed,  E.  Al-Roumaihi  &  L.  McDonald.  1993b.  Distri- 
bution, shell  growth,  and  predation  of  the  New  Zealand  oyster,  Tiostreu 
(=  Ostrea)  lutaria  Hutton.  in  the  Menai  Strait.  North  Wales.  J.  Shell- 
fish Res.  12(2):207-214. 

Richardson.  C.  R.  2001.  Molluscs  as  archives  of  environmental  change. 
Oceanography  and  Marine  Biology  An  Annual  Review.  39:103-164. 

Robinson,  A.  1992.  Gonadal  cycle  of  Crassostrea  gigas  kumamoto  (Thun- 
berg) in  Yaquina  Bay,  Oregon  and  optimum  conditions  for  broodslock 
oysters  and  culture.  Aquaculture  106:89-97, 

Ropes,  J.  W.  1985.  Modern  methods  used  to  age  oceanic  bivalves.  Nautilus 
99(2-3):53-57. 

Sephton,  T.  &  C.  Bryan.  1990.  Age  and  growth  rate  determinations  for  the 
Atlantic  surf  clam,  Spisula  solidissiinu  (Dillwyn,  1817),  in  Prince  Ed- 
ward Island,  Canada.  /  Shellfish  Res.  9(1):  177-1 85. 

Shatkin,  G.,  S.  Shumway  &  R.  Hawes.  1997.  Considerations  regarding  the 
possible  introduction  of  the  Pacific  oyster  (Crassostrea  gigas)  to  the 
Gulf  of  Maine:  A  review  of  global  experience.  /  Shellfish  Res.  16(2): 
463-477. 

Stroup.  E.  &  R.  Lynn.  1963.  Atlas  of  salinity  and  temperature  distributions 
in  Chesapeake  Bay  1952-1961  and  seasonal  averages  1949-1961. 
Graphical  summary  report  2.  The  Chesapeake  Bay  Institute,  Johns 
Hopkins  University.  Report  63-1. 

Torigoe.  K.  1981.  Oysters  in  Japan.  Journal  of  Science  of  the  Hiroshima 
University.  Div.  1  (Zoology)  Ser.  B.  29(2):291-H9. 

von  Bertalanffy.  L.  1938.  A  quantitative  theory  of  organic  growth.  Hum. 
Biol.  10:181-213. 

Wakiya,  Y.  1929.  Japanese  food  oysters.  Japanese  Journal  of  Zoology. 
2(3):359-367. 

Zar,  J.  H.  1996.  Biostatistical  analysis,  3rd  edition.  New  Jersey:  Prentice 
Hall. 

Zhang.  X.  &  Z.  Lou.  1956.  Oyster.  Bull.  Biol./Sheng  Wu  Zue  Bao  (Chi- 
nese) 2:27-32. 

Zhou,  M.  &  S.  Allen.  2003.  A  review  of  the  published  work  on  Crassostrea 
ariakensis.  J.  Shellfish  Res.  22(1):  1-20. 


.I.ninuil  iifShcllfisli  Research.  Vol.  24,  No.  4,  S.Vy.\  2005. 

UNDERSTANDING  THE  SUCCESS  AND  FAILURE  OF  OYSTER  POPULATIONS:  CLIMATIC 

CYCLES  AND  PERKINSUS  MARINVS 

THOMAS  M.  SONIAT,'*  JOHN  M.  KLINCK,"  ERIC  N.  POWELL'  AND 
EILEEN  E.  HOFMANN- 

^ Dcpaitineiil  of  Biologivdl  Sciences.  Nicliolls  State  University,  Thihoclaitx.  Louisiana  70310:  'Center  for 
Coastal  Physical  Oceanography.  Old  Dominion  University,  Norfolk.  Virginia  23529:    Haskin  Shellfish 
Research  Laboratory.  Institute  of  Marine  and  Coastal  Sciences,  Rutgers.  The  State  University  of  New 
Jersey.  Port  Norris.  New  Jersey  0S349 

ABSTRACT  Pcikiii.'iiis  (=DcrniiH\stidumi)  iiiunuiis  is  a  majoi  cause  of  mortality  in  eastern  oysters.  Cnissiistrca  vitf^iiiica.  Because 
initiation  of  infection  and  progression  of  disease  are  favored  by  high  temperature  and  high  sahnity,  we  hypothesized  that  climatic  cycles 
influence  cycles  of  disease.  Analyses  of  a  lO-y  time  series  of  disease  prevalence  and  intensity,  chlorophyll  ci.  suspended  sediments, 
water  temperature  and  salinity  from  a  Louisiana  site,  using  a  wavelet  technique,  show  a  teleconnection  between  the  El  Nino-Southern 
Oscillation  (ENSO)  and  oyster  disease  in  the  northern  Gulf  of  Mexico.  Salinity  increases  precede  increased  disease  prevalence  by 
several  months.  The  changes  in  salinity  that  trigger  changes  in  disease  prevalence  and  intensity  are  strongly  driven  by  ENSO  events. 
Interannual  variation  is  important  in  the  initiation  and  intenisification  of  disease,  and  salinity  is  the  primary  driving  factor.  The  patterns 
in  the  environmental  and  disease  time  series  suggest  that  t;pizootics  can  be  initiated  within  6  mo  of  a  La  Niiia  event,  which  produces 
increased  water  temperature  and  salinity.  This  relationshifi  suggests  an  approach  for  predicting  epizootics  of  P.  marinus  from  climate 
models,  which  in  turn  can  inform  the  management  of  oy.ster  populations. 

KEY  WORDS:     Crassustreii  viii^iiiicn.  I^crkiiisus  niariniis.  climate,  wavelet  analysis,  seston 


INTRODUCTION 

A  critical  factor  determining  the  .success  or  failure  of  oyster 
pdpiilations  is  the  initiation  and  progression  oi  Perkinsus  (=Der- 
luocysiidium)  marinus.  the  causative  agent  of  "Dermo"  disease  in 
eastern  oysters  iCrassostrea  virgiiiica).  As  a  major  cause  of  oyster 
mortality,  P.  marinus  can  control  oyster  population  dynairiics  (Ray 
1954,  Quick  &  Mackin  1971 ),  and  hence  the  economic  viability  of 
the  oyster-growing  enterprise.  Disease  initiation  and  progression 
are  favored  by  high  temperature  and  high  salinity  (see  Soniat 
1996),  and  thus  climatic  cycles  likely  intluence  cycles  of  disease 
(Powell  et  a!,1992.  1996;  Kim  &  Powell  1998). 

Of  particular  importance  to  the  oyster  industry  along  the  Gulf 
of  Mexico  is  a  teleconnection  to  the  El  Nino  southern-oscillation 
(ENSO).  El  Niiio  is  a  disruption  of  the  oceanic-atmospheric  system 
of  the  tropical  Pacific  that  occurs  when  the  trade  winds,  which 
blow  from  east  to  west,  relax  allowing  warm  water  to  accumulate 
along  the  equator  producing  a  reduction  in  upwelling  of  cold  water 
in  the  eastern  Pacific  Ocean.  One  result  of  El  Niiio  conditions  is 
changes  in  the  amount  and  pattern  of  rainfall,  with  the  Gulf  Slates 
being  typically  cooler  and  wetter  during  El  Nino  years.  In  contrast. 
La  Nifia  conditions  are  associated  with  stronger  trade  winds  and 
increased  upwelling  in  the  eastern  tropical  Pacific,  During  La  Nii'ia 
events,  the  Gulf  States  are  wanner  and  drier  (Ropelewski  &  Halp- 
ert  1986,  Philander  1989).  Kim  and  Powell  (1998)  suggested  that 
infection  intensity  of  P.  marinus  along  the  Gulf  of  Mexico  follows 
the  ENSO  cycle;  lower  disease  levels  are  associated  with  cooler, 
wetter  El  Nino  years,  whereas  higher  dfsease  levels  are  associated 
with  the  warmer,  drier  La  Nina  years. 

A  major  impediment  to  linking  ENSO  and  Denno  disease 
along  the  Gulf  of  Mexico  is  the  lack  of  appropriate  long-term  data 
sets.  In  the  first  study  of  this  series  (Soniat  et  al.  1998)  we  inves- 
tigated the  importance  of  what  to  measure  and  when  to  measure  it. 
This  study  presents  analyses  of  a  lO-y  time  series  of  disease  preva- 
lence and  intensity,  components  of  the  seston.  and  water  tempera- 
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ture  and  salinity  from  a  Louisiana  site.  Through  the  technique  of 
wavelet  analysis  these  time  series  are  examined  to  determine  in- 
terannual interactions  among  ENSO.  water  temperature  and  salin- 
ity, chlorophyll,  suspended  sediments  and  oyster  disease.  The  re- 
sults of  the  analyses  are  then  used  to  determine  the  effects  of 
interannual  variation  in  climate  on  the  initiation  and  progression  of 
oyster  disease. 

MATERIALS  AND  METHODS 

EiivironiiunUil  and  Oyster  Samples 

Environmental  variables  were  measured  weekly  and  oysters 
were  sampled  monthly  from  February  2,  1992  to  February  14, 
2002  at  a  single  semiprotected  reef  (29°iril"N,  90°W5b"W. 
GPS)  that  is  located  between  Bayou  Petit  Calliou  and  a  small 
marsh  island  in  Bay  Tambour,  Terrebonne  Parish.  Louisiana.  Wa- 
ter depth  at  the  site  varied  from  0,3-0.6  m. 

Temperature  (T)  and  salinity  (S)  at  the  study  site  were  mea- 
sured at  weekly  intervals;  T  was  recorded  to  the  nearest  0,  l°C 
using  a  mercury  thermometer,  whereas  S  was  measured  to  the 
nearest  0.5  ppt  using  a  refractometer  (Beherns  1965).  Seston  vari- 
ables that  included  chlorophyll  a  fCHL),  total  suspended  solids 
(TSS).  particulate  organic  matter  (POM)  and  particulate  inorganic 
matter  (PIM).  were  also  measured  weekly.  Water  was  sampled 
from  0.3  m  above  the  reef  with  a  hand-operated  peristaltic  pump. 
For  the  determination  of  CHL,  25  niL  of  water  was  filtered  through 
25  mm  Whatman  GF/F  glass  fiber  filters,  extracted  in  5  niL  of 
60:40  v:v  acetone:dimethyl  sulfoxide,  and  read  on  a  Turner  De- 
signs Model  10  fiuorometer  (Shoef  &  Lium  1976).  For  the  deter- 
mination of  TSS.  POM  and  PIM.  100-250  mL  of  water  (depending 
upon  Secchi  depth)  was  filtered  through  47  mm  Gelman  A/E  glass 
fiber  filters.  The  filters  and  filtrate  were  dried  for  1  h  at  103^'C  to 
obtain  TSS  and  then  ashed  at  550  C  for  15  min  to  determine  PIM 
(American  Public  Health  Association  1971). 

Oysters  were  collected  by  tonging,  A  subsample  of  10  com- 
mercial size  oysters  (>75  mm)  were  culled,  cleaned  of  epifauna 
and  measured  (anterior  to  posterior  length)  to  the  nearest  mm.  A 
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small  piece  of  mantle  tissue  (about  4  mm")  was  used  to  assay 
Perkinsits  marinus  (Ray  1966).  Level  of  infection  was  scored  us- 
ing Mackin"s  O-to-5  scale  as  modified  by  Craig  et  al.  (1989). 
Percent  infection  (PI)  and  infection  intensity  (II)  were  determined, 
where 

sum  of  Mackin's  disease  code  numbers 


number  of  infected  oysters 
Climate  Data 

The  climate  signature  was  represented  by  the  El  Nino  3.4  sea 
surface  temperature  inde.x  (EN)  for  the  tropical-Pacific  rectangle 
(5°N  to  5°S.  I70°W  to  12()'W)  taken  from  the  National  Oceanic 
and  Atmospheric  Administration  National  Center  for  Environmen- 
tal Prediction  web  site  (www.cpc.ncep.noaa.gov/indices/ 
Readme. index. htm).  High  values  of  this  index  coincide  with  El 
Nino  conditions.  The  EN  is  available  at  monthly  intervals  and  the 
value  was  assuined  to  apply  to  the  middle  of  the  month.  The  index 
was  linearly  interpolated  to  the  times  of  the  weekly  observations. 


Wavelet  Analysis 

The  time  series  technique  o(  wavelet  analysis  (Torrence  & 
Compo  1998)  was  used  with  the  disease  and  en\ironmental  data 
sets  to  investigate  interannual  relationships  among  ENSO.  seston. 
water  temperature  and  salinity,  and  oyster  disease.  Wavlet  analysis 
has  been  applied  to  the  study  of  tropical  convection  (Weng  &  Lau 
1994).  ENSO  (Gu  &  Philander  1995).  atmospheric  cold  fronts  and 
temperature  fluctuations  (Gamage  &  Blumen  1993.  Baliunas  et  al. 
1997).  ocean  v\a\es  and  turbulent  flows  (Purge  1992.  Meyers  et  al. 
1993.  Liu  1994).  tidal  phenomena  (Flinchem  &  Jay  2000),  phy- 
toplankton  distribution  (Machu  et  al.  1999).  and  symphonic  music 
(.Strang  1994).  To  our  knowledge,  this  is  the  first  application  of 
wavelet  analysis  the  study  of  shellfish. 

Wavelet  analysis  resolves  localized  variations  in  the  strength  of 
a  signal  (i.e..  the  wave)  within  a  time  series.  With  this  approach, 
the  original  time  series  is  decomposed  into  a  time-frequency  space, 
which  allows  the  dominant  components  (i.e..  the  wa\elets)  that 
make  up  the  wave  to  be  identified.  For  example,  in  a  wavelet 
study,  water  height  might  be  decomposed  into  semidiurnal/diurnal. 


3 

q3 
a. 

E 


1992   1993   1994   1995 


1996   1997   1998 
Time  (year) 


1999   2000   2001   2002 


1000 
Power 


(unit 


2000 

2, 


1996   1997   1998 
Time  (year) 


2000 


2002 


c 


03 


> 
< 


1992   1993   1994   1995   1996   1997   1998   1999   2000   2001   2002 

Time  (year) 

Figure  1.  Wavelet  analysis  of  temperature  (T).  a.  Variation  in  the  T  time  scries,  b.  Power  and  periodicity  of  the  T  signal.  The  location  of  the  solid 
line  shows  the  periodicity  of  the  signal,  whereas  its  height  represents  the  power  of  the  signal.  The  dashed  line  to  the  left  is  the  P  <  0.10  significance 
level  and  the  dashed  line  to  the  right  is  the  P  <  0.05  significance  level,  c.  \  ariance  averaged  over  an  annual  evcle.  note  that  the  annual  T  variation 
is  highly  significant  over  the  time  period.  (The  lower  dashed  line  is  the  /'  <  0.10  significance  level  and  the  upper  dashed  line  is  the  /'  <  0.05 
significance  le^el.)  d.  Variance  averaged  over  2-5  y,  a  range  that  encompasses  the  ENSO  signal.  Note  that  T  is  not  significant  when  the  \ariance 
is  averaged  over  2-5  y.  The  ncmslgnificant  values  at  the  beginning  and  end  of  the  time  series  arise  because  the  wavelet  analysis  assumes  a 
periodic  time  series  in  which  the  \alues  at  each  end  match.  For  the  lime  series  used  in  this  analysis,  this  assumpticm  is  violated.  The  peak  that 
is  produced  by  the  mismatch  results  in  artificial  small  scale  variability  that  causes  the  lack  of  significance  at  the  ends  of  the  time  series. 
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fortnightly,  and  seasimal  (wind  field)  conipimcnls  (Flincheni  &  Jay 
2OOO1.  Mathematical  details  of  the  waxelel  technique  are  given  in 
Daubechies  ( 1992)  and  Torrenee  and  Conipo  ( 1998). 

A  wavelet  analysis  was  done  for  each  \ariable  (T.  S.  PI.  II.  HN. 
CHL.  PIM)  using  two  different  mother  wavelets  (Paul  &  Morlet 
wavelets),  which  provide  an  approach  for  filtering  the  original  time 
series.  The  Morlet  wavelets  give  good  frequency  resolution  but 
smear  the  dominant  signals  in  the  time  domain.  The  Paul  wavelets 
provide  good  time  resolution  but  smear  the  signals  in  the  fre- 
quency domain.  Comparisons  of  the  results  from  the  two  ap- 
proaches showed  that  the  Morlet  wavelet  provides  adequate  time 
resolution  and  superior  frequency  resolution  over  the  resuhs  ob- 
tained with  the  Paul  wavelet.  Hence,  only  the  results  from  the 
Morlet  wavelet  analyses  are  reported.  Cross-wavelet  analyses 
(CWA)  were  done  on  selected  combinations  of  variables  (T  x 
CHL.  T  X  S.  T  X  PI.  T  X  II,  T  X  EN.  S  X  PI.  S  x  II.  S  x  EN.  PI  x 
II.  PI  X  EN.  II  X  EN)  to  determine  correlations  between  different 
environmental  and  biologic  processes,  which  in  turn  can  suggest 
causative  linkages. 

RESULTS 

Over  the  time  of  the  field  study.  v\  ater  temperature  \  aried  from 
4.8°C  to  32.2X  with  a  10-y  mean  of  22.5"C  (Fig.  la).  The  power 
and  periodicity  of  the  temperature  signal  show  a  single  significant 
periodicity  centered  at  I  y  but  extending  across  periods  of  0.5-2  y. 
The  periodicity  is  significant  throughout  the  time  series  (Fig.  Ic). 
Averaging  the  variance  over  2-5  y.  which  includes  the  frequency 
of  the  occurrence  of  El  Nifio  events,  shows  no  significant  signal  in 
the  temperature  time  series  (Fig.  Id).  This  result  indicates  that 
water  temperature  at  the  study  site  is  not  significantly  affected  by 
El  Niiio  conditions. 


Analysis  of  the  Nino  3.4  anomaly  shows  a  strong  El  Nino 
signal  in  late  1997  and  early  1998  (Fig.  2a).  A  moderate  and 
extended  El  Nifio  occurred  during  1992  to  1993.  The  energy  spec- 
trum (Fig.  2b)  shows  significance  at  periods  of  about  2.5-5  y. 
Analysis  of  the  2-5  y  portion  of  the  energy  spectrum  over  the  time 
series  shows  that  this  component  is  significant  over  essentially  the 
entire  time  (Fig.  2c). 

The  chlorophyll  a  measured  at  the  study  site,  varied  from  1.2- 
55.4  ug/L  with  a  lO-y  mean  of  1 1.4  ug/L  (Fig.  3a).  Chlorophyll  has 
a  strong  and  significant  peak  in  the  power  spectrum  at  I  y  (Fig. 
3b).  similar  to  what  was  obtained  for  temperature.  Cross  wavelet 
analysis  (CWA)  between  temperature  and  chlorophyll  (Fig.  4a) 
shows  significant  coherence  at  periods  of  1  y  or  less  (Fig.  4b), 
which  indicates  that  the  two-time  series  are  significantly  correlated 
at  this  time  scale.  Moreover,  the  !-y  phase  curve  (Fig.  4c)  falls  at 
about  zero  degrees  indicating  that  temperature  and  chlorophyll  are 
in  phase  at  periods  of  I-y;  high  temperature  coincides  with  high 
chlorophyll.  The  temperature  and  chlorophyll  time  series  also 
show  coherence,  although  weaker,  at  4  y,  suggesting  some  multi- 
year  coherence  in  the  time  series.  The  4-y  periodicity  is  not  well 
developed  in  the  analysis  of  the  individual  time  series  (Figs.  Ic  and 
3c).  confirming  that  the  multiyear  structure  in  the  cross  correlation 
is  not  a  dominant  signal. 

Over  the  10  y  sampled,  salinity  ranged  from  0.5-29.5  ppt.  with 
a  grand  mean  of  15.2  ppt  (Fig.  5a).  The  power  spectrum  shows  a 
significant  peak  in  salinity  at  4  y  (Fig.  5b).  In  contrast  to  tempera- 
ture, no  strong  annual  periodicity  exists  in  the  salinity  signal.  The 
power  spectrum  shows  that  the  4—6  y  portion  is  significant  for 
most  of  the  time  series  (Fig.  5c).  Clearly,  temperature  and  salinity 
are  not  operating  in  phase  seasonally.  In  contrast,  a  salinity  versus 
EN  CWA  (Fig.  6a)  shows  a  barely  significant  peak  at  2  y  and  a 
more  significant  peak  at  4  y  (Fig.  6b).  The  4-y  peak  coincides  with 
both  power  spectra  of  the  primary  analysis  (Figs.  2b  and  5b).  The 
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Figure  2.  Wavelet  analysis  of  the  Niiio  3.4  anomaly  (EN),  a.  Variation  in  the  EN  time  series.  Note  the  strong  EN  signal  during  late  1997  and  early 
1998.  b.  Power  and  periodicity  of  the  EN  signal.  Note  the  strong  signal  at  a  period  of  4  y.  c.  \  ariance  averaged  o\er  2-5  y  showing  that  EN  is 
signincant  over  essentially  the  entire  time  series. 
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Figure  3.  Wavelet  analysis  of  chlorophyll  a  (CHL).  a.  Variation  in  the  CHL  time  series,  b.  Power  and  periodicity  of  the  CHL  signal.  Note  the 
strong  annual  signal. 


4-y  periodicity  of  the  two-time  series  are  roughly  1 80°  out  of  phase 
(Fig.  6c).  Thus,  high  salinity  is  associated  with  a  low  Nifio  3.4 
anomaly — the  La  Niiia  condition. 

Particulate  inorganic  matter,  which  is  a  measure  of  resuspended 
sediment,  varies  from  4.0-53 1 .33  mg/L  with  a  grand  mean  of  50.2 
mg/L  (Fig.  7a).  The  power  spectrum  derived  from  this  time  series 
is  not  significant  e.xcept  at  periods  much  less  than  1  y  (Fig.  7b), 


and  is  not  significant  over  the  2-5  y  El  Niiio  portion  of  the  power 
spectrum  (Fig.  7c). 

Demio  percent  infection  (PI)  varied  from  0%  to  100%.  with  an 
average  of  about  80%  of  the  oysters  being  infected  over  the  years 
sampled  (Fig.  8a).  The  power  spectrum  obtained  from  this  time 
series  has  peaks  at  0.5  and  1.5  y  (Fig.  8b).  both  of  which  are  likely 
indicative  of  seasonal  shifts  in  prevalence.  The  0.5-2  y  portion  of 
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Figure  4.  A  Cross  Wavelet  Analysis  (CWA)  of  chlorophyll  (CHL)  x  temperature  (T).  a.  Variation  in  the  CHL  and  T  time  series,  b.  Power  and 
periodicity  of  the  CHL  x  T  CWA.  Note  the  strong  signal  at  I  y.  c.  Phase  diagram.  Note  the  phase  of  the  l-y  periodicity  is  about  (I  degrees, 
indicating  that  high  T  coincides  with  high  CHL. 


CUMATH  AND  PEKKINSUS  MaRINUS 


87 


1992   1993   1994   1995   1996   1997   1998   1999   2000   2001   2002 

Time  (year) 


0.125 

0.25 

«  0.5 

1 


CO 

>. 

g 

D- 


\ 

b 

u 

_ 

V\ 

V  "^"^ 

- 

A    w 

(      ''^ 

V    \^ 

- 

,  \ 

33::::^       - 

- 

c 
3  4 

5  2 
en 


1 
1992 


500   1 000   1 500 
Power  (unit  ) 


^ ~— — — ^ 


1993   1994   1995 


1996   1997   1998 
Time  (year) 


1999   2000   2001   2002 


Figure  5.  Wavelet  analysis  of  salinity  (S).  a.  Variation  in  the  S  time  series,  b.  Power  and  periodicity  of  the  S  signal.  Note  the  lack  of  an  annual 
signal  and  the  strong  4-6  y  signal,  c.  Variance  a\eraged  over  4-6  y  showing  that  S  is  significant  over  most  of  the  time  series. 


the  power  spectrum  is  not  significant  over  mucli  of  the  time  series 
(Fig.  8c|.  nor  is  the  2-5  y  EN  portion  of  the  power  spectrum 
significant  (Fig.  8d). 

The  CWA  between  EN  and  PI.  and  salinity  and  PI  show  the  4-y 
peaks  (Figs.  9b  and  10b).  which  coincide  with  a  peak,  albeit  non- 
significant, in  the  original  PI  spectrum  (Fig.  8b).  The  4-y  trend  in 
the  EN  X  PI  CWA  (Fig.  9c)  is  shifted  by  about  140°.  so  that  high 
prevalence  follows  a  low  Nino  3.4  anomaly  (a  La-Nina  high- 
salinity  event)  by  about  1.5  y  (phase/360  x  period  or  140/360  x  4). 
The  4-y  trend  in  salinity  (Fig.  10c)  is  nearly  in  phase  with  the  high 


in  prevalence.  The  phase  shift  is  about  -15  degrees,  so  high  PI  lags 
high  S  by  about  1-2  mo. 

Dermo  infection  intensity  (II)  ranged  from  0.0-3.0.  with  an 
overall  mean  of  0.9  (Fig.  11a).  The  power  spectrum  from  the 
Dermo  II  time  series  shows  significant  peaks  at  0.5,  1,  and  4  y 
(Fig.  lib).  The  shorter  signals  are  subannual  and  annual  period- 
icities arising  from  the  normal  seasonal  progression  of  this  disease. 
Averaging  power  in  the  4-6  y  period  (the  salinity  signature.  Fig. 
5b)  shows  significance  over  much  of  the  first  half  of  the  time  series 
(Fig.  I  Ic).  Averaging  power  over  0.5-2  y  (the  temperature  signal. 
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Figure  6.  A  CWA  of  the  Nino  3.4  anomaly  (EN)  and  salinity  (S).  a.  Variation  in  the  EN  and  S  time  series,  b.  Power  and  periodicity  of  the  EN 
X  S  CWA.  Note  the  barely  significant  signal  at  2  y  and  the  more  significant  peak  at  4  y.  c.  Phase  diagram.  Note  that  for  the  4-y  periodicity  EN 
and  S  are  nearly  180"  out  of  phase. 
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Figure  7. 
Note  the 


Wavelet  analysis  of  particulate  inorganic  matter  (PIM).  a.  Variation  in  the  I'lM  time  series,  b.  Power  and  periodicity  of  the  PIM  signal, 
subannual  signal,  c.  Variance  averaged  over  4-6  y  showing  that  PIM  is  not  significant  over  all  of  the  time  series. 


1992   1993   1994   1995   1996   1997   1998   1999   2000   2001   2002 

Time  (year) 


0.125 

\ 

1 

b- 

0.25 

\\ 

- 

m    0.5 

- 

0  2 

1  4 

_< 

y     1    \ 

- 

8 

- 

r* r- 

- 

300 


200 


100 


1992   1993   1994   1995 


1 
Power  (unit^)  x  lO"* 


1996   1997   1998 
Time  (year) 


1999   2000   2001 


2002 


1994 


2000 


2002 


1996   1997   1998 
Time  (year) 

Figure  8.  Wavelet  analysis  of  Dermo  percent  infection  (PI),  a.  Variation  in  the  PI  time  series,  b.  Power  and  periodicity  of  the  PI  signal.  Note  the 
0.5  and  1.5  y  peaks,  c.  Variance  averaged  over  0.5-2  y  showing  that  PI  is  not  significant  over  much  of  the  time  series,  d.  Variance  averaged  over 
2-5  y  showing  that  PI  is  not  signiUcant  over  all  of  the  time  series. 
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Figure  9.  \ 
X  PI  CWA. 
degrees  out 


C\V.\  of  the  Nino  3.4  anomaly  (KN)  and  Dermo  PI.  a.  Variation  in  the  EN  and  PI  time  series,  b.  Power  and  periodicity  of  the  EN 
Note  the  barely  significant  signal  at  2  y  and  the  more  significant  peak  at  4  y.  c.  Phase  diagram.  Note  that  EN  and  PI  are  about  140 
of  phase. 


Fig.  Ih)  shows  a  strong  significant  peal<  in  ihe  CL-nter  of  the  time 
series  (Fig.  1  Id).  Averaging  power  over  2-5  y  (the  EN  signature. 
Fig.  2b)  likewise  shows  a  strong  peak  in  the  middle  of  the  time 
series  (Fig.  1  le).  This  central  portion  of  the  time  series  coincides 
with  the  highest  infection  intensities  (Fig.  1  la),  and  also  with  the 
19%  to  IW?  La  Niiia  event  (Fig.  2a). 

The  CWA  of  Dermo  II  and  salinity  (Fig.  12)  shows  strong  and 
significant  coherence  over  short  periods  and  4  y  (Fig.  12b).  The 
4-y  periodicity  in  the  Dermo  II  time  series  has  a  phase  shift  of  -45 
degrees  with  respect  to  salinity — a  phase  shift  of  about  0.5  y.  Thus, 
high  salinity  leads  Dermo  II  by  about  6  mo.  The  I-y  peak  shows 
about  a  -3()-degree  shift  (Fig.  12c).  This  is  equivalent  to  a  -30 
degrees/360  degrees  x  1  y,  or  0.08  y,  or  about  a  1  mo  phase  shift. 


Therefore,  for  the  1-y  periodicity,  an  increase  in  salinity  precedes 
Dermo  II  by  about  a  month.  A  CWA  of  Dermo  II  and  EN  (Fig.  13) 
shows  a  strong  peak  at  about  3—4  y  (Fig.  13b)  with  a  phase  of 
+  113°  (Fig.  13c),  or  about  I  y.  That  is,  high  Dermo  II  follows 
low  Nino  3.4  anomaly  values,  the  La  Niiia  high-salinity  event,  by 
about  1  y. 

The  CWA  of  the  Dermo  PI  and  Dermo  II  time  series  (Fig.  14a) 
shows  strong  correlations  at  periods  less  than  1  y.  at  2  y.  and  at  4 
y  (Fig.  14b).  The  4-y  peak  has  a  phase  shift  of  about  -30  degrees 
or  0.3  y  (Fig.  14c).  A  rise  in  prevalence  therefore  leads  a  rise  in 
intensity  by  about  4  mo.  Note  that  high  salinity  precedes  high 
prevalence  by  about  2  mo  (Fig.  lOc),  and  high  salinity  precedes 
intensity  by  6  mo  (Fig.  12c). 
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Figure  10.  A  CWA  of  the  salinity  (S)  and  Dermo  PI.  a.  Variation  in  the  S  and  PI  time  series,  b.  Power  and  periodicity  of  the  S 
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the  signiflcant  signals  at  2  and  4  y.  c.  Phase  diagram.  Note  that  the  4  y  trend  in  ,S  is  nearly  in  phase  with  PI. 
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Figure  11.  Wavelet  analysis  of  Dernio  infection  intensity  (11).  a.  \ariation  in  tlie  II  time  series,  b.  Power  and  periodicity  of  the  11  signal.  Note 
the  0.5  and  1  and  4  y  peaks,  c.  Variance  averaged  over  4-6  y  show  ing  that  II  is  significant  over  much  of  the  first  half  of  the  time  series,  d.  Variance 
averaged  over  0.5-2  y  showing  a  strong  significant  peal<  in  the  center  of  the  time  series,  e.  N'ariance  averaged  over  2-5  y  showing  a  significant 
peak  in  the  center  of  the  time  series. 


DISCUSSION 

For  ENSO  to  exert  an  effect  on  disease  levels  of  oysters  in  the 
northern  Gulf  of  Mexico  a  number  of  necessary  conditions  must  be 
met:  ( 1 )  ENSO  must  have  a  teleconnection  to  weather  along  the 
Gulf,  (2)  weather  must  modify  water  temperature  and/or  salinity  in 
local  watersheds,  and  (3)  interannuai  variation  in  ENSO  must 
show  synchrony  with  key  environmental  factors  and  disease  levels. 
Ropelewski  and  Halpert  (1986)  reported  an  ENSO  connection  to 
the  Gulf,  in  which  El  Nifio  years  are  cooler  and  wetter  than  typical 
years.  Powell  et  al.  { 1992)  found  a  high  deg)'ee  of  concordance  of 
yearly  changes  in  disease  between  Gulf  bays  at  spatial  scales  much 


greater  than  1. ()()()  km.  suggesting  that  PI  and  II  are  changing  in 
response  to  broad  shifts  in  weather  patterns  that  likely  directly 
affect  local  temperature  and  salinity  (via  rainfall  and  river  runoff), 
and  subsequently  modulate  PI  and  II. 

The  analyses  of  the  time  series  from  a  site  in  southern  Louisi- 
ana show  periodicities  at  subannual.  annual  and  interannuai  time 
scales.  A  high  degree  of  synchrony  in  periodicities  of  measured 
variables  with  ENSO  suggests  interannuai  climatic  variation  as  a 
driving  force,  whereas  asynchrony  suggests  other  temporal  rela- 
tiotiships  such  as  subannual  and  annual  control. 

Particulate  inorganic  matter  is  the  major  component  of  the 
seston  on  which  oysters  feed.  Excessive  PIM  can  have  deleterious 
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Figure  12.  A  CWA  of  the  salinity  (S)  and  Dernio  II.  a.  \ariation  in  tlie  S  and  II  time  .scries,  b.  Power  and  ptriodicit>  of  the  S  x  II  CWA.  Note 
the  significant  subannual.  annual  and  4  y  signals,  c.  Phase  diagram.  Note  that  in  the  4-y  trend  II  lags  S  by  about  45  ; 


effects  on  oysters  by  "diluting"  its  food  supply.  Chlorophyll  a  is  a 
proxy  for  phytoplankton  biomass  and  represents  an  important 
component  of  the  oyster's  food  supply  (Soniat  et  al.  1998). 
Particulate  load  and  food  supply  are  important  forcing  func- 
tions controlling  oyster  growth  and  Dermo  prevalence  and  inten- 
sity (Powell  et  al.  1996).  These  also  mediate  assimilation  by  al- 
tering filtration  and  ingestion  rates  and  can  thus  determine  the 
success  or  failure  of  oyster  populations  (Soniat  et  al.  1998).  Sub- 
annual  periodicity  is  clearly  seen  in  the  PIM  time  series,  which  is 
a  record  of  the  resuspension  of  bottom  sediments  caused  by  high- 
frequency  wind  events.  Temperature  and  chlorophyll  are  coupled 
at  annual  time  scales  through  temperature  control  of  phytoplankton 
growth  rate.  Sediment  resuspension,  water  temperature,  and  chlo- 


rophyll have  periodicities  that  are  not  in  synchrony  with  the  EN 
signal  and  are  related  only  to  a  minor  degree  with  changes  in 
salinity. 

Unlike  temperature,  salinity  does  not  show  an  annual  signal, 
but  instead  has  a  4-y  periodicity  like  that  of  the  EN  signal.  Tem- 
perature and  salinity  are  not  in  phase  annually,  but  are  in  phase 
every  4  y.  Seasonal  high  temperature  coincides  during  these  times 
with  high  salinity,  established  during  the  La  Nifia  portion  of  the 
ENSO  cycle;  high  temperature  and  high  salinity  are  ideal  condi- 
tions for  the  proliferation  of  disease.  Disease  II  and  PI  ha\e  inter- 
annual  periodicities  that  suggest  a  connection  to  the  EN  signal. 

An  increase  in  salinity  is  followed  in  several  months  by  an 
increase  in  prevalence  followed  in  several  months  by  an  increase 
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A  CWA  of  the  EN  and  Dermo  II.  a.  Variation  in  the  EN  and  II  time  series,  b.  Power  and  periodicity  of  the  EN  x  II  CWA.  Note  the 
peak  at  3—4  y.  c.  Phase  diagram.  Note  that  in  the  4-y  trend  EN  and  II  are  about  11.1°  out  of  phase. 
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Figure  14.  A  CW.A  ()f  the  Dcrmi)  PI  and  Dermo  II.  a.  Variation  in  the  PT  and  II  time  series,  h.  Power  and  periodicity  of  the  PI  x  II  CWA.  Note 
the  subannual/annual,  2  and  4->  peal<s.  c.  Phase  diagram.  Note  that  in  the  4-\  trend  PI  and  II  are  about  -30  degrees  out  of  phase. 


in  infection  intensity,  with  salinity  shifts  strongly  driven  by  ENSO 
events.  Interannual  variation  is  important  in  the  initiation  and  in- 
tensification of  disease,  and  salinity  is  the  primary  driving  factor. 
This  analysis  of  environmental  and  biologic  time  series  from 
southern  Louisiana  show  a  teleconnection  of  ENSO  to  Dermo 
disease  in  the  northern  Gulf  of  Mexico.  The  correlations  and  phas- 
ing of  signals  in  these  time  series  suggest  that  epizootics  of  Dermo 
disease  in  oyster  populations  can  be  initiated  within  6  mo  of  a  La 
Nifia  event.  This  relationship  makes  it  possible  to  potentially  use 
results  from  climate  models  to  predict  epizootics  of  P.  marinus  in 
the  Gulf  Coast  region.  This  provides  a  powerful  approach  for 
oyster  management  practices  because  it  allows  the  possibility  of  an 
epizootic  to  be  predicted  several  months  in  advance  of  the  event. 


which  allows  time  for  appropriate  management  practices  to  be 
implemented. 
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AN  AFLP  APPROACH  TO  IDP:NTIFY  GENETIC  MARKERS  ASSOCIATED  WITH  RESISTANCE 
TO  VIBRIO  VULNIFICUS  AND  PERKINSUS  MARINUS  IN  EASTERN  OYSTERS 
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ABSTRACT  We  conducted  an  arbitrary  fragment  length  polymorphism  (AFLP)  analysis  followed  by  tests  of  association  to  search 
for  polcnlial  genetic  markers  associated  with  resistance  to  infection  by  Vibria  vulnificus  and  Pcrkinsus  marimis  in  a  sample  of  North 
Carolina  oysters.  We  used  48  AFLP  markers  and  found  significant  associations  for  two  of  these  markers  with  the  incidence  of  infection 
of  P.  marinus  and  two  separate  markers  associated  with  the  magnitude  of  infection  of  V.  vulnificus.  Further,  there  was  evidence  of 
epistatic  interactions  of  genes  affecting  infection  levels  of  both  pathogens.  This  suggests  existence  of  genes  or  groups  of  genes  that  are 
located  on  chromosome  fragments  close  to  the  identified  AFLP  markers  and  that  act  directly  or  indirectly  (through  epistasis)  to  control 
the  levels  of  infection  by  these  microorganisms  in  oysters.  The  impact  of  the  direct  and  epistatic  effects  of  the.se  unknown  genes  on 
infection  level  variability  amounted  to  about  409r  for  both  P.  marinus  and  V.  vulnifu-us.  This  study  deinonstrates  the  utility  of  the  AFLP 
approach  to  identify  genetic  markers  of  pathogen/parasite  resistance  in  eastern  oysters.  However,  the  identified  AFLP  markers  are 
considered  preliminary  and  suggestive  only  because  of  the  limited  sample  size  analyzed  in  this  study.  Further  studies  using  this 
approach  on  a  larger  sample  size  are  required  to  identify  a  set  of  robust  molecular  markers  that  would  serve  in  a  marker-supported 
breeding  program  designed  to  impnne  the  quality  of  the  oyster  stock. 

KEY  WORDS:     oysters.  Vibrio  viibuficus.  Pcrkinsus  nmruur^.  AFLP  markers.  Crassostrcu  vir^inica 


INTRODUCTION 

The  eastern  oyster  Crasso.streii  vir^finivn  (Gmeliii)  is  an  cco- 
iiomically  and  ecologically  important  bivalve  species  in  eastern 
Llniled  Stales  estuaries  that  serves  as  a  host  and  a  vector  for  a 
variety  of  prokaryolic  and  eukaryotic  parasites.  Among  the  para- 
sites and  pathogens  that  have  the  strongest  impact  on  the  oyster 
industry  and  wild  oyster  populations  are  a  bacterium.  Vibrio 
vulnificus,  and  a  protozoan.  Pcrkinsus  marinus.  V.  viilnificus  is  a 
human  pathogen  cominon  in  estuarine  waters  around  the  world, 
and  oysters  are  major  vectors  in  the  transfer  of  this  bacterium  to 
humans.  Ingestion  of  raw  or  undercooked  oysters  containing  this 
bacterium  can  result  in  illness  and  even  death  (Oliver  &  Kaper 
2003).  Although  this  bacterium  does  not  negatively  affect  oyster 
survival  and  health,  it  causes  significant  losses  to  the  oyster  in- 
dustry because  of  the  required  warning  labels  and  associated  nega- 
tive publicity  (Keithly  &  Diop  2001)  and  is  a  serious  concern  for 
public  health  in  the  United  States,  particularly  in  Gulf  of  Mexico 
states.  In  contrast.  P.  marinus  is  not  harmful  to  hutiians  but  causes 
devastating  effects  on  oyster  populations.  Epizootics  of  perkinsosis 
or  dermo  disease  caused  by  this  parasite  are  the  main  source  of 
catastrophic  mortalities  in  oysters  that  can  wipe  out  up  to  100%  of 
the  living  stock  in  affected  areas,  threatening  both  aquacultured 
and  wild  oyster  populations  and  leading  to  tremendous  losses  in 
the  oyster  industry. 

Infection  levels  by  V.  vulnificus  and  P.  marinus  in  oysters  are 
controlled  by  various  extrinsic  factors  such  as  environmental  tem- 
perature and  salinity  (Crosby  &  Roberts  1990.  O'Neill  et  al.  1992. 
Chu  et  al.  1993.  Kaspar  &  Tamplin  1993.  BuiTeson  &  Calvo  1996. 
Motes  el  al.  1998)  but  these  factors  cannot  fully  explain  individual 
variation  in  infection  levels  in  oyster  populations.  We  showed  that 
tissue  loads  of  V.  vulnificus  and  P.  marinus  vary  greatly  in  oysters 
growing  in  the  same  habitat  and  exposed  to  similar  environmental 
conditions,  including  levels  of  pathogens  in  the  water  {.Sokolova  et 
al.  2005).  This  variation  is  likely  caused  by  the  genetic  differences 
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in  resistance  to  infection;  in  fact  resistance  to  P.  marinus  infection 
in  C.  virginica  was  earlier  shown  to  have  a  significant  genetic 
component  and  to  depend  on  the  host  genotype  and  genotype- 
environment  interactions  (Oliver  &  Fisher  1999,  Oliver  et  al. 
2000).  Overall,  genetic  variation  in  resistance  to  parasites  and 
pathogens  is  well  documented  in  mollusks  and  thus  creates  a  po- 
tential basis  for  selection  of  parasite-resistant  populations  and 
strains  (Grosholz  1994,  Bushek  &  Allen  1996.  Naciri-Graven  et  al. 
1998.  Langand  &  Morand  1998,  Ataev  &  Coustau  1999,  Knight  et 
al.  1999.  Wiehnet  al.  2002). 

Unfoilunately.  selective  breeding  applied  to  oysters  has  met 
with  only  limited  success.  Currently  there  are  several  oyster  lines 
(e.g..  Andrews  DEBY  and  their  descendants)  that  demonstrate 
some  resistance  to  dermo  disease  (Ford  et  al.  1990,  Calvo  et  al. 
2003.  S.  K.  Allen  pers.  comm.).  Most  of  these  lines,  however,  have 
not  proven  successful  in  growth  locations  outside  of  their  sites  of 
origin  and  may  also  suffer  from  the  effects  of  inbreeding,  which 
limits  their  use  in  aquaculture  and  oyster  restoration  programs. 
Further,  no  oyster  strains  with  increased  resistance  to  V.  vulnificus 
infection  are  currently  known.  On  the  other  hand,  use  of  molecular 
genetic  markers  associated  with  resistance  to  parasites  may 
strongly  facilitate  the  current  selective  breeding  programs  and  pro- 
vide a  noninvasive  tool  to  detect  resistant  oysters  from  wild  or 
cultured  stock.  Selection  of  parental  stock  from  wild  or  cultured 
populations  using  molecular  genetic  markers  would  avoid  the 
negative  effects  of  inbreeding  by  diversifying  the  genetic  back- 
ground of  breeders,  whereas  selecting  for  the  desired  parasite  or 
pathogen  resistance.  However,  this  approach  has  never  been  ap- 
plied to  oyster  stock,  and  no  genetic  markers  as.sociated  with 
pathogen  or  parasite  resistance  are  currently  known  in  oysters.  We 
therefore  decided  to  test  the  feasibility  of  an  arbitrary  fragment 
length  polymorphism  (AFLP)  approach  to  search  for  molecular 
genetic  markers  potentially  associated  with  resistance  to  P.  mari- 
nus and/or  V.  vulnificus  infections.  Here  we  report  the  details  of  an 
inexpensive  technique  that  allows  identification  of  such  markers, 
and  provide  preliminary  data  on  associations  of  AFLP  marker  loci 
with  resistance  of  C.  virginica  to  both  V.  vulnifucus  and  P.  mari- 
nus. 
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MATERIALS  AND  METHODS 

Animal  Collection  and  Maintenance 

Oysters  were  collected  on  June  15,  20(14  from  a  subtidal  habitat 
in  Stump  Sound.  North  Carolina.  50  adult  oysters  (55-155  mm 
valve  height)  were  randomly  collected  from  a  small  area  (ca.  100 
X  100  ml  of  homogenous  soft-bottom  habitat  to  ensure  that  all 
organisms  used  in  this  study  were  exposed  to  the  same  environ- 
mental conditions.  Age  of  the  oysters  within  this  size  range  was 
2-5  y  as  determined  by  the  count  of  annual  growth  checks  on  their 
shells.  Age  determination  by  growth  checks  was  verified  by  com- 
parison with  the  growth  checks  on  cultured  oysters  of  known  age 
grown  subtidally  in  the  nearby  area  of  Stump  Sound  (courtesy  of 
J.  Swartzenberg,  J  &  B  Aquafood).  Water  temperature  at  the  time 
of  collection  was  26°C  and  salinity  was  31%c.  Oysters  were  im- 
mediately placed  on  ice  and  transported  to  the  University  of  North 
Carolina  at  Charlotte  within  5  h  of  collection  for  further  processing 
and  analysis.  Processing  of  oyster  tissues  was  completed  within 
24  h  of  collection.  During  this  time,  oysters  were  kept  on  ice  to 
prevent  postharvest  build-up  of  bacteria. 

Chemicals 

AFLP  adapters  and  preselective  and  selective  primers  were 
purchased  from  Integrated  DNA  Technologies  (Coralville.  lA). 
Restriction  enzymes  and  T4  DNA  ligases  were  purchased  from 
New  England  Biolabs  (Ipswich,  MA).  TaqPro  Complete  PCR  mix- 
ture was  purchased  from  Denville  Scientific  (South  Plainfield.  NJ). 
All  other  reagents  were  purchased  from  Fisher  Scientific  (Su- 
wanee.  GA)  and  Sigma  (St.  Louis.  MO)  and  were  of  analytical 
grade  or  higher. 

Determination  of  V.  vulnificus  Loads  and  P.  niarinus  Infection 

Oysters  were  externally  cleaned  and  opened  with  an  alcohol- 
flamed  oyster  knife.  The  oy.ster  contents  were  removed,  weighed, 
and  homogenized  in  sterile  blender  jars  with  an  equal  volume  of 
sterile  diluent  (50*;^  artificial  sea  water).  Homogenates  were  di- 
luted and  plated  for  V.  riilnifhiis  using  the  cellobiose-polymyxin 
B-colistin  (CPC)  agar  developed  in  our  laboratory  (Massad  & 
Oliver  1987).  which  has  been  used  by  us  and  others  for  the  primary 
isolation  of  V.  vuliiificii.s  (Harwood  ct  al,  2(104.  Oliver  2003). 
When  colonies  of  appropriate  color  and  morphology  are  selected, 
this  medium  has  been  shown  to  be  82%  accurate  in  the  isolation  of 
V.  \';(/;!i!/?c-/(.s-  (Sun  &  Oliver  1995).  Using  these  same  criteria.  Sloan 
et  al.  (19921  found  81%  of  the  typical  V.  valnifuu.s  colonies  on 
CPC  to  be  identified  as  this  species. 

Small  samples  of  gill  tissue  (50-100  mg)  were  removed  prior  to 
homogenization  and  placed  in  DNA  fixing  solution  for  DNA  ex- 
traction for  AFLP  analysis  and  PCR  diagnostics  of  P.  marimis. 
Remaining  tissues  were  weighed  to  the  nearest  0.01  g.  and  the 
maximum  valve  height  was  measured  to  the  nearest  0.1  mm.  For 
diagnostics  of  P.  inariniis.  total  DNA  was  isolated  from  50-100 
nig  samples  of  gill  tissue  following  an  improved  protocol  for  DNA 
isolation  from  mollusks  developed  by  Sokolov  (2000).  This 
method  allowed  us  to  isolate  total  DNA.  which  in  infected  oysters 
contained  DNA  of  P.  iiiiiriiiiis  in  addition  to  the  host  (oyster) 
DNA.  Determination  of  P.  iiiariiiKs  infection  was  performed  using 
PCR  with  the  following  primers: 
Pmar-F:  5'  CAC  TTG  TAT  TOT  GAA  GCA  CCC  3' 
Pniar-R:  5'GTG  ACA  TCT  CCA  AAT  GAC  C  3' 

These  primers  are  specific  for  P.  iiuirinus  (Penna  et  al.  2001 1. 


and  do  not  cross-amplify  with  oyster  DNA  or  other  parasites. 
Optimized  PCR  conditions  for  P.  marimis  detection  were  as  fol- 
lows: 25  p.L  of  reaction  volume  containing  1  x  PCR  buffer.  2  mM 
MgCK.  100  M-M  of  dNTPs.  0.7  U  of  Taq  polymerase,  150  ng  of 
each  P.  Iiuirinus  primer  and  50-100  ng  of  template  DNA  was 
subjected  to  one  denaturation  cycle  at  94"C  for  5  min.  35  cycles  at 
94''C  for  45  s.  55°C  for  30  s  and  72''C  for  45  s  and  one  final 
extension  cycle  at  72°C  for  7  min.  P.  imiriiuis  DNA  obtained  from 
monocultures  of  this  parasite  (gift  of  Dr.  G.  Vastal  was  used  as  a 
positive  control.  Amplified  DNA  fragments  were  resolved  on 
ethidium  bromide-stained  1 .5%  agarose  gels  and  screened  for  the 
presence  of  a  ca.  304  bp  product  characteristic  of  P.  mariiuis. 
which  indicated  infection  of  the  oyster  with  this  parasite.  This 
method  is  highly  sensitive  with  detection  limits  of  0,1  pg  DNA  of 
P.  marimis.  corresponding  to  1  protozoan  cell  g"'  oyster  tissue 
(Penna  et  al,  2001). 

AFLP  Analysis 

AFLP  analysis  was  conducted  according  to  an  AFLP  gene 
mapping  protocol  described  elsewhere  (Vos  et  al.  1995.  Yu  &  Guo 
2003.  Li  &  Guo  2004).  Isolated  genomic  DNA  (-0,5-1  p-g)  was 
digested  by  restriction  enzymes  EcoRI  and  Msel  for  I  h  at  37°C. 
The  digestion  mixture  ( 10  |j.L)  contained  0.5-1  p,g  genomic  DNA, 
5  U  EcoRI  enzyme.  5  U  Msel  enzyme  and  1  x  Msel  buffer  (Buffer 
2.  New  England  Biolabs)  and  an  appropriate  amount  of  water.  The 
complete  digestion  mixture  was  ligated  with  relevant  AFLP  adapt- 
ers overnight  at  room  temperature.  Each  ligation  reaction  (20  |j.L) 
contained  the  restriction  digestion  product  (10  p-L).  1  x  T4  DNA 
ligase  buffer  with  EDTA,  0.05  M  NaCI,  0.05  mg  mL  '  BSA.  6  U 
T4  DNA  ligase.  10-pmol  EcoRI  adapter.  100-pmol  Msel  adapter 
and  appropriate  amount  of  water.  The  structure  of  the  EcoRI- 
adapter  was: 

5 '  -CTCGTAG ACTGCGTACC 

CATCTGACGCATGGTTAA-5' 

The  structure  of  the  Msel-adapter  was: 

5'-GACGATGAGTCCTGAG 

TACTCAGGACTCAT-5 ' 

Ligation  product  was  diluted  20-fold  and  used  as  a  template  for 
preselective  amplification. 

Preselective  amplification  was  performed  using  specific  prim- 
ers complementary  to  each  adaptor  sequence.  Each  preselective 
PCR  (2(1  p,L)  contained  10  p.L  of  2  x  TaqPro  Complete  mixture 
with  1.5  niM  MgCK.  100  pmol  of  each  primer.  4  |jlL  of  20-fold 
diluted  ligation  product  and  an  appropriate  amount  of  water.  The 
cycling  profile  for  preselective  amplification  was:  one  cycle  of 
72°C  for  5  min  to  inactivate  restriction  and  ligation,  30  cycles  of 
94°C  for  40  s,  54X  for  40  s  and  72  C  for  2.5  min  and  one  final 
cycle  of  72°C  for  10  min.  Products  from  preselective  PCR  were 
diluted  20-fold  and  used  as  templates  for  selective  ampliflcations. 
Pairs  of  selective  primers  complementary  to  each  adaptor  sequence 
(except  for  the  last  three  .selective  nucleotides  added  at  their  3' 
end)  were  used  for  selective  PCR. 

Each  selective  PCR  (20  p.L)  contained  10  p.L  of  2  x  TaqPro 
Complete  mixture  with  1.5  niM  MgCU.  100  pmol  of  each  primer. 
5  |jiL  of  20-fold  diluted  product  of  preselective  ampliflcation  and 
appropriate  amount  of  water.  For  selective  PCR,  a  touch-down 
ampHfication  was  used:  10  cycles  of  94°C  for  20  s  (denaturation), 
bb^C  for  30  s  (annealing).  72X  for  2  min  (extension),  with  a  TC 
decrease  of  annealing  temperature  each  cycle,  followed  by  20 
cycles  of  amplification  at  94  "C  for  20  s.  56X  for  30  s  and  72X 
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for  2  mill.  We  analy/ed  six  combinations  ol  primer  pairs  eontam- 
ing  core  sequences  complementary  to  EcoRI  or  Msel  adapters  witli 
addition  of  the  following  selective  nucleotide  triplets  on  3 '-end: 
forward  primers  EcoRI-ACA  and  -ACA.  and  reverse  primers 
Msel-CTC.  -CTA.  and  -CAG.  All  amplifications  were  performed 
in  an  Eppendorf  MasterCycler  Gradient  thermal  cycler  (Brink- 
mann.  Westbury.  NY). 

DNA  fragments  obtained  by  selective  amplification  were  re- 
solved on  89(-  acrylamide  gels  for  7-8  h  in  1  x  TBE  buffer  at  15°C 
to  improve  resolution  and  were  \isuali/ed  by  silver-staining  using 
a  method  described  by  Sokokna  and  Boulding  (2004).  At  least  3 
reference  samples  were  rim  on  each  gel  as  internal  standards,  along 
with  100  bp  and  50  bp  DNA  ladders  (Invitrogen,  Carlsbad.  CA). 
AELP  loci  were  analyzed  using  the  Kodak  EDAS  290  gel  imaging 
system  and  Kodak  ID  Image  Analysis  Software  (Kodak.  Roches- 
ter, NY),  and  scored  as  a  presence  or  absence  of  a  fragment  of  the 
respective  length.  Software-generated  scores  were  verified  manu- 
ally. Only  fragments  between  100  and  350  bp  were  included  into 
the  analysis  because  shorter  or  longer  fragments  could  not  be 
reliably  scored. 

Originally  we  scored  100  AELP  markers  as  present  or  absent  in 
a  random  sample  of  oysters,  and  48  of  these  markers  proved  to  be 
sufficiently  polymorphic  (neither  haplotype  with  a  frequency 
greater  than  80%)  for  use.  These  48  markers  (designated  Ml 
through  M48)  were  scored  in  35  oysters,  although  1  marker  was 
missing  in  7  oy.sters  and  4  markers  were  missing  in  5  oysters  (all 
35  markers  were  present  in  23  of  the  35  oysters).  This  sample  of 
35  contained  only  3  oysters  that  previously  had  been  classified  as 
not  infected  with  V.  viduifkits  (Sokolova  et  al.  2005),  making  the 
presence/absence  of  infection  an  unsuitable  qualitative  trait  for 
analysis.  Instead,  we  analyzed  a  quantitative  trait,  the  magnitude  of 
infection  of  V.  vulnificus  (log  of  CFU/g  counts)  among  the  32 
infected  oysters.  Because  this  trait  was  previously  found  to  be 
correlated  with  weight  of  the  oysters  (Sokolova  et  al.  2005),  we 
first  used  regression  to  adjust  all  these  values  for  differences  in 
overall  weight.  Our  sample  of  35  oysters  included  7  individuals 
that  previously  were  classified  as  not  infected  with  P.  muriuus. 
making  it  possible  to  analyze  association  of  AFLP  markers  with 
the  presence/absence  of  infection  by  this  parasite.  Both  dependent 
variables,  the  magnitude  of  V.  vulnificus  infection  and  the  pres- 
ence/absence of  P.  nuirinus  infection,  were  tested  for  their  asso- 
ciation with  the  AELP  markers  as  described  below. 

AELP  markers  are  useful  in  a  genome-wide  search  for  gene  or 
gene  groups  linked  with  the  differential  resistance  to  parasites  or 
pathogens  and  do  not  require  prior  knowledge  about  the  host  DNA 
sequences;  they  are  anonymous  and  thus  can  in  principle  be  am- 
plified from  DNA  of  the  host  or  the  parasite.  In  this  study,  we  used 
oyster  gill  tissues  where  the  host  DNA  content  is  expected  to 
exceed  the  parasite  DNA  content  by  several  orders  of  magnitude 
because  of  the  relatively  low  infection  intensity  (mean  score  3.6  ± 
0.24  by  Mackin  scale  corresponding  to  medium  infection,  n  =  18, 
Grewal  &  Sokolova,  unpublished  data)  and  large  differences  in  the 
genome  size  of  the  host  and  the  parasites/pathogens  (700  Mb  in  C. 
virf;inica  versus  28  Mb  and  5.3  Mb  in  P.  nuirinus  and  V.  vulnifwus. 
respectively)  (Gregory  2001,  Chen  et  al.  2003;  http://www.tigr 
.org/ldb/e2kl/pmg/intro.shtml).  Because  amplification  is  a  com- 
petitive process,  the  number  of  copies  amplified  from  rare  tem- 
plates (e.g.,  from  parasite  DNA)  will  be  negligible  compared  with 
the  abundant  templates  (i.e..  from  oysters)  when  the  same  number 
of  cycles  is  used,  and  products  from  rare  templates  are  not  likely 
to  be  visualized  on  the  AELP  ael.   In  this  studv.   we  scored 


only  well-defined  AELP  bands  of  high  intensity  to  ensure  that  all 
AELP  markers  belong  to  the  oyster  DNA. 

Single-Locus  Associations 

As  a  first  step  in  testing  for  associations  of  the  marker  haplo- 
types  with  infection  with  either  V.  vulnificus  or  P.  nuuiuus.  it  was 
necessary  to  assess  relatedness  among  the  48  markers  themselves. 
This  assessment  was  accomplished  with  the  MAPMAKER  3.0b 
program  (Lander  et  al.  1987.  Lincoln  et  al.  1992).  which  tested  for 
potential  linkage  groups  among  these  markers.  We  reduced  the 
default  criterion  of  3.0  in  this  program  to  2.5  to  be  conservative 
with  our  limited  sample  size,  and  the  program  identified  9  linkage 
groups,  each  with  2—4  markers.  However,  only  22  markers  were 
included  in  these  groups,  with  the  remaining  26  being  unlinked  and 
therefore  considered  to  be  independent  (effective  number  of  total 
linkage  groups  =  9-1-22  =  31). 

We  used  1-way  analyses  of  variance  (ANOVA;  Sokal  &  Rohlf 
1995)  to  test  for  associations  of  each  of  the  48  markers  with  the 
degree  of  V.  vulnificus  or  P.  nuirinus  infections.  In  these  analyses, 
the  AFLP  marker  was  the  single  factor  (with  two  levels,  presence 
or  absence)  and  the  degree  of  infection  was  the  dependent  variable. 
Each  ANOVA  yielded  the  conventional  F  statistic  with  its  asso- 
ciated probability,  with  any  probabilities  less  than  0.05  indicating 
conventional  significance. 

Because  48  ANOVAs  were  conducted  for  the  analysis  of  V. 
vulnificus  resistance,  and  another  48  ANOVAs  for  the  analysis  of 
P.  marinus  resistance,  it  was  necessary  to  adjust  the  conventional 
significance  level  to  ensure  that  the  experiment-wise  error  rate  did 
not  exceed  59^  (Sokal  &  Rohlf.  1995).  To  accomplish  this,  we  used 
a  permutation  test  (Churchill  &  Doerge  1994)  inxoKing  1,000 
iterations  in  which  the  infection  values  (scores  for  P.  marinus  or  V. 
vulnificus)  were  randomly  permuted,  merged  with  the  AFLP 
marker  data,  and  ANOVAs  performed.  These  ANOVAs  generated 
F  values  with  their  associated  probabilities  that  were  logarithmi- 
cally transformed  to  produce  LOD  scores  (Lander  &  Botstein 
1989)  as  follows:  LOD  =  log,„(  1/Prob).  For  each  of  the  31  link- 
age groups,  the  highest  LOD  scores  generated  in  each  permutation 
run  were  then  ranked,  and  the  50th  and  10th  highest  \alues  from 
each  distribution  represented  the  5%  and  I'/r  group-wise  threshold 
LOD  scores.  An  experiment-wise  threshold  value  across  all  link- 
age groups  also  was  obtained  from  the  50th  (5%)  highest  LOD 
scores  that  were  observed  on  any  linkage  group  during  each  of 
1000  iterations  (Churchill  &  Doerge  1994).  If  the  highest  LOD 
score  calculated  for  a  given  linkage  group  exceeded  its  appropriate 
5%  group-wise  threshold  value  (or  especially  the  experiment-wise 
value),  the  test  of  association  was  considered  to  be  significant  and 
suggested  that  there  is  a  genetic  locus  influencing  resistance  to  V. 
viilnifiicus  (or  P.  marinus)  infection  on  the  chromosomal  fragment 
adjacent  to  the  respecti\e  AFLP  marker. 

Two-Locus  Associations 

We  used  2-way  ANOVAs  to  test  for  significance  of  pairs  of 
AELP  markers  for  their  potential  interactive  effects  on  V.  viilnifii- 
cus and  P.  marinus  resistance  and/or  susceptibility.  Marker  pairs 
were  tested  only  for  the  465  pairwise  combinations  of  the  31 
linkage  groups  because  markers  within  linkage  groups  are  associ- 
ated. The  significance  of  marker  epistasis  was  indicated  by  the 
probability  associated  with  the  F  value  for  the  interaction  of  each 
pair  of  markers  in  the  ANOVAs. 

The  multiple  comparisons  problem  inherent  in  this  many  tests 
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for  epistasis  was  addressed  by  first  calculating  the  effective  num- 
ber of  independent  tests  for  each  hnliage  group  (Cheverud  2000. 
Cheverud  :0()1).  This  was  calculated  as  M^.  =  M(  1  -  [V^(M-l)/ 
M~)]),  where  M  is  the  number  of  markers  scored  (nonlinked  mark- 
ers were  given  an  M  value  of  1 ),  and  V^  is  the  variance  of  the  eigen 
values  of  the  correlation  matrix  of  markers.  The  total  number  of 
independent  epistasis  tests  then  was  estimated  to  be  the  sum  of  the 
crossproducts  of  the  effective  number  of  markers  for  all  465  pairs 
of  linkage  groups.  This  calculation  yielded  a  sum  of  814,  suggest- 
ing that  we  might  expect  about  5%  x  814  =  41  tests  to  be  sig- 
nificant at  the  59c  level  (8  at  the  \7c  level  and  1  at  the  O.l^r  level) 
because  of  chance  alone.  Thus  epistasis  was  indicated  if  the  num- 
ber of  F  tests  of  the  interactions  reaching  the  conventional  5'i 
level  of  significance  significantly  exceeded  41.  This  procedure 
also  allowed  us  to  test  for  individual  instances  of  epistasis  by 
correcting  our  threshold  level  of  significance  via  the  Bonferroni 
procedure.  Specifically,  any  specific  two-gene  interaction  was 
considered  to  be  significant  at  the  10%  experiment-wise  level 
when  a  given  probability  from  the  F  test  for  the  interaction  of 
markers  reached  the  0. 1  Bonferroni  threshold  level  of  significance 
of  0.1/814  =  0.000123  (Peripato  et  al.  2002.  Leamy  et  al.  2005). 


RESULTS 


V.  vulnificus  Infection 


Three  {Ml  9.  M2S  and  M31)  of  the  48  AFLP  markers  exhibited 
associations  with  the  degree  of  V.  vulnificus  infection  that  reached 
significance  at  the  conventional  5%  level  in  the  ANOVAs.  Further. 
LOD  scores  associated  with  the  probabilities  for  two  of  these 
markers  (M28  and  M31)  exceeded  the  19;-  group-wise  significance 
threshold  level,  although  neither  LOD  score  exceeded  the  5%  ex- 
periment-wise threshold  value  of  2.85  (Table  1).  The  remaining 
marker.  Ml  9,  narrowly  missed  significance  at  the  5%  group- wise 
level.  Table  1  also  provides  means  and  standard  errors  of  V. 
vulnificus  infection  associated  with  the  presence/absence  of  each 
of  the  markers.  As  may  be  seen,  alleles  presumably  linked  to  each 
of  these  markers  act  to  increase  {M31)  or  decrease  {M28)  the 
degree  of  infection. 

The  results  of  the  2-way  marker  analyses  done  to  test  for  epi- 
static  effects  on  V.  vulnificus  infection  produced  64  F  values  with 
associated  probabilities  less  than  5%,  this  being  significantly 
greater  than  the  number  (41 )  expected  at  this  level  by  chance  alone 
(X"  =  12.99, df=  1,P<0.00I).  The  number  off  values  reaching 
significance  at  the  1%  level  was  12,  but  this  was  not  significantly 
greater  than  8  expected  at  this  leveK  X"  =  1.55, df=  l.P>0.05). 
One  marker  combination,  M42  with  M44.  reached  significance  at 
the  109f  experiment-wise  level  (P  =  0.000114),  suggesting  that 
the  interaction  of  these  two  markers  significantly  affects  V.  vulnifi- 


cus infection  levels.  In  general,  therefore,  results  of  these  analyses 
indicate  that  epistatic  interactions  of  unknown  genes  linked  to 
these  AFLP  markers  have  an  effect  on  the  infection  le\el  of  V. 
viilnificiis  in  our  sample  of  oysters. 

To  assess  the  relative  effect  of  individual  markers  and  their 
interaction  on  the  total  variability  of  V.  vulnificus  infection  levels, 
we  ran  two  multiple  regressions.  A  multiple  regression  of  infection 
scores  on  the  two  markers  i.M28  and  Mi/)  reaching  group-wise 
significance  generated  a  multiple  coefficient  of  determination  of 
27.8.%  (or  when  adjusted  for  the  number  of  parameters,  22.6%). 
This  suggests  that  variation  in  these  two  markers  alone  accounts 
for  nearly  30%  of  the  variation  in  V.  vulnificus  infection  levels. 
Addition  of  the  M42-M44  significant  interaction  increased  the 
amount  explained  to  41.8%  (adjusted  value  =  35.4%),  a  signifi- 
cant improvement  in  fit  (x"  =  5.77,  P  <  0.05)  from  the  single- 
locus  model  containing  the  3  markers. 

P.  marinus  Infection 

Three  markers  {MS.  M45  and  M47)  exhibited  significance  at 
the  conventional  5%  level  in  the  tests  of  associations  with  the 
presence/absence  of  P.  maiiniis  infection.  Two  of  these  markers 
{M5  and  M47)  reached  group-wise  significance,  but  the  remaining 
marker.  M45.  did  not.  Table  2  shows  these  markers,  their  prob- 
abilities and  LOD  scores,  the  group-wise  threshold  LOD  scores 
and  the  percentage  of  P.  marinus  infection  for  oysters  with  the 
marker  present/absent.  MS  has  the  lowest  probability  (highest 
LOD  score),  and  oysters  with  this  marker  show  nearly  100%  in- 
fection with  P.  marinus  whereas  only  about  one-half  of  those 
oysters  without  the  marker  are  infected.  As  was  the  case  for  V. 
vulnificus,  however,  none  of  these  markers  affecting  P.  marinus 
reach  the  experiment-wise  level  of  significance  (LOD  =  2.85)  in 
the  association  tests.  In  a  multiple  regression,  these  two  markers 
accounted  for  40.0%  (36.2%  adjusted)  of  the  total  variation  in  the 
incidence  of  P.  imirinus  infection. 

Results  of  the  tests  for  marker  interactions  potentially  affecting 
the  incidence  of  P.  marinus  infection  produced  57  F  values  with 
associated  probabilities  less  than  5%.  this  being  significantly 
greater  than  the  number  (41 )  expected  at  this  level  by  chance  alone 
(X"  =  6.17.  df  =  \.  P  <  0.05).  The  number  of  F  values  reaching 
significance  at  the  1%  level  was  14.  and  this  narrowly  missed 
being  significantly  greater  than  the  8  expected  at  this  level  (x"  = 
3.81,  df  =  \.  P  >  0.05).  No  marker  combinations  reached  signifi- 
cance at  the  10%  experiment-wise  level.  Thus  there  is  some  sug- 
gestion of  potential  interactions  of  unknown  genes  affecting  the 
incidence  of  P.  marinus  infection,  but  the  evidence  for  this  is  less 
than  was  seen  in  the  V.  vulnificus  analysis. 


TABLE  L 

AFLP  markers  significantly  associated  with  tiie  degree  of  infection  of  V.  vulnificus  in  the  sample  of  oysters.  Listed  are  the  markers  and  their 
associated  LOD  scores,  5%  and  1%  group-wise  threshold  LOI)  scores,  and  sample  sizes,  means,  and  standard  errors  for  \.  vulnificus 

infection  for  the  two  haplotypes  at  each  marker. 


**  =  /><  0.01 


P 

LOD 

Threshold  LOD 

Marker 

present 

Marker  absent 

Marker 

5% 

1% 

N 

Mean 

St.  Error 

N 

Mean 

St.  Error 

M28 
M31 

0.0114 
0.0032 

1.94** 
2.49** 

1.23 
1.62 

1.74 

2.24 

12 

24 

3.79 

4.37 

0.218 
0.125 

20 

7 

4.48 
3.62 

0.139 
0.355 
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TABLE  2. 

AFLP  markers  significantly  associated  with  the  degree  of  infection 

iif  P.  marinits  in  the  sample  of  oysters.  Listed  arc  the  markers  and 

their  associated  LOD  scores.  5'~f  and  \'t  groii|)-«ise  threshold  LOI) 

scores,  and  infection  percentages  for  oysters  for  «  hich  the  marker  is 

present/ahsent. 


I' 

LOD 

Threshold  LOD 

Marker 

Marker 

S% 

I'-i 

Present 

Ahsent 

M5 
M47 

().()(I2I 
00334 

2^68** 
1 .47* 

1.21 
1.36 

1  .S6 
LSI 

53.9'/; 
SS.3% 

P  <  0.05; 


P  <  O.OI 


DISCUSSION 

This  study  demonstrates  the  feasibihty  of  the  AFLP  approach 
to  search  for  genetic  markers  associated  with  oyster  genes  poten- 
tially intluencing  resistance  to  V.  viilnifuiis  and  P.  marintis.  In 
fact,  the  results  of  association  tests  using  the  AFLP  markers  sug- 
gest that  there  are  genes  that  act  directly  or  indirectly  to  control  the 
levels  of  infection  by  these  parasites  in  oysters.  We  found  two 
markers  that  were  significantly  associated  with  infection  levels  of 
V.  vulnificus  and  two  others  associated  with  the  incidence  of  in- 
fection of  P.  iiniriiuts.  Further,  there  was  evidence  of  significant 
genetic  interactions  (epistasis)  affecting  the  levels  of  both  patho- 
gens, especially  of  V.  vuJnifictis.  The  impact  of  these  unknown 
genes  on  variability  in  infection  levels  was  impressive,  accounting 
for  about  40%  of  total  variation  in  each  case. 

Whereas  the  above-described  results  certainly  are  encouraging, 
they  should  be  interpreted  with  caution  because  of  the  relatively 
small  sample  size  used  in  this  pilot  study.  This  is  especially  so 
because  all  marker  associations  that  reached  significance  were  at 
the  group-wise  level,  and  thus  may  be  considered  only  as  sugges- 
tive of  the  presence  of  the  linked  functional  genes  (Lander  & 
Kruglyak  199.5)  responsible  for  the  control  of  infection  levels.  To 
pro\ide  significant  evidence  for  such  genes,  the  LOD  scores 
should  have  exceeded  the  more  conservative  experiment-wise 
threshold  level  (Lander  &  Kruglyak  19951.  Therefore,  our  results 
would  need  to  be  verified  with  subsequent  .studies  using  larger 
sample  sizes  as  well  as  oysters  from  different  populations  (Kramer 
et  al.  1998).  Such  verification  is  clearly  required  before  AFLP 
markers  could  be  recommended  for  use  in  marker-supported 
breeding  programs  aimed  at  selecting  for  resistant  oyster  strains. 
Nonetheless,  even  with  these  caveats,  our  results  clearly  imply  that 
AFLP  analysis  is  a  viable  strategy  to  detect  such  markers  in  oyster 
populations  and  that  a  future  study  using  a  larger  sample  size  may 
well  detect  genes  strongly  associated  with  resistance  to  these  two 
important  parasites/pathogens  in  oysters. 

Our  results  also  suggest  that  beyond  single-locus  effects  of 
genes,  it  is  important  to  consider  screening  for  epistatic  interac- 


tions of  genes  while  searching  for  loci  associated  with  di.sease/ 
pathogen  resistance  in  oysters.  We  found  evidence  that  gene  in- 
teractions affected  infection  levels  in  the  oysters,  especially  of  V. 
vulnificus  where  the  M42-M44  marker  interaction  reached  experi- 
ment-wise significance  in  the  association  tests.  This  result  involves 
two  markers  that  were  different  from  those  (M28.  M3t)  showing 
individually  significant  effects  and  thus  would  not  have  been  de- 
tected had  we  conducted  single-kicus  analyses  only.  This  sort  of 
result  is  not  at  all  uncommon,  and  highlights  the  role  of  epistasis 
in  various  quantitative  traits  (Cheverud  &  Routman  1995,  Leamy 
et  al.  2002,  Leamy  et  al.  2005).  including  disease  resistance 
(Templeton  2000).  Therefore,  in  future  studies  searching  for  ge- 
netic markers  of  disease  resistance  for  marker-supported  breeding 
programs,  it  seems  important  to  take  epistatic  interactions  between 
the  loci  into  account. 

As  a  corollary,  the  AFLP  approach  described  in  this  study 
provides  a  cost-effective  and  relatively  rapid  method  of  screening 
of  oyster  stock  for  marker  loci  (or  their  epistatically  interacting 
combinations)  associated  with  resistance  to  two  important  patho- 
gens affecting  the  oyster  industry — V.  vulnificus  and  P.  marinus.  A 
considerable  advantage  of  this  method  is  that  identification  of 
resistant  oysters  to  be  used  for  the  parent  stock  can  be  performed 
noninvasively  using  a  small  tissue  biopsy  for  DNA  extraction  and 
analysis  and  at  a  reasonable  cost.  We  believe  that  the  same  ap- 
proach may  also  be  used  with  other  parasites  (e.g.,  Haplospo- 
ridium)  or  with  invasive  organisms  such  as  Polydora  providing  a 
new  tool  to  combat  disea.se  in  oyster  stocks.  In  host-parasite  sys- 
tems where  the  parasite  genome  size  is  small  (such  as  in  a  proto- 
zoan P.  marinus  or  a  bacterium  V.  vulnificus)  DNA  isolated  from 
the  host  tissue  may  be  directly  used  in  the  AFLP  analysis,  espe- 
cially if  tissue  with  low  to  moderate  infection  intensity  is  selected 
ensuring  that  the  parasite  DNA  content  is  negligible  compared 
with  the  host  DNA  content.  For  parasites  with  large  genomes  or  for 
very  heavily  infected  tissues,  it  may  be  advisable  to  use  markers 
that  predominantly  amplify  from  noninfected  host  individuals  but 
not  from  the  infected  ones  (such  as  M47  and  M2S  in  this  study),  or 
to  establish  AFLP  controls  using  DNA  from  pure  parasite  cultures 
to  distinguish  between  the  markers  that  are  amplified  from  DNA  of 
the  host  and  the  parasite. 
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SEASONAL  CHANGES  IN  DRY  MASS  AND  ENERGETIC  CONTENT  OF  MUNIDA  SUBRUGOSA 
(CRUSTACEA:  DECAPODA)  IN  THE  BEAGLE  CHANNEL,  ARGENTINA 


M.  CAROLINA  ROMERO,*  GUSTAVO  A.  LOVRICH  AND  FEDERICO  TAPELLA 
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ABSTRACT  Munidci  siiljnigosa  is  the  most  abimdanl  benthic  species  in  the  Beagle  Channel  (55°S,  68°W).  Tierra  del  Fuego. 
Moreiuer.  this  species  has  two  simultaneous  but  different  feeding  habits:  predator  and  deposit  feeder.  Because  of  its  high  abundance 
(100  indlOO  m"")  and  trophic  position,  this  species  plays  a  key  role  in  the  subantarctic  benthic  ecosystems.  However,  little  is  known 
about  its  energetic  content  and  changes  in  dry  mass  during  its  reproductive  cycle.  Samples  of  M.  siil>n(i;i)sii  were  obtained  in  2000  to 
2001  by  means  of  an  epibenthic  trawl.  The  relative  water  content  (WO  and  the  energetic  content  (EC)  (kJ-g"'  ash  free  dry  mass 
[AFDM])  of  whole  adult  animals,  and  the  relative  dry  mass  (RDM)  and  EC  of  tissues  and  organs  of  fetiiales  were  measured  throughout 
one  year.  The  EC  investment  of  adults  at  the  time  of  maximum  gonadal  development  was  evaluated.  The  EC  was  measured  using  a 
bomb  calorimeter.  The  mean  WC  and  EC  for  M.  sulmigosa  was  SQ*?,-  ±  7%  and  19  ±  2  kJg"'  AFDM,  respectively.  WC  and  EC  for 
whole  adult  animals  varied  significantly  throughout  the  year,  attaining  ma.\imum  values  in  autumn  or  summer  respectively,  after  the 
pattern  of  seasonal  reproduction  and  feeding.  Moreover,  the  EC  of  M.  subiugosu  varied  by  30%  annually.  The  RDM  and  EC  investment 
in  gonadal  de\elopment  was  significant  higher  in  females.  The  hepatopancreas  in  M.  sidinigosa  is  used  as  an  energetic  storage  organ, 
because  RDM  and  EC  increased  before  vitellogenesis  and  moulting. 

KEY  WORDS:     subantarctic.  Anomura.  reproductive  cycle,  squat  lobster,  Miinida  givgaria 


INTRODUCTION 

The  aiioiiuirun  crab.  MunicUi  sidvugasci  (White,  1847)  attains 
length  5-7  cm,  and  nearly  15-g  wet  ma.ss,  that  lives  off  southern 
South  America,  New  Zealand  and  southern  Australia  (Boschi  et  al. 
1992).  In  South  America,  the  Beagle  Channel  represents  the  south- 
ern distributional  limit  for  this  species.  Miinidn  siilvugnsa  consti- 
tutes up  to  509f  of  the  macrobenthic  community  biomass  and  the 
85%  of  the  density  of  anomuran  and  brachyuran  decapods  at  the 
eastern  entrance  to  (Arntz  et  al.  1996,  Gorny  et  al.  1996),  and  in, 
the  Beagle  Channel  (Perez-Barros  et  al.  2004).  The  bycatch  of  the 
hake  fishery  from  the  Atlantic  shelf  off  Argentina  during  2000  was 
dominated  by  Munida  spp.  and  yielded  6674  t  (Villarino  et  al. 
2002).  A  second  sympatric  and  morphological  similar  species, 
M.  gregaria  Fabricius  1973  also  occurs  in  the  Beagle  Channel 
(Tapella  et  al.  2002al.  The  specific  identity  of  both  species  is  still 
controversial  and  molecular  studies  suggest  that  both  are  the  same 
species  probably  undergoing  speciation  (Perez-Barros  et  al.  sub- 
mitted). Hence,  results  presented  in  this  study  may  be  extensive 
and  valid  also  for  M.  gregaria. 

Cuirently,  the  only  galatheids  that  are  coniniercially  exploited 
ate  Pleuroncodes  monodon  (H.  Milne  Edwards,  1837)  and 
Ccrvimimidci  johni  Porter,  1903  off  Chile,  ca.  35°S,  Landings 
peaked  60.000  t  in  1972,  varied  around  10.000  t  during  the  1980s 
and  between  2,000  and  12,000  t  during  the  I99()s.  Munida  spp. 
prospectively  constitutes  an  exploitable  shellfish  at  the  southern  tip 
of  South  America  (Rayner  1935,  Lovrich  et  al.  1998).  High  abun- 
dance of  Munida  spp.  and  its  potential  economical  applications  are 
comparable  to  those  of  other  galatheids.  Commercial  uses  can  be 
as  cocktail  shrimp,  source  of  natural  astaxantins  for  coloration  of 
cultured  salmons  or  chicken  eggs,  digestive  proteases  for  cheese 
manufacture,  or  milled  as  source  of  proteins  of  balanced  food 
(Aurioles  Gamboa  &  Balart  1995.  Lovrich  et  al.  1998).  Meat  yield 
of  M.  sul?rugosa  is  7.5%  wet  weight  (Lovrich  et  al.  1998). 

Munida  sulinigosa  plays  an  impoilant  linking  role  in  subant- 
arctic benthic  ecosystems,  mainly  due  its  trophic  position  (Romero 
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et  al.  2004).  In  one  respect  as  predator  and  deposit  feeder, 
M.  sulyrugosa  feeds  on  lower  trophic  level  organisms,  crustaceans 
and  algae  and  on  detritus  and  sediments  (Romero  et  al.  2004). 
Hence,  M.  sul^rugasa  is  responsible  for  incorporating  organic  mat- 
ter into  the  trophic  web  by  passing  saprophytic  biodegradation 
(Romero  et  al.  2004).  On  the  other  hand,  M.  snivugosa.  being  very 
abundant,  is  prey  of  several  top  predators.  Particularly  in  the 
Beagle  Channel,  galateid  crabs  are  fed  on  by  king  crabs,  fishes, 
cormorants,  penguins  and  whales  (Romero  et  al.  2004).  Munida 
snivugosa  participates  in  short  trophic  chains,  which  are  probably 
efficient  in  the  energetic  transfer,  because  the  shorter  the  chain,  the 
less  energetic  losses  (Pianka  1982).  Hence  the  importance  of  stud- 
ies related  to  energetic  contents  of  this  species. 

The  study  of  the  energetic  transfer  between  populations  is  an 
important  step  in  the  analysis  and  understanding  of  the  functioning 
of  an  ecosystem.  All  energy  that  passes  through  a  population  is 
either  transformed  to  heat  or  to  other  forms  of  energy,  or  is  avail- 
able to  pass  to  another  trophic  level.  Accurate  values  for  the  en- 
ergetic content  of  both  tissues  of  organisms  or  whole  organisms 
are  essential  for  a  better  understanding  of  energetic  relations  in 
ecosystems.  Moreover,  meastn-es  of  whole  body  energy  are  useful 
in  quantifying  consumption  of  species  by  their  predators  (Paul 
1997).  Hitherto,  the  only  data  for  the  energetic  content  of  related 
species.  M.  valida  Smith.  1883  and  M.  iris  A.  Milne  Edwards. 
1880.  are  from  the  deep-sea  continental  slope  (Steimie  &  Terta- 
nova  1988).  in  the  northwest  Atlantic. 

In  decapods,  bioenergetic  studies  of  variation  in  energetic  con- 
tent during  the  reproductive  cycle  are  scarce.  In  the  shrimp 
Crangon  crangon  (Fabricius.  1795)  a  cycle  of  progressive  and 
retrogressive  changes  between  the  dry  mass  of  the  ovary  and 
hepatopancreas  occurs  during  ovarian  development  (Haefner  & 
Spaargaren  1993).  Other  studies  report  on  both  seasonal  varia- 
tions and  general  descriptions  of  the  lipid  content  and  its  relation 
with  the  reproductive  cycle  (Clarke  1977.  Teshima  et  al.  1989. 
Styrishave  &  Andersen  2000.  Wen  el  al.  2001.  Mourente  & 
Rodriguez  1991). 

This  study  analyzes  temporal  variation  in  the  dry  mass  and 
energetic  content  of  Munida  suhrugasa  in  the  Beagle  Channel 


101 


102 


Romero  et  al. 


TABLE  1. 

Predictive  regression  of  relative  dry  nia.ss  (RDM)  on  crab  size  (carapace  lengtli,  CL,  in  mm)  in  different  sexes  and  ovigerous  condition  of 

Muuida  siibrugosa. 


Sex  and  Condition 

Equation  of  Regression 

CL  Range  (mm) 

N 

R- 

F 

P 

Non-ovigerous  females 

Log  RDM  =  2.5  log  CL  -  3.09 

13-2.5 

106 

0.75 

316.5 

<S0.001 

Ovigerous  females 

Log  RDM  =  2.7  log  CL  -  3.24 

1 5-26 

45 

0.72 

106.8 

<S0.00l 

Males 

Log  RDM  =  3.0  log  CL- 3.71 
"o-  lInof  ~  "of 

16-24 

151 

0.78 

545.4 
3.5 
0.2 
6.7 
1.6 

<«0.001 
0.031 
0.700 
0.010 
0.210 

References:  NOP  and  OF.  non-ovigerous  and  ovigerous  females,  respectively.  N.  sample  size;  r"  coefficient  of  determination.  M,  males;  F,  F-siatistic. 


throughout  a  year.  The  dry  mass  and  energetic  content  of  females 
and  males  is  compared  on  a  monthly  basis.  In  females,  the  ener- 
getic changes  in  the  ovary,  hepatopancreas  and  abdominal  muscle 
are  analyzed  on  a  bimonthly  basis.  Furthermore,  the  energetic 
investment  of  females  and  males  at  the  maximum  stage  of  gonadic 
development  before  mating  is  documented. 

MATERIALS  AND  METHODS 

Study  Site  and  Sampling 

The  field  work  was  carried  out  in  Bahi'a  Ushuaia,  in  the  Beagle 
Channel  (55^"  S;  68'W).  Samples  of  M.  siibniiiosa  were  obtained 
from  waters  shallower  than  40-m  depth  with  an  epibenthic  trawl 
net  of  10-mm  mesh  size  and  1.7-m  mouth  width  (see  Tapella  2002 
for  details).  Crabs  used  for  the  analyses  were  preserved  alive  on- 
board, and  dissected  or  frozen  at  -20°C  on  arrival  at  the  laboratory. 

The  standard  measure  of  body  size,  the  carapace  length  (CL). 
was  determined  to  the  nearest  0. 1  mm  with  a  dial  caliper.  Crabs 
>10  mm  CL  are  gonadal  mature  and  therefore  considered  as  adult 
individuals  (Tapella  et  al.  2002b)  as  such,  only  crabs  of  >I0  mm 
were  used  for  this  study.  Average  sizes  for  females  and  males  used 
in  this  study  were  19.9  ±  2.6  and  19.9  ±  2.4  mm  CL,  respectively, 
which  is  coincident  with  the  modal  sizes  of  the  Beagle  Channel 
population  (c.f.  Tapella  2002).  Water  content  (%)  and  energetic 
content  (EC)  of  whole  M.  siihnii^osii  individuals,  both  males  and 
females,  were  studied  from  monthly  samples  obtained  between 
February  and  December  2000.  From  the  total  monthly  catch,  12 
males  and  12  females  were  randomly  selected  and  frozen. 

The  relative  dry  mass  (RDM)  and  EC  of  different  organs  or 
tissues  of  female  M.  SKhnigosii  were  studied  from  samples  taken 
once  every  second  month  from  December  2000  to  November 
2001.  At  each  sampling,  8-22  females  were  randomly  selected 
from  the  total  catch  for  analysis.  Animals  were  kept  in  tanks  with 
running  seawater  for  a  few  hours  until  the  dissection,  then  the 
carapace  was  removed,  and  ovaries,  hepatopancreas  and  abdomi- 
nal muscle  were  dissected. 

To  compare  the  energetic  investment  in  reproduction  in  males 
and  females,  an  additional  sample  of  LS  male  M.  stihrngosa  was 
taken  in  May  of  2001.  when  gonadosomatic  indexes  are  near  to 
reach  their  maximal  values  (Tapella  et  al.  2002b).  Both  testicles 
and  vasa  deferentia  were  used  for  the  energetic  measurements. 

Water  Content  and  Dry  Mass  Determination 

Wet  mass  (WM)  of  the  whole  animals,  stomach  contents, 
hepatopancreas.  abdominal  muscles  and  ovaries  of  females,  and 
testicles  and  vasa  deferentia  in  males  were  recorded  to  0.0001  2 


precision.  Samples  were  dried  to  constant  weight  at  60°C.  and  the 
dry  mass  (DM)  recorded. 

The  percentage  water  content  of  the  animals  was  calculated  as 
(WM-DM)WM~'I00.  Because  the  DM  is  dependent  on  the  ani- 
mal size,  we  calculated  the  RDM  of  organs  and  tissues,  which  was 
the  DM„,„^„  standardized  by  the  DM^.^oie  ^n,m.,i-  The  RDM  of  all 
animals  was  calculated  from  the  animal  size  (CL)  and  according  to 
their  sex  and  ovigerous  condition.  Lineal  regressions  between  log 
RDM  and  log  CL  were  calculated  from  a  different  sample  of 
several  nonovigerous  females,  ovigerous  females  and  males 
(Table  1 ),  obtained  in  July  and  December  of  2001 .  The  equality  of 
the  slopes  was  checked  with  an  analysis  of  covariance  (Sokal  & 
Rohlf  199.5). 

Calorimetric  Determination 

After  obtaining  the  DM,  samples  were  ground  and  pelletized 
with  a  press  model  Parr  2812.  The  caloric  content  of  each  sample 
was  obtained  by  burning  pellets  of  20-200  mg  in  a  calorimeter 
PaiT  model  1425  with  a  microbomb  Parr  model  1.341.  Energy 
values  were  calculated  using  standard  equations  (Parr  Instrument 
Co.  1991,  199.3).  The  values  obtained  were  corrected  for  ash  and 
acid  content  and  were  expressed  as  kJg"'  ash  free  dry  mass 
(AFDM).  Benzoic  acid  calibrations  were  done  periodically. 

RESULTS 

The  ingestion  in  Miinida  siibrugosa  was  clearly  seasonal,  being 
maximum  in  December  (Fie.  I;  ANOVA  F  =  25.4.  P  <  0.001). 
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Figure  1.  Average  inonlhly  temperatures  of  the  Beagle  Channel  (TO 
and  average  quantity  of  food  (E\V,  nig|„^,,,,„|-g„„i„,,,|  ' )  in  the  stomach 
contents  of  adult  Munida  siibrugosa.  Temperatures  are  historical 
monthly  averages  of  the  sea  surface  temperature,  1985  to  1998 
(Balestrini  et  al.  1998). 


Energetic  Seasonal  Changes  of  Munida  Suhrvgosa 
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Food  uptake  in  M.  sithrugosa  follows  the  same  pattern  as  surface 
water  temperature  (Fig.  1;  r  =  0.66.  P  =  0.02):  in  autumn  and 
winter,  ingestion  was  almost  4  times  less  than  in  spring  or  summer. 
For  the  whole  adult  animals  values  of  water  content  and  EC  of 
male  and  female  M.  subriigosa  varied  significantly  throughout  the 
year  (Fig.  2.  Table  2).  Overall,  the  mean  water  content  and  EC  for 
both  sexes  were  59%  ±  1%  and  19  ±  2  kj-g"',  respectively.  The 
minimum  and  maximum  values  of  water  content  were  registered  in 
autumn  and  winter,  respectively  (Fig.  2  A  I.  The  minimum  of  EC 
was  recorded  in  winter  (Fig.  2B).  The  interaction  between  month 
and  sex  for  the  water  content  was  statistically  significant  (Table  2). 
Particularly,  the  water  content  of  females  was  the  lowest  in  June 
(ANOVA  F  =  6.24,  P  =  0.01). 

RUM  and  F.C  in  Organs  and  Tissues 


TABLE  2. 

Two-way  analyses  of  variance  (ANOVA)  to  detect  differences  in 

percentage  of  water  content  and  energetic  content  (k.J-g"')  in  adult 

Munida  suhrugosa  between  sexes  and  throughout  the  year. 


Water  Content  ( % ) 

Energetic  Content 

Source 

d.f. 

MS 

K 

d.f. 

MS 

F 

Month 

10 

776..% 

.l.^..^* 

10 

4 1 .6.1 

12.66* 

Sex 

1 

10,4.1 

0.,^ 

1 

16.65 

5.06* 

Month  X  sex 

10 

4.S.,S.1 

2.1* 

10 

3.. 10 

1.01 

Emir 

242 

21. X7 

242 

3.24 

References:   MS.   mean  square;   EC.  energetic  content;  F.  f-statistic. 
Significant  differences  (P  <  0.05)  are  indicated  by  asterisk. 


Ovaries 

The  ovarian  RDM  and  EC  varied  significantly  throughout  the 
year  (Fig.  3,  Table  3).  Both  RDM  and  EC  reached  their  maximum 
values  in  May:  afterwards,  RDM  and  EC  gently  decreased  and  in 
November  attained  values  similar  to  December  (Fig.  3). 

Hepatopancreas 

The  hepatopancreas  RDM  and  EC  varied  significantly  through- 
out the  year  (Fig.  3.  Table  3).  RDM  and  EC  showed  two  maximum 
values  around  140  ±  40  mg„,„g^„„„.,|"'  and  32  ±  2  kJ-g"',  respec- 
tively, in  March  and  November  (Fig.  3).  No  significant  differences 
in  RDM  and  EC  between  these  months  were  found  (Tukey  test. 
P  =  0.33  and  P  =  0.99  for  RDM  and  EC.  respectively). 


Feb    Mar    Apr    May   Jun     Jul      Aug    Sep    Oct    Nov    Dec 


Feb     Mar    Apr    May  Jun     Jul     Aug    Sep   Oct     Nov    Dec 

Figure  2.  Mean  monthly  percentage  of  water  content  (±SI))  (.\)  and 
energetic  content  (kJg"'.\FDM)  (±SD|  (B)  of  adult  Munida  suhrugasa 
from  the  Beagle  Channel  between  February  and  December  2(M)(). 
Monlhl>  sample  size  was  12  females  and  12  males. 


Abdominal  Muscle 

The  abdominal  muscle  RDM  varied  significantly  throughout 
the  year  (Fig.  3.  Table  3),  principally  because  of  a  single  maximum 
RDM  recorded  in  March  (80  ±  10  mgo,gg^„„^^|"').  This  value 
duplicated  the  others  recorded  during  the  study  period.  The  EC  of 
the  abdominal  muscle  was  similar  throughout  the  year  (Fig.  3, 
Table  2),  with  an  annual  mean  EC  of  22  ±  2  kJ-g^V 

Relationship  Among  Ovary,  Hepatopancreas  and  Abdominal  Muscle 

Maxima  in  RDM  of  hepatopancreas  and  muscle  and  in  EC  of 
the  hepatopancreas  preceded  that  of  the  ovary  (Fig.  3).  In  terms  of 
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Figure  3.  Mean  relative  dry  mass  (mg„r„-g,,„i„,ai"')  (±SD)  (A)  and  en- 
ergetic content  (kJ-g"'  AFDM)  (±SI))  (B)  of  ovaries,  hepatopancreas 
and  abdominal  muscles  of  females  Munida  suhrugosa  from  Beagle 
Channel  between  December  of  2(1(10  and  November  of  2001.  Note  that 
each  month  symbols  are  apart  to  a\oid  overlapping  (sampling  was 
done  on  the  same  date).  Numbers  on  top  of  each  point  are  samples 
sizes. 
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TABLE  3. 

One-way  analysis  of  variance  (ANOVA)  to  detect  differences  in 

relative  dry  mass  (nig„rg-g„„|,„^|"'l  (RDM)  and  energetic  content 

(IvJ'g''  AFDMl  (ECl  of  tliree  different  tissues  of  female  Muiiida 

siibnigosa  throughout  the  year. 


Relative  Drv  Mass 


Source 


d.f. 


MS 


Energetic  Content 
d.f.         MS  F 


Ovary  6  3.345.51       114.02* 

EiTor  102  29.34 

Hepatopancreas  6  32.192.20        36.47* 

Error  102  882.63 

Abd.  muscle  6  2.193.30        22.36* 

Error  1 02  98.08 


6  29.52       10.70* 

55  2.76 

6  150.07      29.91* 

9 1  5.02 

6  3.09         1.19 

89  2..^9 


References:  Abd.  muscle,  abdommal   muscle;  F.  f-statislic.  Signit'icant 
differences  (P  <  0.05)  are  indicated  bv  asterisk. 


RDM.  the  hepalopano'cas  and  nuiscle  were  positive  and  signifi- 


cantly con'elated  (partial  correlation,  r^  i 


0.82 


109. 


P  <  0.05).  However,  in  terms  of  EC  the  hepatopancreas  and 
muscle  were  uncorrelated  (partial  correlalion.  r|_,  ^,  =  0.088. 
;;  =  59.  P  >  0.05).  Hepatopancreas  and  ovary  RDM  were  posi- 
tive and  significantly  coneluted  (partial  correlation,  r^^.Q  =  0.55. 
n  -  109.  P  <  0.05),  whereas  the  EC  of  these  organs  was  positive 
but  not  significantly  con'elated  (partial  conelation.  r^j  ,j  =  0.178, 
n  =  109,  P  >  0.05).  Ovary  and  muscle  RDM  and  EC  were  nega- 
tively correlated,  and  none  of  these  correlations  were  significant 
(partial  con-elation,  r„  „  =  -0.31,  n  =  109,  and  r^.^  =  -0.184, 
/;  =  59,  both  P  >  0.05.  respectively). 

Gonad  Energy  and  Mass  al  the  End  of  the  Gonadal  Development 

The  gonad  RDM  was  sicnificantly  hicher  in  females  (40  ±  10 


borg  eaninuil 


)  than  in  males  (6  : 


-ori;  tiininial 


)  (Student  1  = 


12.91,  P  <  0.001).  The  gonad  EC  was  also  significanth 
higher  in  females  (26  ±  2  kJ-g"')  than  in  males  (22  ±  2  kjg"') 
(Student  t  =  4.20.  P  =  0.002).  Hepatopaticreatic  RDM  (80  ±  28 
mgoioganim.u' '  ^nd  EC  (30  ±3  kJ-g"')  were  similar  in  both  se.xes 
(Student  t  =  0.22,  P  =  0.82,  and  I  =  -1.07.  P  =  0.30.  respec- 
tively). Similarly,  muscle  RDM  (50  ±  9  mg„r.^-gan,mai"')  and  EC 
(21  ±  2  kJ-g"' )  were  also  similar  in  both  sexes  (Student  t  =  -0.08. 
P  =  0.93  and  t  =  0.56,  P  =  0.58,  respectively). 

DISCUSSION 

Our  results  depict  a  typical  annual  energetic  cycle  of  a  decapod 
in  subantarctic  latitudes  (Thalje  2004  and  references  therein).  Over 
the  year,  variations  in  energetic  content  can  be  divided  into  three 
different  periods.  During  summer  and  aututnn.  the  total  energetic 
content  is  fairly  constant  (Fig.  2B).  yet  with  a  high  flow  of  matter 
and  energy  from  the  hepatopancreas  and  muscle  towards  ovaries 
(Fig.  3B).  Growth  of  the  ovary  is  indicated  by  a  tiiaximuni  RDM 
and  EC  in  May  (Fig.  3A).  which  coincides  with  the  lowest  water 
content  in  the  whole  individuals  (Fig.  2A).  Subsequently  during 
winter,  the  total  energy  content  decreases  after  the  egg-extrusion 
(c.f.  Tapella  et  al.  2002b).  and  is  coincident  with  a  period  of  low 
ingestion  (Fig.  I )  and  the  lowest  values  of  energy  and  mass  in 
organs  and  tissues  (Fig.  3).  Finally,  the  energy  accumulation  phase 
occurs  during  the  spring  (Fig.  3B),  when  the  food  intake  increases 
(Fig.  1).  and  the  hepatopancreas  grows  for  a  second  time  in  the 


year  (Fig.  3).  We  attribute  these  variations  to  a  seasonal  feeding 
pattern  and  ultimately  to  physiological  events  such  as  reproduc- 
tion. 

The  seasonal  variations  in  somatic  energetic  content  of  M  .■iiib- 
rugosa  probably  reflect  its  temporal  feeding  patterns.  Develop- 
ment and  physiological  events  in  ectotherms  from  high  latitudes 
may  be  regulated  by  the  seasonal  availability  of  food,  and  the 
degree  of  food  dependence  given  their  position  in  the  food  web 
(Clai'ke  1 988).  Particularly,  the  environment  of  the  Beagle  Chan- 
nel is  subantarctic  with  a  marked  seasonality  in  surface  tempera- 
ture (4.5°C-9°C  in  August  and  January,  respectively)  and  photo- 
period  (18:6  light:dark  in  summer  and  vice  versa).  Miinida  sitb- 
rugosa  feeds  on  small  macroalgae.  small  crustaceans  and 
paniculate  organic  matter  (Romero  et  al.  2004).  Food  uptake  in 
M.  siihnigosa  follows  the  same  pattern  as  water  temperature.  In 
tuin,  this  could  also  reflect  the  different  seasonal  availability  of 
producers  (macroalgae  and  phytoplankton)  and  other  prey  with  an 
annual  life  span. 

In  female  Mimida  siihnigosa  maximum  somatic  energetic  val- 
ues recorded  between  February  and  May  can  be  I'elated  to  the 
reproductive  cycle.  In  February,  oocytes  begin  their  secondary 
vitellogenesis  (i.e..  yolk  accumulation)  (Tapella  et  al.  2002b).  This 
coincides  first,  with  an  increase  in  EC  and  RDM  of  the  hepato- 
pancreas in  February  and  March  and  second  with  the  increase  in 
ovai-y  EC  during  Maich  and  May.  The  ovary  RDM  drastically 
drops  in  July,  right  after  the  egg  extrusion  in  June  (Tapella  et  al. 
2002b).  Furthermore,  the  ovary  EC  gently  decreases  after  egg 
extrusion,  probably  because  of  the  presence  of  nonextruded  oo- 
cytes and  the  reorganization  of  nutritional  material  associated  v\ith 
vitellogenesis  (c.f.  Johnson  1980). 

The  water  content  of  M.  siihnigosa  presents  two  maxima,  in 
August  and  December.  The  latter  is  coincident  with  one  of  the 
peaks  in  RDM  and  EC  of  the  hepatopancreas.  These  changes  can 
be  attrihtited  to  the  moulting  period.  Tapella  (2002)  showed  that 
M.  siihntgosci  >I0  mm  CL  has  2  periods  of  moult  during  the  year, 
in  spring  and  in  summer.  At  moulting,  decapods  absoib  a  great 
quantity  of  water,  which  is  later  replaced  by  the  organic  matter  that 
constitutes  tissues  (Vernet  &  Charmantier-Daures  1994).  Never- 
theless, the  hepatopancreatic  energetic  increase  during  February  is 
probably  associated  with  the  energy  gained  for  summer  moulting 
and  ovarian  growth. 

Muniila  siihnigosa  uses  its  hepatopancreas  to  store  energy,  be- 
cause this  organ  increases  its  RDM  and  EC  befoi'e  vitellogenesis 
(peaking  in  March)  and  moulting  (peaking  in  November).  Flex- 
ibility in  storage  and  mobilization  of  nutrient  reserves  confers  an 
evolutionary  advantage,  enabling  an  organism  to  stay  active  during 
periods  of  starvation  (Crawford  1979),  such  as  the  moulting  period 
(O'Halloran  &  O'Dor  1988).  In  crustaceans,  the  hepatopancreas  is 
the  principal  energy  supplier,  and  a  large  part  of  this  energy  is 
stored  as  lipids  (e.g.,  Chapelle  1977,  Mourente  &  Rodriguez  1991, 
Albessard  et  al.  2001,  Ravid  et  al.  1999).  The  main  functions  of 
these  stored  lipids  are  as  reserves  for  vitellogenesis  and  moulting 
(Dall  1981).  The  material  accumulated  by  the  hepatopancreas  is 
converted  to  other  compounds  that  are  released  into  the 
hemolymph  for  an  eventual  use  by  the  ovary  (Haefner  &  Spaar- 
garen  1993).  In  high  latitude  species,  the  energy  stored  in  the 
hepatopancreas  may  be  also  used  during  winter  when  less  food  is 
available  (Styrishave  &  Andersen  2000);  this  holds  true  for 
M.  siihnigosa,  where  reduced  food  consumption  during  winter 
(Fig.  I)  is  accompanied  by  the  utilization  of  energy  stored  in  the 
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hcixitopancreas  (Fig.  3B)  and  a  general  decline  in  ils  energetic 
content  (Fig.  2B). 

Somatic  energetic  values  of  Muiiida  suhiuiiosa  in  the  Beagle 
Channel  compare  with  those  of  other  related  species  and  benlhic 
crustaceans  in  general.  During  summer,  spring  and  autumn,  so- 
matic EC  of  A/,  subrugosa  was  20.6,  18.9  and  19.5  kjg  '.  respec- 
ti\ely.  These  values  are  similar  to  other  galatheids  from  the  con- 
tinental slope  of  the  northwest  Atlantic.  MiiiiiJa  valida  presents 
values  of  19.9  kJg''  in  summer;  M.  iris  has  19.0  kjg^'  in  spring, 
and  Ewnimida  picta  Smith  1883.  has  20.6  kJg"'  in  autumn  (Steimle 
&  Terranova  1988).  The  mean  EC  for  M.  siihnigosa  from  the 
Beagle  Channel  was  18.9  ±  1.4  kJ-g~'.  similar  to  the  decapod  value 
from  the  English  Channel  of  20.5  ±  1.5  kJ-g"'  (Dauvin  &  Joncourt 
1989)  but  significantly  lower  than  the  reported  EC  of  22.7  kj-g"' 
for  benthic  crustaceans  and  the  general  somatic  EC  of  23  kJg" '  for 
macrobenthic  in\ertebrates  (Brey  et  al.  1988). 

The  somatic  EC  of  M.  siibnigosci  varies  throughout  the  year 
between  16  and  21  kJg"'.  Hence,  calculations  of  consumption 
rates  of  predators  should  consider  these  seasonal  variations  care- 
fully. Similarly,  studies  on  energetic  budgets  of  prey  of  M.  suh- 
ruifosd  should  take  into  account  such  seasonal  variatii)ns.  Munida 
sitbrugosa  is  one  of  the  main  prey  of  about  30  species  of  top 
predators  in  the  Southwestern  Atlantic  (Romero  et  al.  2004).  In  the 
Straits  of  Magellan  and  its  channel  system,  the  density  of 
M.  subrusiosa  is  as  high  as  27  individuals-nr"  (Gutt  et  al.  1999). 
The  Beagle  Channel  presents  the  highest  biomass  and  productivity 
of  macrozoobenthos  of  the  Magellanic  Region  (Thatje  & 
Mutschke  1999).  Particularly  at  <40  m  depth,  the  biomass  of 
M.  subrugosa  is  on  average  3.4  g-m^"  (Tapella  et  al.  20()2a).  which 
implies  64  kJm~"  of  energy  easily  accessible  to  predators  above 


the  sea-bottom.  This  characteristic  is  important  from  an  ecological 
point  of  view,  because  Munida  spp.  are  part  of  numerous  trophic 
chains:  for  example,  in  the  Beagle  Channel  food  consumption 
among  populations  of  nine  seabird  species  is  high,  and  estimated 
to  be  between  1.71  and  3.42  td"'  (Raya  Rey  &  Schiavini  2001). 
Hence,  M.  subrugosa  probably  contribute  a  large  proportion  of  the 
high  energetic  flow  towards  the  seabirds,  especially  diving  species 
like  penguins  and  cormorants.  A  contrasting  potential  prey  species 
in  the  same  location  is  the  clam  Eurhomalea  exalbida  (Chemnitz, 
1795).  which  lives  buried  20  cm  in  the  substrate  and  is  very 
abundant.  Patches  of  this  clam  ha\c  an  average  abundance  of 
83  ind-m""  and  an  annual  biomass  of  186.4  g-ni"~  (Lomovasky  et 
al.  2002).  which  represents  3914.4  kJ-m"-.  60-fold  that  of  M.  sub- 
rugosa. Eurhomalea  exalbida  is  a  filter  feeder  that  consumes  par- 
ticulate organic  matter.  This  food  is  converted  into  clam  tissue  and 
retained  under  the  sea  bottom  and  is  unavailable  to  predators.  This 
clam  is  a  long-lived  species,  with  a  life-span  of  70  y  (Lomo\asky 
et  al.  2002).  .Animals  with  such  life-strategies  capture  and  retain 
nutrients  in  living  tissue  for  decades,  so  that  energy  transfer  to 
other  trophic  levels  is  very  low  compared  with  Munida  spp. 
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THE  INTERACTION  OE  SALINITY  AND  NA/K  RATIO  IN  SEA  WATER  ON  GROWTH, 
NUTRIENT  RETENTION  AND  FOOD  CONVERSION  OF  JUVENILE  UTOPENAEUS  VANNAMEI 
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ABSTR/iCT  The  effects  of  salinity.  Na/K  ratio  and  their  interaction  on  growth,  mokinj;,  nutrient  retention  and  food  conversion  of 
Lilopeiweus  vannamei  were  investigated.  The  test  shrimp  were  reared  in  artificial  seawater  and  fed  fresh  polychaete  worms.  Neanlhes 
japonica  (Izuka)  for  30  days.  Two  salinities  (30  and  15  ppt)  and  5  Na/K  ratios  (25,6,  34,1,  47.3.  102,1  and  153,3.  mmol/mmol)  were 
set.  and  each  treatment  had  four  replicates.  During  the  feeding  trial,  the  molting  frequency  (MF)  was  affected  by  neither  salinity  nor 
interaction  effects,  but  N;i/K  r;itio  had  an  effect  iP  <  0.05).  And  there  was  a  tendency  that  MF  rose  with  the  increment  of  Na/K  ratio 
at  both  salinities.  Final  body  weight,  weight  gain  (WG)  and  specific  growth  rate  (SGR)  were  significantly  influenced  by  salinity,  Na/K 
ratio  and  interaction  effects  IP  <  0,05),  whose  mean  values  at  salinity  15  ppt  were  significantly  higher  than  those  at  30  ppt.  At  30  ppt, 
WGs  and  SGRs  of  shrimp  exposed  to  Na/K  ratio  .34. 1  and  47.3  were  respectively  more  than  26%  and  1 5'/f  higher  than  of  those  exposed 
to  the  other  ratios  (P  <  0.05),  but  no  significant  differences  in  growth  were  found  among  treatments  at  15  ppt  (f  >  0.051.  N;i/K  ratio 
and  interaction  effects  significantly  affected  the  nutrient  retention  (PR  and  ER),  food  conversion  (FCE)  and  protein  utility  (PER)  of 
the  shrimp  (P  <  0,05),  whereas  salinity  showed  little  impact.  At  30  ppt,  the  PR  and  ER  of  shrimp  exposed  to  Na/K  ratio  153,3  were 
more  than  30%  lower  than  of  those  exposed  to  the  other  4  ratios  (P  <  0.05):  the  FCEs  of  shrimp  exposed  to  Na/K  ratio  34.1  and  47.3 
were  more  than  20%  higher  than  of  those  exposed  to  Na/K  ratio  25,6  and  102.1  {P  <  0,05).  and  the  FCE  of  shrimp  exposed  to  Na/K 
ratio  153.3  was  even  lower  (P  <  0.05).  At  15  ppt.  no  significant  differences  in  FCE  among  treatments  were  found  (P  >  0.05).  PER 
showed  the  similar  tendency  as  FCE  at  both  salinities.  It  was  indicated  that  the  shrimp  were  more  adaptable  to  abnormal  Na/K  ratios 
at  low  salinity  than  at  higher  salinities,  and  good  growth  could  always  be  obtained  within  a  Na/K  range  of  34.1—17.3  (mmol/mmol) 
regardless  of  salinity. 

KEY  WORDS:     salinity,  Na/K  ratio,  interaction,  Lilopciiaciis  raunamci.  growth 


INTRODUCTION 

Inland  prodtiction  of  shrimp  iisinii  water  from  saline  aqtiifers  is 
providinL'  an  alternative  to  traditional  coastal  aquacultiire  and  a 
diversification  of  agriculture,  and  it  is  currently  undertaken  in  the 
United  States.  Ecuador.  Brazil.  China  and  several  other  countries 
(Boyd  2002,  McGraw  et  al,  2002),  Until  the  year  2003,  inland 
shrimp  farming  was  present  in  25  of  the  .31  Chinese  provinces  and 
autonomous  regions,  and  the  annual  production  of  L.  vannamei 
cultured  in  inland  has  amounted  to  296,-300  tons  in  China  (Liu 
et  al,  2004). 

Although  the  shrimp  farming  technology  in  seawater  has 
reached  a  high  level,  it  could  not  be  introduced  to  inland  saline 
water  culture  directly.  CoiT)parative  to  seawater,  the  ion  profile  has 
changed  a  lot,  and  the  rule  of  constancy  of  composition  of  seawater 
does  not  apply  to  inland  saline  water.  Furthermore,  the  ionic  com- 
position and  salinity  of  ground  water  among  places  can  vary  mark- 
edly; the  natural  saline  water  resources  in  many  inland  places 
could  not  be  used  in  shrimp  culture  directly  (Boyd  2002.  Davis 
et  al.  2002.  Saoud  et  al,  2003),  For  example.  In  the  saline-alkaline 
area  of  Yellow  River  Delta  in  China,  the  saline  ground  waters  are 
chloride  type,  salinity  varies  between  5-15  ppt  and  most  of  their 
chemical  cotnpositions  are  siinilar  to  that  of  oceanic  seawater  of 
the  same  salinity  except  potassium,  which  is  90%  to  95%  less  than 
similar  salinity  oceanic  seawater,  and  shrimp  could  not  survive 
(Wang  el  al.  2001,  Li  et  al.  2002). 

Current  data  suggests  that  salinity  and  proper  ionic  composition 
of  saline  water  are  the  two  necessities  for  culture  suitability  evalu- 
ations. Numerous  reports  focus  on  effects  of  salinity  on  shrimp 
culture  (Dalla  Via  1986a,  1986b,  Huang  1983,  Bartletl  et  al.  1990, 


*Corresponding  author.  E-mail:  dongsKs'mail. ouc.edu. en 


Bray  et  al.  1994,  Vinod  et  al.  1996,  Chen  et  al,  1996,  Ponce- 
Palafox  et  al.  1997,  Rosas  el  al,  2001 ).  More  studies  have  begun 
concerning  the  ionic  imbalance  of  saline  water,  especially  on 
supplementing  potassium  into  potassium  deficient  saline  water  for 
shrimp  and  inarine  fish  culture  (Liu  2001 ,  Fielder  et  al.  2001,  Allan 
&  Fielder  2002,  McGraw  &  Scarpa  2003).  In  addition.  Forsberg 
et  al.  (1996)  reported  that  the  survival  of  red  drum  Sciaenops 
ocellatus  was  significantly  corrected  with  the  Na/K  and  K/CI  ratios 
of  the  saline  ground  water.  Zhu  et  al.  (2004)  did  special  experi- 
mental work  on  the  effects  of  Na/K  ratio  in  seawater  on  growth 
and  energy  budget  of  juvenile  L.  vannamei.  and  they  found  that 
Na/K  ratio  had  significant  effects  on  the  sui'vival,  tnolting,  growth 
and  energy  budget  of  the  shrimp  at  salinity  30  ppt.  However, 
salinity  fluctuation  and  ionic  ifnbalance  often  occur  simulta- 
neously in  saline  ground  water,  and  they  might  interact  on  the 
aquatic  animals.  The  aim  of  this  research  is  to  evaluate  the  inter- 
action of  salinity  and  Na/K  ratio  in  seawater  on  the  growth  of 
L.  vannamei  under  laboratory  conditions,  thus  to  further  the 
knowledge  on  shrimp  farming  with  inland  saline  ground  water. 

MATERIALS  AND  METHODS 

Source  and  Acclimalion  of  Juvenile  Litopenaeii.s  vannamei 

The  experiment  was  carried  out  between  June  14  and  July  13. 
2003.  Juvenile  L  vannamei  were  obtained  from  the  Jiaozhou 
Shrimp  Farm  in  Qingdao.  China.  When  the  shrimp  were  trans- 
ported to  the  laboratory,  one  half  was  stored  in  two  continuously 
aerated  600-1  fiberglass  tanks  with  natural  seawater  (29-31  ppt), 
and  the  other  half  was  stored  with  diluted  seawater  (15  ppt)  to 
undergo  a  10-day  acclimation  to  the  indoor  laboratory  conditions, 
during  which  they  were  fed  ml  lihiiiim  tv\ice  a  day  (8:00  and 
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18:00)  with  commercial  shrimp  ration  pellets  (composition: 
41.58%  crude  protein,  8.367f  crude  lipid  and  8.74%  moisture: 
energy  content:  19.37  kJ/g  dry  matter). 

Experimental  Design  and  Artificial  Scawater  Preparation 

To  eliminate  the  interference  of  imbalance  from  other  ions,  the 
experimental  water  was  prepared  by  adding  instant  artificial  sea- 
salts  into  fully  aerated  tap  water.  The  instant  artificial  seasalts  were 
specially  designed  and  produced  by  General  Sea  Salt  Factory. 
Ocean  University  of  China,  in  which  the  sodium  and  potassium 
ingredients  were  precisely  compounded  so  as  to  keep  their  total 
concentration  constant,  whereas  the  Na/K  ratios  varied.  The  salin- 
ity of  the  newly  prepared  artificial  seawaters  was  30  ppt  and  15  ppt 
and  pH  8.2.  At  each  salinity  level,  the  total  concentration  of  mono- 
valent cations  and  other  ions  were  kept  approximately  constant. 
Based  on  the  former  experiment  result  (Zhu  et  al.  2004).  5  Na/K 
ratios  were  set:  25.6.  34.1.  47.3,  102.1  and  153.3  (mmol/mmol).  in 
which  47.3  was  identical  with  the  Na/K  ratio  of  oceanic  seawater. 
and  it  was  set  as  control.  The  concentrations  of  Na*  and  K*  were 
determined  with  an  inductixely  coupled  plasma-atomic  emission 
spectrophotometer  (ICP-OES;  VISTA-MPX.  VARIAN).  The  de- 
tails are  given  in  Table  I. 

After  the  10-day  acclimation  and  24  h  starvation,  shrimp  of 
similar  size  were  selected  and  weighted  individually.  To  remove 
excess  moisture,  shrimp  were  blotted  dry  with  paper  towel  and 
weighted  to  the  nearest  0.001  g  using  an  electronic  balance.  Two- 
hundred  shrimp  that  weighted  1.554  ±  0.004  g  (mean  ±  SE)  were 
selected,  and  160  were  randomly  assigned  to  40  glass  aquaria 
(45  X  25  X  30  cm.  4  individuals/aquarium)  to  take  the  30-day 
feeding  trial.  The  aquaria  were  filled  with  30  L  artificial  seawater 
of  different  salinities  (15  ppt  and  30  ppt)  and  Na/K  ratios  (25.6. 
34.1.47.3.  102.1  and  153.3).  Therefore.  10  treatments.  4  replicates 
per  treatment  were  conducted.  The  aquaria  were  randomly  located. 
To  prevent  the  shrimp  from  jumping  out.  every  aquarium  was 
covered  with  a  mesh  cover.  The  ambient  temperature  was  con- 
trolled with  an  air-conditioner.  Aeration  was  provided  continu- 
ously and  two-thirds  of  the  water  volume  was  exchanged  every 
second  day  to  ensure  high  water  quality.  During  the  experiment, 
dissolved  oxygen  was  maintained  above  6.0  mg/L.  pH  8. 1  ±  0.2. 
water  temperature  at  25°C  ±  0.5°C.  and  a  simulated  natural  pho- 
toperiod  (14  light:  10  dark)  was  used.  The  remaining  40  shrimp 
were  dried  in  an  oven  at  65°C  to  constant  weight,  homogenized 
and  stored  at  -20°C  to  estimate  the  body  composition  and  energy 
content  of  the  initial  shrimp.  During  the  feeding  trial,  the  shrimp 
were  fed  fresh  polychaete  worms,  Neaiultcs  japonica  (Izuka), 
which  had  been  considered  to  be  the  best  natural  diet  in  prompting 
shrimp  growth  and  was  widely  used  in  shrimp  farming  in  China 
(Bi  et  al.  1995.  Zhou  &  Xie  1995).  The  shrimp  were  fed  at  satiation 
level  twice  a  day  (6:00  and  16:00). 


Samples  Collection  and  Analysis 

During  the  course  of  the  experiment,  the  daily  food  (polychaete 
wonns)  supplied  was  blotted  dry  with  paper  towel  and  precisely 
weighed  and  recorded.  The  uneaten  food  and  feces  were  collected 
by  siphon  within  3  h  after  each  meal.  Exuviae  (molted  exo- 
skeletons)  were  collected  and  recorded  at  all  times.  The  collected 
uneaten  food,  feces  and  exuviae  were  dried  at  65'  C  and  kept  for 
further  analysis.  At  the  end  of  the  experiment,  all  the  test  shrimp 
were  starved  for  24  h  and  then  collected  and  dried  at  65°C  to 
constant  weight.  The  shrimp  from  the  same  aquarium  were  pooled 
as  a  sample. 

Nitrogen  content  was  measured  using  Kjeltcc  Auto  System 
2200  (Foss,  Sweden),  and  crude  protein  content  was  calculated 
from  nitrogen  content  by  multiplying  6.25  (AOAC  1984).  Crude 
lipid  was  determined  by  the  Soxthlet  method  (AOAC  1984).  The 
energy  content  of  dried  samples  was  determined  by  Pan-  1281 
Oxygen  Bomb  Calorimeter  (PARR  Instrument  Company.  USA). 
Analyses  of  each  sample  were  conducted  in  triplicates.  The  body 
composition  of  polychaete  worm  was  analyzed  in  the  same  way  as 
the  shrimp  samples  and  found  to  be:  83.6%  moisture.  77.8%  (dry 
matter)  crude  protein  and  7.2%  (dry  matter)  crude  lipid;  energy 
content  was  21.31  kJ/g  dry  matter. 

Calculation  and  Data  Analysis 

Weight  gain  (WG),  specific  growth  rate  (SGR),  molting  fre- 
quency (MF).  feeding  rate  (FR),  food  conversion  efficiency  (FCE) 
and  protein  efficiency  ratio  (PER)  were  calculated  as  follows: 

WG(%)  =   IOO(W.-W|)/W| 

SGR  (%..day'')  =   lOOdnW,  -  lnW|)/T 

MF(%-day"')=    IOON„,/ (N,  x  T) 

FR  (%  body  weight-day"')  =   lOOC/  |T  (W,  +  W,)/2| 

FCE(%)  =   !00(W,  -  W,)/C 

PER  =  (W-,  -  W,)/(C  X  Protein  content) 

Apparent  energy  or  protein  retention  levels  (ER  and  PR,  re- 
spectively) were  calculated  as:  [(W-,  x  (final  energy  or  protein 
content/100))  -  (W,  x  (initial  energy  or  protein  content/ 100))]/ 
C  X  (%  energy  or  protein  in  food/100)  (Hardy  1989). 

Where  W,  and  W,  are  the  final  and  initial  wet  body  weight  of 
the  shrimp.  N,„  is  the  number  of  molts,  N,  is  the  number  of  shrimp, 
T  is  the  duration  of  the  experiment,  and  C  is  the  total  food  con- 
sumed. 

Statistics  were  performed  with  SPSS  10.0  statistical  software 
(SPSS  Inc..  1999).  The  assumption  of  homogeneity  of  variances 
was  tested  for  all  data,  which  were  sin" '-transformed  if  necessary. 
Two-way  analysis  of  variance  (ANOVA)  was  used  to  test  for  the 


TABLE  1. 
Concentrations  of  Na*.  K*  (niniolL"')  and  Na/K  ratios  of  the  fxpfrimental  arlitkial  stawater. 


Na/K  ratio 
Salinity  (ppt) 

25.6 

34.1 

47.3 

102.0 

153.3 

30 

15 

30 

15 

30 

15 

30 

15 

30                   IS 

Na+ 

393.2 

147.6 

.^9S.() 

149..S 

402.0 

201.0 

4()S,() 

203.3 

409..S               204.0 

K+ 

15.4 

7.7 

11.7 

5.9 

s..'; 

4.2 

4.0 

2.0 

2.7                   1.3 

Na*  +  K+ 

4()S.6 

205. .> 

40'). 7 

20.^.4 

410.-^ 

205.2 

412.0 

20.'i.3 

412.1              205.3 

Interaction  of  Salinity  and  Na/K  Ratio  on  L.  Vannamei 
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interaction  of  salinity  and  N;i/K  ratio  in  seawater  on  all  data. 
Significant  ANOVAs  were  followed  by  a  Student-Neuniann-Keuls 
multiple  comparison  test  to  locate  differences  between  groups. 
Significance  was  accepted  when  P  <  0.05. 

RESULTS 

Survival  and  Miilliiif; 

The  survival  and  molting  data  of  the  test  shrimp  are  presented 
in  Table  2.  During  the  30-day  experiment,  there  were  2  shrimp  that 
died  within  one  aquarium  at  salinity  30  ppt  and  N;i/K  ratio  25.6, 
and  another  2  shrimp  died  while  exposed  to  Na/K  ratio  25.6  and 
102.1  at  salinity  15  ppt.  However,  no  significant  differences  in 
survival  among  treatments  were  found  iP  >  0.05). 

No  significant  interaction  effects  in  molting  frequencies  (MF) 
were  found,  whereas  the  Na/K  ratio  had  an  effect  (P  <  0.05).  At 
salinity  30  ppt.  MFs  for  shrimp  exposed  to  Nii/K  ratio  102.1  and 
153.3  are  much  higher  than  for  those  exposed  to  lower  Na/K  ratios, 
even  significantly  higher  than  for  the  control  (Na/K  =  47.3) 
(P  <  0.05).  No  significant  differences  in  MFs  were  found  among 
treatments  at  salinity  15  ppt.  but  it  could  be  seen  that  MF  increases, 
whereas  Na/K  ratio  becomes  higher. 

Growth 

At  the  beginning  of  the  feeding  trial,  the  body  weights  of  the 
test  shrimp  under  each  treatment  were  similar  (Table  2).  At  the  end 
of  the  experiment,  the  final  body  weight  of  the  shrimp  were  sig- 
nificantly influenced  by  salinity,  Na/K  ratio  and  interaction  effects 
{P  <  0.05).  At  salinity  30  ppt,  the  mean  final  body  weight  for 
shrimp  at  N;i/K  ratio  153.3  was  significantly  lower  than  for  those 
at  the  other  four  Na/K  ratios  (P  <  0.05).  yet  no  significant  differ- 
ences in  final  body  weight  were  found  between  shrimp  exposed  to 
the  latter  four  ratios  {P  >  0.05).  Shrimp  at  salinity  15  ppt  had 
significantly  higher  mean  final  body  weight  than  at  salinity  30  ppt 


(P  <  0.05).  N;i/K  ratio  showed  no  effects  on  shrimp  final  body 
weight  at  15  ppt  [P  >  0.05).  although  it  did  at  30  ppt  {P  <  0.05). 
The  mean  final  body  weight  for  shrimp  exposed  to  Na/K  ratio  34. 1 
and  47.3  was  higher  than  for  tho.se  expo.sed  to  the  other  three  ratios 
at  both  salinities. 

Weight  gain  (WG)  and  specific  growth  rate  (SGR)  both  were 
significantly  affected  by  salinity.  Na/K  ratio  and  interaction  effects 
(P  <  0.05).  At  salinity  30  ppt.  WGs  of  the  shrimp  exposed  to  Na/K 
ratio  34.1  and  47.3  were  significantly  higher  than  those  exposed  to 
Na/K  ratio  25.6  and  102.1  (P  <  0.05).  and  WG  of  the  shrimp  at 
Na/K  ratio  153.3  was  even  lower  (P  <  0.05).  However,  no  signifi- 
cant differences  were  in  WG  among  Na/K  ratios  at  salinity  15  ppt 
(P  >  0.05).  and  the  mean  WG  for  shrimp  at  salinity  15  ppt  was 
significantly  higher  than  for  that  at  salinity  30  ppt  (P  >  0.05).  SGR 
has  the  similar  tendency  as  WG. 

Fond  Intake.  Sulriiiit  Retention  and  Food  Conversion  Efficieney 

Data  of  food  intake,  nutrient  retention  and  food  conversion 
efficiency  are  presented  in  Table  3.  No  significant  interaction  ef- 
fects were  observed  in  feeding  rates  (FR)  (P  >  0.05),  though  sa- 
linity and  Na/K  ratio  both  showed  an  effect  (P  <  0.05).  Shrimp  at 
salinity  15  ppt  had  higher  FRs  than  at  salinity  30  ppt  (P  <  0.05). 
Although  no  significant  difference  in  FR  was  found  among  N;i/K 
ratios  at  salinity  1 5  ppt  ( P  >  0.05 ).  FR  for  shrimp  exposed  to  Na/K 
ratio  25.6  showed  the  highest  FR  at  salinity  30  ppt.  which  was 
significantly  higher  than  for  those  exposed  to  Na/K  ratio  34. 1 .  47.3 
and  153.3  (P  <  0.05). 

Protein  retention  (PR)  and  energy  retention  (ER)  were  signifi- 
cantly affected  by  Na/K  ratio  and  interaction  effects  (P  <  0.05), 
whereas  salinity  showed  no  significant  influence  (P  >  0.05).  At 
salinity  30  ppt.  PR  of  the  shrimp  at  Na/K  ratio  153.3  was  signifi- 
cantly lower  than  of  those  at  the  other  4  Na/K  ratios  (P  <  0.05 ).  and 
no  significant  differences  in  PR  were  found  between  the  latter  4 
treatments  (P  >  0.05).  At  salinity  15  ppt,  significant  differences  in 


TABLE  2. 
Growth,  survival  and  molting  of  /,.  vannamei  in  the  artillcial  seawater  of  different  salinities  and  Na/K  ratios  during  30  days.t 


Salinity 
(ppt) 

Na/K 

Body  wet 

weight  (g) 

WG 

SGR 

MF 

Survival 

ratio 

Initial 

Final 

(%) 

{%  -day-') 

{%  -day"') 

(%) 

30 

25.6 

I.566±(.).(JI(.) 

5.289  ±0.1 38" 

237.91  ±  10.65" 

4.(J5±0.ir 

12.29  ±0.31"" 

87.5  ±  7.2 

.^4.1 

1 .544  ±  0.006 

6.277  +  0.071" 

306.60  ±  4.87' 

4.67  ±  0.04' 

1 1.88  ±  1. 20=" 

100.0  ±0.0 

47.3 

1. 544  ±0.0 1 7 

6. 198  ±0.507" 

300.76  ±  29.7  r 

4.60  ±  0.25' 

11.04  +  0.6.3" 

100.0  +  0.0 

I02.I 

I..%6±  0.017 

5.274  ±0.135" 

236.82  ±  9.35" 

4.04  ±  0.09" 

14.38  ±0.21" 

I00.0±0.0 

153.3 

l..';4I  ±0.009 

3.491  ±0.180-* 

1 26.56  ±  \\.5r* 

2.71  ±0.17'* 

1 3.96  ±0.40" 

100.0  ±0.0 

15 

25.6 

1.553  ±0.009 

5.880  ±0.23 1 

278.46  ±  13.91 

4.43  ±0.12 

10.56  ±  1.53 

93.8  ±6.3 

.M.l 

1.565  ±0.015 

6.1 15  ±0.268 

291.27  ±20.95 

4.53  ±0.1 7 

11.18  ±0.44 

100.0  ±0.0 

47.3 

1. 55S +  ().()  10 

6.345  ±  0.209 

307.47  ±  15.45 

4.68  ±0.1 3 

12.29  ±  1.04 

100.0  ±0.0 

I02.I 

I..S56±  0.017 

5.826  ±  0.282 

275.15  ±21.70 

4..^9±0.21 

13.54  ±0.79 

93.8  ±  6.3 

153.3 

1  ..S.50  ±  0.008 

5.630  ±0.1 23* 

263.15  ±6.61* 

4.30  ±  0.06* 

13.33  ±0.59 

100.0  ±0.0 

Two-way  analysis  of  variancei 

Salinity 

— 

S(<0.001) 

S«0.0OI) 

S«0.001) 

NS  (0.317) 

NS  (0.999) 

Na/K  ratio 

— 

S«0.001) 

S«0.001) 

S«0.001) 

S  (0.005) 

NS  (0.061) 

Salinity  x  (Na/K  ratio) 

— 

S(0.()OI) 

S (0.00 1) 

S«0.001) 

NS  (0.486) 

NS  (0.566) 

WG.  weight  gain;  SGR,  specific  growth  rale;  MF.  molting  frequency. 

t  Mean  ±  SE  of  four  replicates.  Means  within  a  column  and  within  each  salinity  level  followed  by  different  letters  are  significantly  different  (Student- 

Neumann-Keuls  multiple  comparison.  P  <  0.05 1.  Means  at  the  same  N;i/K  ratio  level  were  compared  between  salinity  30  and  15  ppt.  an  (*)  followed  the 

means  indicates  significant  difference  [P  <  0.05). 

+  Decimal  fraction  within  each  bracket  denotes  the  P  \alue  of  two-way  ANOVA.  S.  significant  (f  <  0.05);  NS.  not  significant  IP  >  0.05). 
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TABLE  3. 
Feeding,  nutrient  retention,  food  conversion  and  protein  utility  of  /..  vunnumei  during  the  30-day  experiment.t 


Salinity 

ppt) 

Na/K  ratio 

FR  ( ^, ) 

PR  (  ^7^  ) 

ER  ( '7i  1 

FCE  (  Cr  ) 

PER 

3(1 

23.6 

18.68  +  0.40" 

32.98  ±  4.4S'' 

33. .^0  ±  4.47" 

19.39  ±0.70" 

1.52  ±0,06" 

34.1 

16.35  ±0.58=' 

36.97  ±  0.89*' 

37.85  ±0.91"* 

24.76  ±0.85^* 

1 .94  ±  0.07"* 

47.3 

16.53  + 0.1  g" 

36.41  ±2.39" 

36.88  ±  2.37" 

24.06  ±  i.or 

1.88  ±0.08'-' 

102.1 

17.66  +  0.30-''' 

31.92  ±0.88" 

32.10  ±0.87" 

20.50  ±  0.58" 

1.60  ±0.05" 

153.3 

16.25  ±0.73-' 

22.46  ±  1.06"* 

22.03  ±1.02"* 

15.78  ±0..34"* 

1.24  ±0.03"* 

15 

23.6 

19.13  ±0.56 

29.40  ±  1.16' 

30.19  ±  1.17' 

20.33  ±  0.99 

1.59  ±0.08 

.^4.1 

17.86±0.17 

33.74  ±  1.02" 

33.84  ±1.00'" 

22.05  ±0.54* 

1.73  ±0.04* 

47.3 

17.80  ±0.21 

34.79  ±  1.06-' 

34.89  ±  1.05^ 

22.67  ±0.69 

1 .78  ±  0.05 

102.1 

18.50  ±0.35 

31.74  ±  1.34"^ 

32.12  ±1.32" 

20.82  ±  1.06 

1 .63  ±  0.08 

133.3 

18.40  ±0.33 

31.21  ±0.69"* 

31.34  ±0.68'-''* 

20.60  ±  0.44* 

1.61  ±0.03* 

Two-wav  anal 

vsis  of  variance; 

Salinity 

S«0.001) 

NS  (0.974) 

NS  (0.977) 

NS«0.422) 

NS  (0.934) 

Na/K  ratio 

S  (0.001) 

S(<0.001) 

S«0.001) 

S«0.001) 

S«0.001) 

Salinity  x  (Na/K  ratio! 

NS  (0.335) 

S  (0.017) 

S  (0.009) 

S«0.001) 

S  ((1.012) 

FR.  feeding  rate;  PR.  protein  retention;  ER.  energy  retention:  FCE,  food  conver.sion  efficiency;  PER.  protein  efficiency  ratio. 

t  Mean  ±  SE  of  four  replicates.  Means  within  a  column  and  within  each  salinity  level  followed  by  different  letters  are  significantly  different  (Student- 

Neumann-Keuls  multiple  comparison.  P  <  0.05).  Means  at  the  same  Na/K  ratio  level  were  compared  between  salinity  30  and  15  ppt.  an  (*)  following 

the  means  indicates  significant  difference  (P  >  0.05). 

If  Decimal  fraction  within  each  bracket  denotes  the  P  value  of  two-way  ANOV.^.  S.  sianificant  iP  <  0.05);  NS.  not  significant  (P  >  0.05). 


PR  were  only  found  between  shrimp  e.\posed  to  Na/K  ratio  25.6 
and  47.3  (P  <  0.05).  ER  had  the  similar  tendency  as  PR  (Table  3). 
Salinity  showed  no  significant  effects  on  food  conversion  ef- 
ficiency (FCE)  and  protein  utilization  (PER)  {P  >  0.05).  How- 
ever, at  salinity  30  ppt.  FCE  was  significantly  affected  by  Na/K 
ratios.  The  FCEs  for  shrimp  exposed  to  Na/K  ratio  34.1  and  47.3 
were  significantly  higher  than  for  those  exposed  to  Na/K  ratio 
25.6  and  102.1  (P  <  0.05).  and  the  FCE  for  shrimp  at  Na/K  ratio 
153.3  was  even  lower  (f  <  0.05).  However,  no  significant  differ- 
ences in  shrimp  FCE  were  found  among  different  Na/K  ratios  at 
salinity  15  ppt  {P  >  0.05).  PER  showed  the  similar  tendency 
as  FCE. 
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Figure  1.  Specific  growth  rate  of  [..  vannamei  reared  at  different  sa- 
linities and  Na/K  ratios  for  3(1  days.  Means  [n  =  4),  with  letters  sig- 
nificantly different  within  the  same  line  (/'  <  0.05).  Bars  represent 
standard  errors  of  the  means. 


Interaction  uj  Salinity  and  Na/k  Ratio  on  Specific  Growth  Rate  and 
Food  Conversion  Efficiency 

As  presented  in  Table  2  and  Figure  I.  significant  effects  of 
salinity.  N;i/K  ratio  and  interaction  were  found  in  .SGR  (P  <  0.05). 
At  both  salinities  SGR  changed,  whereas  the  Na/K  ratio  in  seawa- 
ter  increased.  However,  the  SGRs  at  salinity  30  ppt  changed 
sharply,  whereas  those  at  salinity  15  ppt  changed  gently.  At  salin- 
ity 30  ppt.  the  SGR  was  low  at  Na/K  ratio  25.6.  but  it  mounted  up 
rapidly  at  Na/K  ratio  34.1  {P  <  0.05)  and  then  declined  a  little  at 
Na/K  ratio  47.3  iP  >  0.05).  Afterwards  it  made  an  acute  drop  at 
Na/K  ratio  102.1  and  153.3  (P  <  0.05).  respectively.  Although  no 
significant  differences  in  SGR  were  found  at  salinity  15  ppt.  it  still 
could  be  observed  that  SGR  rose  gently,  whereas  N;i/K  ratio  in- 
creased from  25.6—17.3  and  then  declined  when  Ni\/K  ratio  con- 
tinued to  increase.  At  salinity  30  ppt.  the  maximum  value  of  SGR 
occurred  at  Na/K  ratio  34.1,  whereas  at  salinity  15  ppt.  the  maxi- 
mum value  emerged  when  N;i/K  ratio  was  47.3,  thotigh  the  two 
values  were  altnost  equal. 

Interaction  effects  on  FCE  are  pictured  in  Figure  2.  Similar  to 
SGR,  changes  of  FCE  at  salinity  30  ppt  were  much  more  acute 
than  those  at  salinity  15  ppt.  At  salinity  30  ppt.  shrimp  got  the 
highest  FCE  when  Na/K  ratio  was  34.1,  and  at  salinity  15  ppt  they 
got  it,  whereas  Na/K  ratio  was  47.3.  However,  under  Na/K  ratio 
34.1  and  47.3.  the  FCEs  at  salinity  30  ppt  were  much  higher  than 
those  at  salinity  1 5  ppt.  Otherwise,  the  FCEs  at  salinity  30  ppt  were 
lower  than  those  at  salinity  15  ppt  under  the  other  Na/K  ratios 
(25.6,  102.1  and  153.3).  As  a  result,  no  significant  differences 
were  found  between  the  mean  values  of  FCEs  at  the  two  test 
salinities  (P  >  0.05). 

DISCUSSION 

It  is  known  that  L.  vannamei  can  tolerate  a  wide  salinity  range 
from  brackish  water  of  1-2  ppt  to  hypersaline  water  of  50  ppt 
(Stem  et  al.  1990,  McGraw  et  al.  2002).  Boyd  (1989)  considered 
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Figure  2.  Food  con\ersion  eflkitnc)  of  /,.  vcmiiumei  reared  at  differ- 
ent salinities  and  Na/K  ratios  for  M)  days.  Means  (h  =  4).  with  letters 
signiniantl\  different  within  the  same  line  (/'  <  0.05).  Bars  represent 
standard  errors  of  the  means. 


salinity  of  15-23  ppt  to  be  ideal  for  L  vaimamci  culture.  But.  in 
view  of  inconsistencies  in  published  information  regarding  salinity 
effects  on  shrimp  survival  and  growth,  the  optimum  salinity  for 
L.  Kiiiihinici  is  still  not  conclusive.  Bray  et  al.  1 1994)  showed  that 
5  and  1  .S  ppt  treatments  produced  significantly  greater  final 
weights  than  other  levels  (25,  35  and  49  ppt)  tested.  However, 
Ponce-Palafox  et  al.  (1997)  concluded  that  the  growth  of  L  van- 
mimei  was  not  reduced  at  the  salinity  range  of  25-45  ppt,  and  there 
were  significant  interaction  effects  of  salinity  and  temperature  on 
the  growth  and  survival  rates  of  the  shrimp.  Laramore  et  al.  (2001 ) 
found  that  the  effects  of  salinity  on  growth  varied  with  size/age.  In 
this  research,  it  is  clear  that  interaction  of  salinity  and  Na/K  ratio 
in  seawater  has  significant  influence  on  the  growth  of  L  vannamei 
(Table  2).  The  mean  final  body  weights,  weight  gains  and  specific 
growth  rates  of  the  shrimp  at  salinity  15  ppt  were  significantly 
higher  than  those  at  salinity  30  ppt  (P  <  0.05).  but  it  should  be 
noted  that  good  growth  had  always  been  obtained  under  Na/K  ratio 
34.1  and  47.3  at  both  salinities.  At  salinity  15  ppt.  no  significant 
effects  were  found  in  growth  between  treatments  of  different  N;l/K 
ratios  {P  >  0.05),  whereas  the  growth  of  shrimp  under  N;i/K  ratio 
34.1  and  47.3  were  much  better  than  under  the  other  ratios  at 
salinity  30  ppt  iP  <  0.05). 

Customarily,  salinity  is  one  of  the  most  compelling  factors  to 
most  marine  animals,  but  the  ionic  composition  of  saline  water 
seems  to  be  more  important  than  salinity  with  regards  to  its  effect 
on  shrimp  survival  and  growth  (Davis  et  al.  2002,  Saoud  et  al. 
2003).  Cawthome  et  al.  (1983)  demonstrated  that  single  salt  solu- 
tions (NaCl)  were  not  suitable  for  shrimp  culture  at  any  salinity. 
Additionally.  Atwood  et  al.  (2003)  found  that  L  vannamei  larvae 
could  survive  well  in  the  solution  containing  1  g/L  sea  salt,  and 
they  could  survive  fairly  well  after  adding  4  g  CaCK  or  2  g  CaCU 
and  2  g  NaCl  and  the  salinity  reached  5  g/L.  but  no  survival  would 
have  resulted  if  4  g  NaCl  had  been  added.  They  speculated  that 
sodium  ratio  to  some  other  ion  in  the  solution  may  be  too  high.  Zhu 
et  al.  (2004)  demonstrated  that  high  Na/K  ratio  in  seawater  re- 
sulted poor  survival  of  L.  vannamei.  In  this  experiinent.  the  ef- 
fects of  salinity  on  growth,  nutrient  retention  and  food  conver- 


sion were  much  less  than  that  of  N;i/K  ratio  and  even  interaction 
(Table  2,  3). 

The  importance  of  Na/K  latio  might  because  of  the  indispens- 
able role  of  potassium  in  crustacean  osmolality  maintenance  and 
NaVK*  ATPase  acti\ity  (Winkler  1986.  Vargas-Albores  &  Ochoa 
1992).  It  has  been  demonstrated  in  some  penaeids  that  the  sodium 
and/or  potassium  hemolyniph  concentrations  were  modified  ac- 
cording to  the  concentration  of  these  ions  in  the  external  medium 
(Castille  &  Lawrence  1981.  Dall  &  Smith  1981).  Potassium  is 
important  in  the  activation  of  Na*/K*  ATPase  (Mantel  &  Farmer 
1983).  which  is  involved  in  ion  transport  and  osmoregulation.  In 
the  K*-free  saline,  oxygen  consumption  of  the  excised  gills  of  the 
shore  crab  Carciniis  mediterraneiis  was  reduced  by  almost  40% 
(Lucu  &  Pavicic,  1995),  it  suggested  that  30%  to  40%  of  the 
energy  liberated  by  gill  respiration  is  used  by  the  branchial  Na*/K* 
ATPase  enzyme  complex,  maintaining  Na*  and  K*  concentration 
gradients  between  the  extracellular  and  intracellular  compartments. 
The  central  role  of  the  Na^/K*  ATPase  in  tlie  crustacean  gill  epi- 
tlielium  and  the  sodium  gradient  that  is  used  to  drive  numerous 
processed  has  been  described  (see  Lucu  1990).  The  variation  of 
salinity  (ionic  intensity)  may  directly  affect  the  ionic  gradients  be- 
tween the  extracellular  and  intracellular  compartments  of  the  shrimp, 
which  would  inevitably  impact  the  activity  of  Na*/K*  ATPase, 
thus  the  interaction  between  salinity  and  Na/K  ratio  occurs. 

Because  of  the  limitation  of  labor  and  space,  low  salinity  (<5 
ppt)  was  not  included  in  this  experiment,  and  only  2  salinity  levels 
(30  and  15  ppt)  were  tested,  which  made  a  flaw  to  the  research. 
However,  the  result  at  15  ppt  might  give  some  inspiration  on  the 
comprehension  of  effects  of  Na/K  ratio  at  low  salinity.  Na/K  ratios 
within  the  experimental  range  (25.6-153.3,  mmol/mniol)  showed 
little  impact  on  the  growth  of  L.  vannamei  at  15  ppt,  which  indi- 
cated that  the  shrimp  were  more  adaptable  to  abnormal  Na/K  ratios 
at  low  salinity  than  at  higher  salinities.  Additionally,  a  few  recent 
literature  have  concerned  the  ionic  challenge  on  the  survival  and 
growth  of  L.  vannamei  at  low  salinities  and  freshwater.  McGraw 
and  Scarpa  (2003)  demonstrated  that  necessity  of  potassium  in 
"freshwater"  (1  ppt)  at  a  minimum  concentration  of  1  ppm  for  the 
survival  of  L.  vannamei  postlarval.  It  could  be  figured  out  that  the 
48-h  survival  of  the  shrimp  did  not  differ  significantly,  whereas  the 
Na/K  ratio  changed  between  10  and  490  (nimol/mmol).  Such  re- 
sults fairiy  coincided  with  the  actions  of  the  shrimp  at  salinity  15 
ppt  in  the  present  study. 

In  conclusion,  the  interaction  of  salinity  and  Na/K  latio  in 
seawater  had  significant  effects  on  growth,  feeding,  nutrient  reten- 
tion and  food  conversion  {P  <  0.05)  of  L.  vannamei.  The  shrimp 
were  more  adaptable  to  abnormal  Na/K  ratios  at  low  salinity  than 
at  higher  salinities,  and  good  growth  could  always  be  obtained 
within  a  Na/K  range  of  34.1—17.3  (mmol/mmol)  regardless  of 
salinity.  However,  further  research  was  needed  to  confirm  the 
proper  range  of  Na/K  ratio  for  the  growth  of  shrimp  at  low  salini- 
ties (<5  ppt). 
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INFLUENCE  OF  FEEDING  ON  HEPATOPANCREAS  STRUCTURE  AND  DIGESTIVE  ENZYME 

ACTIVITIES  IN  PENAEUS  MONODON 
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ABSTRACT  This  study  e.xamlnes  llie  influeiK-e  of  feeding  on  digestive  enzyme  activities  in  the  black  tiger  prawn.  Peiiaeiis  inimodcm. 
using  histological  and  biochemical  techniques.  Juvenile  P.  mimodon  (>50  mm  total  length)  were  sacrificed  after  feeding  at  sequential 
time  intervals,  with  unfed  controls  also  sacrificed  at  the  same  time  intervals.  Resin  histology  revealed  that  there  were  no  morphological 
changes  in  the  digestive  gland  F-cells  between  fed  and  unfed  P.  monodon  over  time.  There  were  no  significant  changes  in  a-aniylase 
specific  activities  in  fed  animals  over  time  post  feeding,  nor  were  there  any  changes  in  .starved  animals  through  time.  Trypsin  and 
a-glucosidase  activities  were  significantly  higher  in  unfed  animals  than  fed  animals.  There  was  a  significant  peak  in  a-glucosidase 
activities  at  0  min  post  feeding  but  this  could  not  be  conclusively  determined  as  an  influence  from  feeding  because  of  high  variability 
and  the  near  negligible  levels  of  a-glucosidase  activities.  A  peak  in  lipase  activity  was  observed  at  60  min  post  feeding,  but  because 
there  was  no  significant  differences  in  lipase  activities  between  fed  and  unfed  animals  it  was  therefore  inconclusive.  Results  from 
histological  and  biochemical  analy.ses  failed  to  prove  that  feeding  had  a  significant  influence  on  digestive  enzyme  production  of  P. 
monodon  and  suggest  that  digestive  enzyme  production  in  P.  monodon  may  be  continuous  and  is  not  strongly  influenced  by  feeding. 

KEY  WORDS:     shrimp,  digestive  en/ymes,  F-cells.  feeding,  hepatopancreas.  lumen,  Pcnacns  munodon 


INTRODUCTION 

The  most  widely  ciilttired  prawn  within  the  commercial  prawn 
farming  industry  is  the  black  tiger  prawn.  Penaeiis  incnu/cliin.  be- 
cause it  has  rapid  growth  rates  and  is  larger  than  other  farmed 
prawns  at  harvest.  On  such  farms,  food  is  often  the  highest  opera- 
tional cost  (Chanratchakool  et  al.  1998).  To  he  cost  effective, 
prawn  farms  must  achieve  and  maintain  high  feeding  efficiencies 
while  lowering  food  wastage.  These  rei|uirements  have  paved  the 
way  for  research  into  feeding  strategies  and  penaeid  enzyme  stud- 
ies, amidst  other  husbandry  and  nutrition  studies. 

Knowledge  of  penaeid  enzyme  dynamics,  which  is  biologically 
important  for  the  culture  of  these  aniinals.  has  only  been  provided 
by  generalist  observations  between  feeding  and/or  feeding  behav- 
ior in  relation  to  digestive  and  cellular  processes,  or  by  direct 
histological  examination.  A  continuous  digestive  enzyinatic  activ- 
ity allows  ma.ximal  digestive  efficiency  at  all  times  but  incurs  a 
higher  energy  cost.  Conversely,  an  induced  response  of  increased 
enzyme  secretion  after  food  ingestion  allows  the  organism  to  put 
more  energy  into  somatic  and/or  gonadal  growth  because  energy  is 
not  largely  spent  on  continuous  enzyme  production.  By  clarifying 
the  physiological  aspects  of  feeding  on  the  digestive  functions, 
improved  management  of  the  cultured  animals  may  be  achieved. 

Digestion  in  penaeids  is  facilitated  by  the  hepatopancreas. 
which  has  several  key  roles  including  secretion  of  digestive  en- 
zymes, digestion  and  absorption  of  nutrients,  storage  of  reserves 
and  disposal  of  waste  products  (Al-Mohanna  et  al.  1985a,  Al- 
Mohanna  et  al  1985b,  Al-Mohanna  &  Nott  1987,  Vogt  1993).  It  is 
bilobed  and  comprises  nuinerous  blind-ending  tubules  (Gibson  & 
Barker  1979,  Dall  1992.  Brunei  et  al.  1994,  Vogt  1994).  These 
tubules  are  lined  by  epithelial  cells,  which  are  differentiated  into  4 
distinct  types:  E-  (embryonic),  F-  (fibrillar),  B-  (blister-like)  and 
R-  (resorptive)  cells  (Jacobs,  1928).  F-cells  are  involved  in  enzyme 
secretion.  Al-Mohanna  et  al.  (1985a),  observed  vesicles  budding 
from  Golgi  bodies  in  the  F-cells  of  fed  green  tiger  prawn  Penaeus 
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semisulcatus  and  suggested  that  these  vesicles  were  enzyme  pre- 
cursors or  zymogens,  but  this  is  yet  to  be  confirined  or  observed  in 
other  penaeids  (Dall  1992,  Icely  &  Nott  1992).  Vesicles  were  also 
observed  in  F-cells  of  the  crayfish  Astaeus  astaciis  after  artificial 
draining  of  gastric  juice  (Vogt  et  al.  1989.  Vogt  1996).  The  pres- 
ence of  digestive  enzymes  within  these  vesicles  has  been  demon- 
strated by  several  authors  with  the  use  of  immunohistochemistry 
(Malcoste  et  al.  1983).  immunonorescence  (Vogt  et  al.  1989)  and 
in  situ  hybridization  (Van  Wormhoudt  et  al.  1995). 

The  direct  influence  of  feeding  on  enzyme  production  has  been 
demonstrated  in  the  European  lobster  Honiiinis  gaininarus  by 
Barker  and  Gibson  (1977).  Using  histology,  they  observed  the 
discharge  of  supranuclear  contents  (digestive  enzymes)  from 
secretory  cells  after  ingestion.  Barker  and  Gibson  (1978)  found  a 
similar  trend  from  an  identical  experiinent  on  the  mud  crab  Scylla 
serrata.  Similar  results  were  also  observed  by  Al-Mohanna  et  al. 
(1985a)  in  P.  Semi.sulealus.  with  the  appearance  of  numerous  zy- 
mogen granules  in  the  F-cells  corresponding  to  a  maximal  rate  of 
enzyme  discharge  into  the  tubule  lumen. 

This  study  aims  to  clarify  the  effects  of  feeding  on  diges- 
tive enzyme  production  on  the  commercially  important  prawn 
P.  monodon  using  histological  and  biochemical  methods.  By  ap- 
plying both  techniques,  confirmation  of  the  effects  of  feeding  on 
the  hepatopancreas  will  hopefully  be  possible.  The  specific  aims  of 
this  study  are  to  examine  the  dynamics  of  the  digestive  gland  in 
response  to  a  single  feeding  event,  by  documenting  changes  in  the 
structure  of  the  hepatopancreas  and  the  morphology  of  the  F-cells 
and  the  specific  activity  of  digestive  enzymes.  This  was  facilitated 
using  a  time  series  post  feeding  analysis  on  P.  monodon  juveniles. 

MATERIALS  AND  METHODS 

Animals  and  Husbandry 

P.  monodon  post  larvae  were  sourced  from  Rocky  Point  Prawn 
Farm.  Queensland.  Australia.  The  animals  were  housed  in  three 
800-L  tanks  on  a  recirculation  system  and  were  fed  daily  to  satia- 
tion with  Anemia  and  commercial  prawn  pellets  (Grobest  t4, 
Primo  Aquaculture). 
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Experimental  Design  and  Procedure 

The  animals  used  in  the  experiment  (TL  >  5  cm)  were  ran- 
domly caught  from  the  stock  population  using  dipnets.  Molt  stage 
was  determined  by  examination  of  setogenesis  via  changes  in  the 
seta  on  the  margin  of  the  inner  uropod,  in  accordance  with  Smith 
and  Dall  (1985).  Intermolt  animals  were  randomly  stocked  into 
individual  IL  containers  to  ensure  that  animals  had  equal  access  to 
feed  and  to  prevent  feeding  hierarchies  and  cannibalism  among 
conspecifics  (Heinen  1987).  The  containers  were  then  randomly 
allocated  in  the  three  holding  tanks  and  kept  afloat  with  Styrofoam 
sheets.  The  animals  were  placed  under  constant  light  to  ensure  that 
any  enzymatic  response  was  a  function  of  feeding  and  not  influ- 
enced by  diumal  cycles.  They  were  starved  for  48  h  to  allow  the 
animals  to  acclimatize  to  the  containers  as  well  as  to  ensure  that 
stomach  contents  were  emptied  and  that  there  would  not  be  any 
residual  effect  from  prior  feeding  regimes  that  would  influence  the 
results. 

Fed  animals  were  allowed  to  feed  on  commercial  prawn  pellets 
(Grobest  T4,  Primo  Aquaculture)  for  20  min.  This  feeding  event 
was  timed  from  the  moment  the  animals  collected  the  pellets  with 
their  periopods.  At  the  end  of  20  min.  uneaten  food  was  removed 
with  a  siphon.  Unfed  animals  were  disturbed  in  a  similar  fashion 
and  were  used  as  a  control.  At  each  of  the  times  outlined  in  Table 
I,  five  fed  and  five  unfed  animals  were  removed  from  their  con- 
tainers and  placed  in  an  ice  sluny  for  10  min  to  induce  a  chill 
coma. 

The  prawns  were  weighed  and  the  hepatopancreas  removed. 
Half  the  hepatopancreas  was  snap  frozen  in  liquid  Nitrogen  and 
stored  at  -80°C  for  later  digestive  enzyme  analysis.  The  remaining 
tissue  was  used  for  histology. 

Wax  Histology 

One  quarter  of  each  hepatopancreas  was  fixed  in  Bouin  fixati\e 
and  processed  routinely  for  wax  histology.  Sections  (5  fjim)  were 
cut  using  a  Microm  HM  340  microtome  and  stained  with  Hema- 
toxylin and  Eosin  for  structural  examination  or  with  Mercuric 
Bromophenol  Blue  to  elucidate  the  location  of  proteins  (Chapman 
1975).  Sections  were  examined  at  xlOO  magnification  with  an 
Olympus  BH-2  light  microscope.  Images  were  scanned  with  a 
microscope-mounted  Leica  DC  300F  digital  camera  and  examined 
on  an  IBM  computer  using  an  image  manager.  Leica  IM50.  To 
determine  if  tubule  lumen  size  changed  in  response  to  feeding  over 
time,  five  tubules  per  slide  were  randomly  selected  using  a  num- 
bered crid  and  a  random  number  tabic.  The  area  of  the  lumen  and 


T.VBLE  1. 
Experimental  times  for  feeding/disturbance  and  sacrifice. 


Time 


Time  When  Fed 
Animals  Were  Sampled 


Time  When  Unfed 
.\nimals  Were  Sampled 


(I  mill  Immediately  after 

feeding  event 
M)  min  30  min  after  feeding 

event 

60  min  1  h  after  feeding  event 

120  min  2  h  after  feeding  event 

240  min  4  h  after  feeding  event 

480  min  8  h  after  feeding  event 


Immediately  after 

disturbance 
30  min  after  disturbance 

1  h  after  disturbance 

2  li  after  disturbance 
4  h  after  disturbance 
8  h  after  disturbance 


the  tubule  were  measured  using  the  freehand  function  of  the  image 
manager  program. 

Resin  Histology 

Approximately  2  mm'  of  hepatopancreas  tissue  from  each  ani- 
mal was  fixed  in  5%  gluteraldehyde  in  27c  sucrose-phosphate 
buffer  pH  7.4  for  2-3  h.  washed  with  2%  sucrose-phosphate 
buffer,  dehydiated  with  ethanol  and  embedded  in  JB4  resin.  Sec- 
tions (2  |jim)  were  then  cut  and  stained  with  polychrome  stain. 
Changes  in  cellular  structure  in  response  to  feeding  and  elapsed 
time  after  feeding/disturbance  were  described  with  emphasis  on 
F-cell  morphology  because  they  are  the  enzyme  secreting  cells 
(Al-Mohanna  et  al.  1985a.  Vogt  et  al.  1989.  Vogt  1996). 

Enzyme  Exiraelion 

Hepatopancreas  tissue  was  thawed  on  ice  and  homogenized 
using  an  Ultra  Turrax  electric  homogenizer  (IKA-Werke,  Ger- 
many) in  I  mL  of  chilled  0.1  M  Tris  0.02M  NaCI  pH  7.0  buffer  for 
1  min.  The  homogenate  was  centrifuged  at  10.1)1)0  rpm  for  5  min 
to  pellet  debris  and  solids  and  the  supernatant  (subsequently  re- 
ferred as  enzyme  extract)  stored  at  -20'C. 

Enzyme  Assays 

One  enzyme  unit  was  defined  as  the  amount  of  enzyme  that 
catalyzed  the  release  of  I  p.mole  of  product  per  minute  and  was 
calculated  using  the  appropriate  molar  extinction  coefficient  (e)  in 
the  assay  conditions  or  a  standard  curve.  Specific  activity  was 
defined  as  enzyme  activity  per  mg  of  protein  (Units  mg  protein"'). 
Protein  concentration  was  determined  by  the  method  of  Bradford 
(19761  using  bovine  serum  albumin  as  the  standard.  Spectropho- 
tometric  enzyme  assays  (200  (xL  microassays)  were  performed  in 
duplicate  at  37°C  in  IWAKI  flatbottom  microplates  and  absor- 
bances  read  in  a  Tecan  Spectro  Rainbow  Thermo  microplate 
reader.  Appropriate  controls  were  included  with  each  analysis. 
Tests  confirmed  that  enzyme  activities  were  linear  with  incubation 
time. 

Trypsin 

Trypsin  activity  was  measured  using  N-a-benzoylarginine-p- 
nitroanalide  (BAPnA)  (Sigma  B-4875)  as  the  substrate.  Each  200- 
IxL  assay  contained  l80-|a.L  0.2  M  Tris  0.2  M  NaCI  pH  7.5  buffei". 
10  |jlL  BAPnA  dissolved  in  dimethylformamide  (DMF)  and  10  p.L 
enzyme  extract.  Trypsin  activity  was  determined  by  measuring  the 
release  of  p-nitroanalide  at  Aji,^^^,  and  using  the  molar  absorption 
coefficient  for  p-nitroanalide.  9.300  m"'  cm"'  (Stone  et  al.  1991). 

a-Amylase 

a-Amylase  activity  was  measured  using  Ethylidene-pNP-G7 
(E-  pNP-G7)  as  the  substrate.  Each  200  (j,L  assay  contained 
195  p,L  of  Infinity  amylase  reagent  (Sigma  568-20)  and  5  p.L 
enzyme  extract  (thawed  on  ice)  at  37°C.  a-Amylase  activity  was 
determined  by  measuring  the  release  of  p-nitrophenol  at  A^,,^,,,,, 
and  using  the  molar  absorption  coefficient  for  p-nitrophenol, 
10  LW  m"'  cnr'. 

a-Gliieosidase 

a-Glucosidase  activity  was  measured  using  p-nitrophenol  ct-D- 
glucopyranoside  (Sigma  N-1377)  as  the  substrate.  Each  assay,  per- 
formed in  a  37°C  water  bath,  contained  350  |jlL  0. 1  M  Tris  0.02  M 
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NaCl  pH  7  buffer.  100  fj.L  0.02  M  p-nilrophenoi  a-D-gluco- 
pyranoside  anil  50  ixL  enzyme  extract.  Aliquots  (20  (xL)  of  the 
assay  mixture  were  removed  at  1  min  and  40  min  after  addition  of 
the  enzyme  extract  and  added  to  180  |jlL  I  M  Na-,CO,  to  stop 
the  enzyme  reaction.  a-Glucosida.se  activity  was  determined  by 
release  of  p-nitrophenol  at  A4,||,,„„  and  using  the  molar  absorp- 
tion coefficient  for  p-nitrophenol,  18  300  m"'  cm  '  (Erlanger  et  al. 
19611. 

Lipase 

Lipase  activity  was  measured  using  4-[)-nitrophcnol  caproate 
(4NPC)  (.SigmaN-0502)  as  the  substrate.  Each  200  |xL  assay  con- 
tained 190  |jlL  ().3M  Tris  0.1  M  NaCI  pH  8.5  buffer.  10  p.L  of  2.5 
niM  4NPC  in  ethanol  and  10-|j.L  enzyme  extract  (thawed  on  ice) 
at  37°C.  Lipase  activity  was  determined  by  measuring  by  the  re- 
lease of  p-nitrophenol  at  Aju^,,,,,  and  using  the  molar  absorption 
coefficient  for  p-nitrophenol.  19  800  m"'  cm~'  (Gjellesvik  et  al. 
1992).  A  blank  assay  containing  only  195  |j,L  buffer  and  5  |j.L 
substrate  was  also  performed  for  each  sample  to  deduct  back- 
ground absorbance  from  actual  enzyme  activity  measurements. 

Statistical  Analysis 

Chi-sL|uare  tests  of  independence  were  used  to  determine  if  the 
area  of  tubule  lumen  changed  as  a  function  of  feeding  over  time. 
The  occuirence  of  autolysis  in  some  animals  resulted  in  insuffi- 
cient replicates  for  statistical  comparison  {n  <  3)  of  hepatopuncreas 
structure  from  the  sampling  times  of  120  min  and  480  min  post 
feeding.  As  a  result,  only  the  remaining  4  sampling  times  (0  min, 
30  min.  60  min  and  480  min  post  feeding)  were  analyzed  from  the 
histology.  Orthogonal  analyses  of  variance  (ANOVA)  were  used 
to  determine  the  effect  of  feeding  on  production  of  digestive  en- 
zymes. Homogeneity  of  variances  was  assessed  using  residual 
plots,  and  data  were  transformed  with  a  square  root  transformation 
when  the  assumption  of  homogeneity  of  variances  was  \  iolated. 

RESULTS 

Striicliiic  of  the  Hepulopancreas 

The  penaeid  hepatopancreas  consisted  of  numerous  blind- 
ending  tubules,  each  made  up  of  a  number  of  epithelial  cell  types. 
The  epithelial  cells  rest  on  a  basement  membrane  and  surround  a 
central  lumen  (Fig.  1  A).  F-cells  stained  positively  in  a  darker  blue 
with  Mercuric  Bromophenol  Blue  caused  by  the  presence  of  pro- 
teins (Fig.  IB).  The  other  cell  types  stained  light  blue  except  for 
the  nucleus,  where  nuclear  material  was  dark  blue  (Fig.  IB). 
Greater  structural  detail  revealed  from  resin  histology  showed 
F-cells  also  had  pink  patches  within  the  cytoplasm  but  their 
composition  could  not  be  determined  trom  the  polychrome  stain 
(Fig.  IC). 

There  were  no  apparent  differences  in  the  morphology  of  the 
F-cells  between  the  fed  and  unfed  animals,  nor  were  there  any 
structural  changes  over  time  post  feeding.  There  were  also  no 
zymogen  granules  or  digestive  vesicles  observed. 

The  area  of  lumen  did  not  change  significantly  over  time  post 
feeding  (F  =  2.703,  df  3,  23,  P  =  0.069).  It  was  also  not  signifi- 
cantly different  between  fed  and  unfed  animals  (F  =  2.448,  df  1, 
23,  P  =  0.131).  The  mean  lumen  area  was  37.8  ±  6.7%  of  the 
tubule  area. 


Figure  L  Transverse  resin  and  wax  sections  of  P.  monodon  hepato- 
pancreas tubules,  ,\.  Hepatopancreas  stained  with  polychrome  stain. 
Scale  bar.  50  \im.  B.  Hepatopancreas  stained  with  Mercuric  Bro- 
mophenol Blue.  Scale  bar,  25  fim.  C.  fluster  of  hepatopancreas  epi- 
thelial cells  stained  with  polychrome  stain.  .Scale  bar,  20  nm.  F.  F-cells; 
B,  B-cells;  R,  R-cells:  ac,  apical  complex:  bm,  basement  membrane:  ct, 
connective  tissue:  epi:  tubule  epithelial  cells;  gg.  glycogen:  lu,  lumen; 
nu.  nucleus:  vac,  central  vacuole. 


Digestive  Enzymes 

All  of  the  enzymes  tested  were  present  in  the  hepatopancreas  of 
the  fed  and  unfed  animals  (Table  2).  although  activities  were  vari- 
able between  individuals.  The  orthogonal  ANOVA  revealed  that 
the  interaction  between  enzyme  dynamics,  effect  of  feeding  and 
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TABLE  2. 

The  mean  specific  activities  (pniol  min  '  mg  protein"')  of  tfie  enzymes  from  the  hepatopancreas  of  fed  and  unfed  P.  monodoii  juveniles,  «ith 

standard  error  and  coefficient  of  variation. 


Trypsin 


a-Amvlase 


a-Glucosidase 


Lipase 


Fed 

mean  ±  SE 

CV 
Unfed 

mean  ±  SE 

CV 


2.(1 1  ±().(i4 
1.27 


5.06+  1.S4 
1.42 


18.41  ±    i.y 
0.54 

25.48  ±  26.72 
5.55 


0.6  X  Hr'±4.88x  IQ-" 
3.9  X  10~* 

1.4  X  Kr'±2.8x  10"* 
1 .04  X  1 0"' 


0..W  ±  0.03 
0.38 

0.37  ±0.01 
0.18 


elapsed  time  post  feeding  was  not  significant  (Table  3).  Therefore 
fed  and  unfed  animals  were  grouped  together  when  examining 
enzyme  dynamics  over  time,  and  vice  versa. 

Trypsin 

Trypsin  specific  activity  in  the  unfed  animals  was  twice  as  high 
as  that  of  fed  animals  (Table  2.  3).  There  were  no  significant 
differences  in  trypsin  specific  activity  over  time  post  feeding/ 
disturbance  (Table  3). 

a-Amylase 

There  were  no  significant  differences  in  a-amylase  specific 
activity  between  fed  and  unfed  animals  (Table  2).  In  addition, 
a-amyla.se  specific  activity  did  not  change  significantly  over  time 
post  feeding/disturbance  (Table  3). 

a-Gliicosidase 

Although  a-glucosidase  specific  activities  in  both  fed  and  un- 
fed animals  were  low.  the  specific  activity  of  a-glucosidase  in  the 
unfed  animals  was  3-fold  higher  than  that  of  fed  animals  (Table  2). 
a-Glucosidase  specific  activity  also  significantly  differed  over 
time  (Table  2).  Specific  activity  at  0  min  was  approximately  four 
times  higher  than  the  activity  at  240  min  post  feeding/disturbance 
(Fig.  2). 

Lipase 

There  was  no  difference  in  lipase  specific  activity  between  fed 
and  unfed  animals  (Table  2).  However,  lipase  activity  differed 
significantly  over  time  (Table  2).  Lipase  activity  remained  rela- 
tively constant  at  0  min  and  30  min  then  peaked  at  60  min  after 
which  the  activity  declined  significantly  through  to  480  min  post 
feeding/disturbance.  Lipase  activity  at  60  min  post  feeding  was 
twice  the  activity  than  at  480  min  post  feeding/disturbance  (Fig.  3). 


DISCUSSION 

This  study  is  the  first  to  examine  the  effect  of  feeding  on 
digestive  enzyme  production  in  the  commercially  important  black 
tiger  prawn  P.  nionodon  using  the  combination  of  sensitive  tech- 
niques, resin  histology  and  spectrophotometric  biochemical  as- 
says. These  methods  yield  quantitatively  more  robust  results  than 
enzyme  histochemical  visualization  used  by  Barker  and  Gibson 
( 1977).  histological  analysis  on  F-cell  differentiation  after  feeding 
via  chemical  tracers  used  by  Al-Mohanna  et  al.  (1985a)  and  im- 
niunohistochemistry  with  radiochemical  tracers  by  Vogt  et  al. 
(1989).  Most  of  previous  research  on  digestive  enzyme  activities, 
as  listed  in  Tables  4  and  5,  were  not  used  for  analyzing  the  effect 
of  feeding  on  digestive  enzyme  production,  but  were  performed  on 
animals  thai  were  fed  constantly  prior  to  analysis. 

Furthermore,  the  short  20  min  feeding  period  in  this  experiment 
was  used  to  initiate  a  feeding  response  and  associated  digestive 
enzyme  production  and  to  allow  for  sampling  at  30  min  post  feed- 
ing/disturbance (Table  1 ).  A  longer  feeding  period  or  the  complete 
filling  of  the  animals'  gut  was  not  necessary  for  the  commence- 
ment of  enzyme  production.  The  48-h  starvation  period  for  the 
animals  was  also  implemented  to  ensure  an  empty  gut  prior  to 
commencement  of  the  experiment.  This  starvation  period  was  suf- 
ficient and  similar  to  the  duration  used  by  Al-Mohanna  et  al. 
( 1985a)  on  P.  semisulcams,  A  week-long  starvation  period  used  on 
A.  astaciis  by  Vogt  et  al.  (1989)  was  considered  too  long  for  a 
smaller  tropical  decapod  like  P.  monodon. 

The  histological  and  biochemical  results  from  this  study  sug- 
gest that  P.  iiioniiJon  has  a  continuous  digestive  enzyme  produc- 
tion, regardless  of  feeding,  and  contradicts  previous  studies  that 
suggested  an  influence  of  feeding  on  enzyme  production. 

Effect  of  Feeding  on  F-cell  Structure 

The  positive  reaction  of  F-cells  to  Mercuric  Bromophenol  Blue 
confirms  their  role  in  digestive  enzyme  production.  The  negative 
reaction  by  B-  and  R-cells  to  Mercuric  Bromophenol  Blue  also 


TABLE  3, 
Interactions  between  and  among  factors  for  the  4  examined  enzymes. 


Enzyme 


Interaction 
(Time  x  rrtiitmenl) 


Time 


Fed  Versus  Unfed 


Trypsin 
a-Amylase 
a-Glucosidase 
Lipase 


F  =  0.592,  df  5,43,  Z'  =  0.706 
F  =  0.799.  df  5.43,  P  =  0.557 
F  =  0.417,df5,  43, /•  =  0.834 
F  =  0.462,  dt  5,43./'  =  0.802 


F  =  0.409,  df  5,43, />  =  0.84 
F  =  0.376,  dl'5,  43,  P  =  0.863 
F  =  2.853,df5,43,  P  =  0.026 
F  =  3.21.    df5.43.  P  =  0.015 


F  =  1 1.741.  df  1.43./=  =  0.001 

F=  3.884.  df  1.43. />  =  0.055 

F  =  9.998,  df  1 ,  43,  P  =  0.003 

F  =  0.08,    df  1,43./'  =  0.927 
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L-onrirms  that  these  cells  do  not  function  in  en/ynie  secretion. 
These  findings  are  consistent  with  several  other  studies  (Dall  & 
Moriarty  1983.  Al-Mohanna  et  al.  1985a).  Resin  histology  re- 
vealed pink  patches  within  the  cytoplasm  of  F-cells  in  both  fed  and 
unfed  animals,  but  the  nature  of  the  organelles  could  not  be  con- 
clusively determined  from  the  polychrome  stain  (Fig.  IC).  How- 
ever, it  is  likely  that  these  pink  patches  were  rough  endoplasmic 
reticulum  (rER)  or  Golgi  bodies,  based  on  comparisons  with  pre- 
vious studies  on  F-cell  structure  (Dall  &  Moriarty  1983;  Al- 
Mohanna  et  al.  1985a).  These  structures  could  be  better  identified 
with  electron  microscopy. 

E.xamination  of  fed  and  unfed  animals  post  feeding  in  this  study 
revealed  a  lack  of  structural  differences  in  F-cells  of  both  fed  and 
unfed  animals  post  feeding/disturbance.  There  was  no  evidence  to 
suggest  that  F-cells  of  P.  monodon  had  a  distinct  response  to 
feeding  through  either  digestive  enzyme  production  via  formation 
of  zymogen  granules  (Al-Mohanna  et  al.  1985a)  or  appearance  of 
vesicles  (Vogt  et  al.  1989).  This  differs  from  several  studies  where 
histology  demonstrated  the  influence  of  feeding  on  en/yme  pro- 
duction. 

Barker  and  Gibson  (1977.  1978)  demonstrated  a  positne  le- 
sponse  of  enzyme  production  post  feeding  in  the  F-cells  of  the 
European  lobster  Hontarus  ginnnuniis  and  the  mudcrab  ScylUi  Ser- 
nita  within  an  hour  after  feeding.  They  observed  three  bursts  of 
digestive  enzyme  discharge  over  a  period  of  5  h  post  feeding  from 
the  F-cells  in  both  species,  with  each  burst  of  activity  measured  by 
visual  assessment  of  the  intensity  of  the  colored  reaction  product 


09 

08 
07 
0  6 


I"  0  5 

J2  0.4 

i  0.3  ■ 
« 

S  0.2 

a 

J  0.1 
0 


ab 


ab 


ab 


ab 


i 


480min 


Omin  30min  BOmin  120min  240it 

Time  (min) 

Klgure  .1.  Chanjjes  in  activity  of  lipase  In  the  hepatopancreas  of  P. 
iiKiiKidiin  juveniles  over  time  after  a  feedinj;  event/disturbance.  Means 
with  different  letters  denote  significant  differences  (P  <  0.05). 


from  histocheniical  sections.  Al-Mohanna  et  al.  (1985a)  also  re- 
ported a  positive  response  of  enzyme  production  post  feeding  in 
the  F-cells  of  P.  semisiilcatas  using  electron  microscopy,  with  one 
occurrence  of  enzyme  production  in  the  form  of  zymogen  gran- 
ules. However,  it  should  be  noted  that  no  other  authors  have  found 
zymogen  granules  in  penaeids  (Dall  1992.  Icely  &  Nott  1992). 
Vogt  et  al.  (1989)  suggested  that  feeding  had  an  influence  on 
enzyme  production,  because  enzyme  vacuoles  were  observed  in 
F-cells  in  fed  crayfish  Astaais  astacus.  The  size  of  zymogen  gran- 
ules reported  by  Al-Mohanna  et  al.  (1985a)  were  approximately 
that  of  Golgi  bodies  in  F-cells  and  enzyme  vesicles  observed  by 
Vogt  et  al.  (1989)  were  similar  in  size  to  adjacent  mitochondria. 
Although  electron  microscopy  was  not  performed  in  the  current 
study.  F-cell  organelles  like  Golgi  bodies  and  mitochondria  could 
be  distinguished  in  resin  sections.  However,  there  was  no  evi- 
dence of  zymogen  granules  or  enzyme  vesicles  in  the  F-cells  of 
P.  monodon. 

Fuilhermore.  although  these  histological  studies  suggest  that 
feeding  influenced  enzyme  secretion,  there  is  ambiguity  in  their 
conclusions  because  no  starved  controls  were  used.  Thus  the  au- 
thors did  not  definitively  demonstrate  the  influence  of  feeding  on 
enzyme  production,  therefore  it  is  possible  that  disturbance  caused 
by  feeding  may  be  contributing  to  the  observed  changes  and  needs 
to  be  confirmed  with  the  use  of  starved  controls. 

Analysis  of  Lumen  Area  After  Feeding 

During  digestion,  digestive  en/yme  secretions  flow  from  the 
F-cells  of  the  digestive  gland  into  the  tubule  lumen  and  ultimately 
into  the  primary  duct  and  then  the  foregut.  Chyme  (digestive  fluid 
from  the  foregut)  also  migrates  from  the  foregut  to  the  hepatopan- 
creas via  the  same  route.  It  has  been  suggested  that  as  the  prawns 
feed,  the  hepatopancreas  tubules  become  loaded  with  chyme  and 
fine  particles  masticated  by  the  gastric  mill  (Al-Mohanna  &  Nott 
1987).  However,  there  have  not  been  any  studies  to  elucidate 
changes  in  the  size  of  the  tubule  lumen  as  a  response  to  feeding. 

Based  on  suggestions  that  the  hepatopancreas  tubules  would  be 
filled  with  digestive  enzymes  and  chyme  during  digestion,  it  was 
believed  that  the  cross-sectional  area  of  the  lumen,  as  a  percentage 
of  tubule  area,  would  expand  and  contract  in  response  to  the  move- 
ment of  fluids.  However,  this  study  shows  that  there  was  no  sig- 
nificant change  in  lumen  area,  which  suggests  that  the  fluid  flow 
(enzyme  secretions  or  chyme)  within  the  lumen  of  the  tubules  was 
either  constant,  or  the  rate  of  flow  was  not  strong  enough  to  cause 
a  significant  change  in  lumen  area.  A  constant  fluid  flow  within  the 
tubule  lumen  is  indicative  that  enzyme  production  was  likely  to  be 
continual. 

Digestive  Enzymes  of  Fed  Versus  infed  Animals  Over  Time 

It  has  been  reported  that  Iccding  triggers  enzyme  production  in 
decapods  (Barker  &  Gibson  1977.  Barker  &  Gibson  1978.  Al- 
Mohanna  et  al.  1985a.  Vogt  et  al.  1989).  as  shown  by  higher 
enzyme  activities  in  the  fed  animals  over  time.  However,  these 
authors  did  not  conclusively  demonstrate  the  influence  of  feeding 
on  enzyme  production,  because  starved  controls  were  not  used,  so 
it  is  possible  the  enzymatic  response  may  be  because  of  distur- 
bance at  feeding  rather  than  the  feeding  event  itself.  In  this  study, 
we  did  not  find  any  evidence  from  the  enzyme  analyses  to  con- 
clude that  P.  numodon  also  displayed  a  positive  digestive  response 
to  feeding. 

We  found  that  there  was  no  sisjnificanl  differences  in  amylase 
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activity  between  fed  and  unfed  animals,  or  alternatively  that 
trypsin  and  a-glucosidase  activities  in  the  fed  animals  were  sig- 
nificantly lower  than  those  in  the  unfed  animals.  The  increased 
trypsin  and  a-glucosidase  activity  in  unfed  animals  could  he  be- 
cause of  starvation.  Prawns  have  been  shown  to  use  carbohydrate, 
lipid  and  protein  reserves  sequentially  during  starvation  (Cuzon  et 
al.  1980).  which  may  be  depleted  after  approximately  2  days  of 
starvation  (Stuck  et  al.  1996).  Therefore,  it  is  possible  that  the 
extended  starvation  period  imposed  on  the  unfed  animals  during 
the  experiment's  preparation  in  this  study  could  thus  have  caused 
the  increase  in  trypsin  and  a-glucosidase  activity. 

Hernandez-Cortes  et  al.  (1999)  also  found  no  significant  dif- 
ference in  trypsin  activity  between  fed  and  unfed  P.  vannamei. 
This  lack  of  significant  difference  in  trypsin  activity  as  demon- 
strated by  Hernandez-Cortes  et  al.  (1999),  supports  our  findings 
that  feeding  did  not  have  an  influence  on  enzyme  production, 
which  would  be  indicated  by  an  increase  of  trypsin  in  fed  animals. 

In  this  first  examination  of  lipase  activities  in  P.  iiioiwcioii.  it 
was  found  that  lipase  activity  peaked  at  60  min  post  feeding,  which 
was  twice  the  activity  at  480  min  post  feeding  (Fig.  3).  There  was 
also  a  decreasing  trend  of  enzyme  activities  over  time  observed  in 
the  a-glucosidase  assay  (Fig.  2).  Both  these  trends  are  common  for 
fed  and  unfed  animals,  because  of  the  lack  of  significance  in  the 
orthogonal  ANOVA.  and  they  suggest  that  this  trend  may  be 
caused  by  disturbance  and  not  actual  provision  of  feed. 


Comparison  oj  Examined  P.  nionodon  Enzyme  Activities  With 
Other  Decapods 

The  trypsin  activities  in  P.  nionodon  were  similar  to  reported 
activities  in  most  penaeids  (Table  4).  The  higher  trypsin  activity  in 
C.  niucnus  is  probably  caused  by  its  mainly  carnivorous  diet. 
Trypsin  activity  is  influenced  by  the  amount  of  protein  and  protein 
source  in  the  diet.  This  was  demonstrated  by  Lee  et  al.  ( 1984).  who 
found  that  P.  vinmamei  fed  a  diet  with  a  38%  protein  inclusion 
gave  a  significantly  higher  protease  activity.  Smith  et  al.  (198.'i). 
found  similar  results  with  P.  vannamei  when  the  diet  used  had  a 
36%  protein  inclusion.  Because  the  amount  of  protein  ni  the  com- 
mercial prawn  pellets  used  in  this  study  (39%)  was  similar  to  the 
protein  inclusions  in  the  diets  used  by  Smith  et  al.  ( 19S,'i)  and  Lee 
et  al.  (1984).  it  could  be  assumed  that  the  trypsin  activity  generated 
by  P.  monodon  in  this  study  was  efficiently  assimilating  the  pro- 
tein in  the  diet. 

Smith  et  al.  ( 19S.>)  also  found  that  the  protein  source  was  more 
substantial  than  protein  amount  on  influencing  growth  in  medium 
and  large  animals  (mean  weights  9.8  g  and  20.8  g  respectively). 
Rodriguez  et  al.  (1994)  made  a  similar  suggestion  that  trypsin 
activity  could  be  influenced  by  diet.  In  their  study.  P.  japonicus 
feeding  on  the  algae  Chaetoceros  gracilis  had  six  times  more 
trypsin  than  animals  feeding  on  Anemia  nanplii  (Rodriguez  et  al. 
1994).  Thus,  the  type  of  proteins  in  the  diet  must  also  intluence  the 


TABLE  4. 


Comparison  of  trypsin  and  a-amylase  activities  between  Penaeus  monodon  (fed  and  unfed)  and  other  penaeids.  .\ninials  were  in  the 
intermolt  phase  and  were  postlarval  or  juveniles.  The  units  were  reported  in  units  mg"'  protein,  where  units  are  jimol  min"'. 


Trypsin 


a-.Amvlase 


Species 


.\ctivitv 


Method 


Activity 


Method 


References 


P.  monodon 
(fed) 

P.  nionodon 
(unfed) 

P.  coliforniensis 

F.  indicns 

P.  indicns 
P.  japonicns 

P.  mulleri 

P.  Yunnamei 

P.  vnnntnnei 

Lilopcnaeus 
vimntnnci 


2.61 


.';.06 


0.62 


12* 


0.9 


0.072 


9..^ 


Spectrophotometric  assay, 

N-a-ben/oylarginine- 

()-nilroanalide 
Spectrophotonietric  assay. 

N-a-benzoylarginine- 

p-nitroanalide 


Spectropholumetric  assay. 
a-N-ben/uyl-l-arginine- 
p-nilroanilide 

Spectrophotometric  assay, 
Na-p-toluenesulphonyl- 
L-arginine  methyl  ester 

Spectrophotometric  assay, 
N-ben/oyl-DL-arginine 
p-nitroaiiilide 

Spectrophotometric  assay, 
beii/.oyl-DL-arginine-p- 
nitroanilide 


Spectrophotometric  assay, 
N-a-p-toliienesulphonyl- 
(7-arginine  methyl  ester 


18.41 


25.48 


16* 


0.5* 


0.15* 


Spectrophotometric 

assay, 

Ethylidene-|)NP-G7 
Spectrophotometric 

assay. 

EthyIidene-pNP-G7 
Spectrophotometric 

assay.  1%  starch 


Spectrophotometric 
assay.  I'Xr  starch 

Spectrophotometric 
assay,  \%  w/v  starch 


Spectrophotometric 
a.s.say.  1%  starch 


This  studv 


Vega-Villasante  et  al.  1993 
Honjoet  al.  1990 

Omondi  and  Stark,  1995 
Rodriguez  et  al.  1994 

Fernandez  Gimenez  et  al.  2001 

Lee  et  al.  1984 

Omondi  and  Stark.  1995 
Puello-Cruz  el  al.  2002 


*  Denotes  figures  that  were  estimated  from  values  reported  in  graphs. 
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trypsin  activity.  Becatise  trypsin  activity  has  been  foimd  in  P. 
monodon  in  this  study,  it  could  also  be  safely  assumed  that  other 
proteases  like  carboxypeptidases  were  present  in  P.  monodon  to 
complete  protein  digestion.  These  other  enzymes,  although  not  ex- 
amined, were  found  to  be  present  in  other  peiiaeids  (Lee  et  al.  1984). 

The  a-amylase  activity  in  P.  monodon  differed  from  the  re- 
ported u-amylase  activities  in  other  penaeids  (Table  4|  and  could 
be  explained  by  different  experimental  treatments  as  well  as  ge- 
netic differences  between  species. 

a-Glucosidase  is  necessary  for  the  final  liberation  of  glucose 
residues  from  oligosaccharides  that  have  been  formed  from  the 
hydrolysis  of  large  carbohydrates  by  a-amylase.  The  low  activity 
of  a-glucosidase  from  P.  monodon  studied  here  was  lower  than 
reported  activities  (Table  5).  but  was  likely  to  be  sufficient  for 
complete  carbohydrate  hydrolysis.  It  seems  that  penaeids  have 
naturally  low  a-glucosidase  activities,  because  nearly  negligible 
a-glucosidase  activities  were  also  found  in  P.  indkus  and  P.  van- 
namei  {Omondi  &  Stark  1995,  Le  Chevalier  &  Van  Womihoudl 
1998). 

Past  research  has  also  shown  a  crustaceans'  ability  to  digest 
carbohydrates  varies  with  the  type  of  carbohydrates  piovided  in 
the  diet  (Van  Wormhoudt  &  Favrel  1988).  Generally  better  growth 
has  been  attained  in  crustaceans  with  the  use  of  complex  carbo- 
hydrates than  with  simple  mono  ordisaccharides  (Van  Wormhoudt 
&  Favrel  1988).  Because  there  is  a  wide  range  of  carbohydrates 
found  in  naturally  occurring  food  (Kristensen  1972).  it  seems  ap- 
propriate that  prawns  would  exhibit  a  diverse  carbohydrase  profile 
to  exploit  the  range  of  dietary  carbohydrates  (Wigglesworth  & 
Griffith  1994).  The  carbohydrases  examined  in  this  study  are  just 
two  of  the  many  carbohydrases  described  by  other  authors 
(Wigglesworth  &  Griffith  1994). 

Deering  et  al.  (1996)  examined  lipase  activity  in  P.  monodon 
but  were  not  able  to  quantify  the  lipase  activity,  as  it  was  only 
demonstrated  with  the  use  of  a  triolein/aaar  emulsion  screenins 


(Table  5).  Lipase  activity  was  also  found  m  other  penaeids  as 
reviewed  by  Jones  et  al.  (1997)  but  was  expressed  as  percent 
occurrence.  There  is  currently  a  limited  amount  of  literature  on 
lipase  activity  in  penaeids.  As  indicated  by  Le  Vay  et  al.  (2001), 
there  should  be  more  studies  on  lipid  hydrolysis  because  current 
focus  has  been  on  penaeid  proteases. 

CONCLUSION 

This  study  is  the  first  to  investigate  the  effect  of  feeding  on  the 
digestive  enzyme  production  of  decapods  by  using  histological  and 
quantitative  enzymatic  techniques.  There  were  no  trends  that  sug- 
gest feeding  had  an  effect  on  the  structure  of  the  hepatopancreas  or 
enzymatic  activity.  The  morphological  changes  in  the  F-cells  of 
other  crustaceans  examined  by  Barker  and  Gibson  (1977,  1978), 
Al-Mohanna  et  al.  (1985a)  and  Vogt  et  al.  (1989)  were  not  ob- 
served in  this  study.  The  lack  of  structural  changes  in  the  F-cells 
was  further  supported  by  the  lack  of  conclusive  results  from  the 
enzyme  analyses.  The  commercial  prawn  feed  used  in  this  experi- 
ment contained  all  the  necessary  nutrients  required  by  the  prawns. 
Therefore  it  is  expected  that  all  the  enzymes  tested  would  be 
produced  for  proper  digestion  of  the  feed.  Perhaps  subsequent 
studies  using  monoingredient  diets  would  be  able  to  ascertain  in- 
dividual enzyme  dynamics.  In  summary,  the  results  from  this  study 
suggest  a  continuous  enzyme  production  in  P.  monodon.  which 
occuired  even  in  the  absence  of  food.  These  findings  could  be 
further  confinned  by  additional  research  with  the  use  of  continu- 
ously fed  control  animals. 
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TABLE  5. 


Comparison  of  a-)>lucosidasi'  and  lipase  activities  between  Pendens  monnddii  (fed  and  unfed)  and  other  penaeids.  .Animals  were  in  the 
intermoll  phase  and  were  posllarval  or  juveniles.  The  units  were  reported  in  units  mg"'  protein,  where  units  are  jiniol  min  '. 


a-Glucosldase 


Lipase 


Species 


Activity 


Method 


Activity 


Method 


References 


P.  mimndt'U  (ted)        (1.6  x  Kr' 


P.  nii'iu>di>li 
(unfed) 

P.  iitdicus 

P.  monodon 
P.  vannumei 

P.  vunnamei 


1.4  X  10" 


O.OO.'i* 


n.n? 


0.005* 


Spectrophotometric  assay, 

p-nitrophenol 

a-D-glucopyranoside 
Spectrophotometric  assay. 

p-nitrophenol 

a-D-glucopyranoside 
Spectrophotometric  assay, 

a-para-nitrophenol 

glucopyranoside 


Spectrophotometric  assay. 

p-nitrophenol-a-D 

glucopyranoside 
Spectrophotometric  assay, 

a-para-nitrophenol 

glucopyranoside 


0.39 


0.37 


Spectrophotometric 

assay.  4-p-nitrophenol 

caproate 
Spectrophotometric 

assay,  4-p-nitrophenol 

caproate 


Triolein/agar  emusion 
clearins; 


This  study 


Omondi  and  Stark.  1995 


Deering  el  al,  1996 

Le  Chevalier  and  Van 
Wormhoudt.  199S 

Omondi  and  Stark,  1995 


*  Denotes  figures  that  were  estimated  from  values  reported  in  graphs. 
t  Represents  a  positive  reaction  using  a  triolein/agar  emulsion  screening. 
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Ong  and  Johnston 
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ABSTRACT  Using  the  percentage  of  mature  females  as  an  index,  the  reproductive  period  of  the  brown  shrimp,  t'nijimtepenaeiis 
califoniiensis.  off  the  coast  of  Sonora  in  Me.vico.  has  been  shown  to  occur  throughout  the  year  « ith  two  peaks  of  mass  spawning.  The 
objective  of  this  study  is  to  determine  if  a  similar  reproductive  period  occurred  off  Agiabampo,  at  the  Sonora-Sinaloa  border.  By 
combining  3  indices  of  mature  females:  si/e  structure,  abundance  and  fecundity  at  size,  a  single  egg  production  inde.x  (EPIl  was 
calculated.  Monthly  samples  from  January  throtigh  December  2002  were  collected  during  5  continuous  days  around  the  full  moon  (full 
moon  ±  2  days).  Trawl  net  tows  were  used  at  depths  from  1-9  m,  2  km  north  and  south  of  the  mouth  of  a  coastal  lagoon.  Using  the 
EPI,  a  single  reproductive  peak.  May  to  August,  was  found,  with  May  as  the  most  important  egg  production  month.  On  the  other  hand, 
the  percentage  of  mature  females  showed  a  two  peak  reproductive  peiiod.  one  more  intensive  from  May  to  August  and  the  second  one 
less  intensive  in  November,  We  concluded  that  the  best  determination  of  the  reproductive  period  of  the  brown  shrimp  required  the  use 
of  three  indices.  Particularly  off  Agiabampo,  this  species  has  a  well-defined  reproductive  period  with  just  one  massive  spawning  peak, 

KEY  WORDS:     reproductive  cycle,  egg  production  inde,\,  shrimp,  Farjamepi'mieiis  culifonufnsis.  Gulf  of  California,  Agiabampo 


INTRODUCTION 

Most  studies  about  reproductive  patterns  in  shrimp  are  based  on 
the  percentage  of  mature  females  (Mathews  1981,  Liipe /.-Martinez 
et  al,  1999,  Lopez- Martinez  et  al,  2005.  Leal-Gaxiola  et  al.  2001 ), 
This  is  a  biased  index  of  population  reproduction  and  must  be 
combined  with  an  index  of  mature  female  abundance  and  fecun- 
dity-at-size  data  (Garcia  1985).  If  one  wants  to  find  the  most 
important  period  for  population  renewal,  the  studies  of  the  repro- 
ductive biology  of  shrimp  must  take  into  account  more  than  just 
reproductive  percentage  of  mature  females.  Among  others  indices 
that  have  been  considered  for  this  target,  we  found  a  gonadal 
index,  egg  production  for  the  population  (Oh  &  Hartnoll  1999). 

Repniductive  studies  of  brown  shrimp  Farjaiilcpeiuieiis  cali- 
fomiensis  (Holmes,  1900)  are  few  (Olgui'n-Palacios  1968,  Ed- 
wards 1978,  Mathews  1981,  BaiTeiro-Giiemez  1986,  Mendez- 
Tenorio  1986,  Garduno-Argueta  &  Caldcion-Perez  1994,  Leal- 
Gaxiola  et  al,  2001,  Aragon  Noriega  &  Alcantara  Razo  2005), 
Using  only  the  percentage  of  mature  females,  the  reproductive 
period  of  brown  shrimp  was  determined  as  continuous  throughout 
the  year  with  two  peaks  of  massive  spawning.  In  these  repioduc- 
tive  studies,  2  main  sources  of  data  have  been  used:  daily  packing- 
plant  sampling  from  commercial  catches  (September  to  May)  off 
Sonora,  (Leal-Gaxiola  et  al.  2001 )  and  data  from  research  cruises 
that  evaluated  shrimp  populations  off  Sinaloa  (Barreiro-Giiemez 
1986,  Garduno-Argueta  &.  Calderon-Perez  1994).  Sinaloa  and  So- 
nora comprise  the  eastern  coast  of  the  Gulf  of  California  (Fig.  1 ). 

The  daily  packing-plant  data  did  not  include  all  months  of  the 
year,  but  comprised  a  long  data  series  (Leal-Gaxiola  et  al,  2001), 
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and  for  this  reason  many  reproductive  studies  were  based  on  these 
data,  A  disadvantage  of  this  data  is  that  abundance  could  not  be 
evaluated  but  only  percentage  of  mature  females.  On  board  sam- 
pling commercial  trawl  vessel  are  scarce,  and  temporally  sporadic 
(Aragon  Noriega  &  Alcantara  Razo  2005),  The  advantage  of  on- 
board sampling  is  that  an  evaluation  of  abundance  of  mature  fe- 
male shrimp  can  be  made. 

Fecundity  of  brown  shrimp  has  been  described  with  a  power 
equation  with  a  value  around  3  (F  =  0.0962  L"'^'^''-.  Mathews 
1981 ).  The  quantity  of  eggs  spawned  by  ripe  females  increased 
because  of  the  increasing  size  of  mature  females  (Mathews  1981). 

Although  the  fecundity  and  reproductive  pattern  of  brown 
shrimp  off  Sinaloa  and  Sonora  have  been  determined,  fecundity- 
at-size,  abundance  and  si/e  structui^e  of  mature  females  have  not 
been  combined  in  previous  studies.  The  application  of  egg  pro- 
duction index  (EPI)  in  penaeid  shrimp  was  proposed  by  Courtney 
Si.  Masel  ( 1997).  They  found  that  this  index  is  a  more  quantitative 
measure  of  egg  production  in  a  population  al  a  particular  sampling 
station  or  sampling  time,  Aragon-Noriega  (2005)  used  an  EPI 
calculated  from  size  structure,  fecundity-at-size,  and  abundance  of 
mature  females  to  determine  the  maturity  period  of  blue  shrimp 
Litopenaeus  stylirostris  (Stimpson.  1S74)  in  central  Gulf  of  Cali- 
fornia. 

Studies  on  reproduction  of  exploited  species  are  critical  not 
only  for  fisheries  managers,  but  they  also  have  a  general  scientific 
interest  because  spawning  is  the  basis  of  population  renewal  and 
conservation  of  the  stocks.  With  this  in  mind,  we  should  look  for 
more  precise  methods  that  can  help  to  determine  the  maturity 
period  of  species  with  economical  or  ecological  importance. 

The  objective  of  this  study  is  to  determine  the  reproductive 
period  of  brown  shrimp  off  Agiabampo.  at  the  Sonora-Sinaloa 
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Figure  1.  Study  area  and  sampling  zone. 

state  border,  by  combiniii!:  the  fecundity-at-size,  abundance  and 
size  structure  of  mature  females  indices  into  a  single  index.  EPl. 

MATERIAL  AND  METHODS 

Study  Area 

The  Estero  de  Agiabampo  (26.3"N.  109.3 'W.  Fig.  1 )  is  a  rela- 
tively long  and  narrow  barrier  lagoon  created  by  sediment  depo- 
sition of  longshore  currents.  The  broad  region  has  a  subtropical 
desert  (BWh)  climate  (Garcia  1988)  and  the  sea  surface  tempera- 
ture averages  30.4°C  in  July  and  19.5  C  in  January. 

Sampling 

From  January  to  December  2002,  shrimp  samples  were  taken 
each  month  for  five  continuous  days  (full  moon  ±2  days).  Collec- 
tion was  done  with  small  boats,  about  7  m  long.  We  used  trawl  nets 
with  a  15-m  mouth  and  32-mni  mesh.  Tows  were  made  every  1.5 
h  at  flood  and  ebb  tides.  This  was  done  at  depths  from  1-9  m  at 
locations  ranging  up  to  2  km  north  and  south  of  the  mouth  of  the 
coastal  lagoon  (Fig.  1 ). 

Sex,  gonad  maturity,  total  length  (tip  of  the  rostrum  to  tip  of  the 
telsonl  ±1  mm  and  abdominal  length  of  the  samples  was  deter- 
mined. Degree  of  gonad  maturity  was  determined  with  the  mor- 
phochromatic  scale,  comprising  four  stages  (Leal-Gaxiola  et  al. 
2001).  For  this  study  the  specimens  were  grouped  into  immature 
(Stages  I  and  II)  and  mature  (Stages  III  and  IV)  categories. 

Abundance  of  mature  females  was  determined  as  specimens 
per  hectare.  This  was  done  using  a  sweeping  area  described  in 
Sparre  &  Venema  (1995).  Satellite  geo-positioning  devices  locate 
the  beginning  and  ending  position  of  each  trawl.  The  total  of 
mature  females  was  divided  by  the  calculated  area  (in  hectares). 
Fecundity-at-size  was  determined  by  the  equations  mentioned  in 
Mathews  (1981). 

Egg  production  index  (EPI).  similar  to  one  proposed  by 
Aragon-Noriega  (2005)  was  determined  by  combining  size  struc- 
ture, fecundity-at-size  and  abundance  of  mature  females.  The  EPI 
is  formed  as  follows: 


w  here:  EPI  is  the  egg  production  index,  /  is  the  ith  size  class,  F  is 
fecundity  at  size.  Z., ,  is  the  mean  value  of  length  of  class  i,  P  is 
proportion  of  class  /  in  a  particular  month,  and  a  is  the  abundance 
of  mature  female  in  particular  month. 

RESULTS 

A  total  of  5.780  specimens  of  all  stages  were  collected  (3,723 
females  and  2,057  males),  yielding  a  female:male  ratio  of  close  to 
2:1.  However,  for  mature  specimens,  the  ratio  was  3:4,  female: 
male  ratio. 

Period  of  Sexual  Maturity 

The  percentage  of  mature  males  was  more  than  50'7r  during  the 
complete  sampling  period  (Fig.  2).  We  found  one  period  (May  to 
August)  in  which  the  percentage  of  mature  females  was  near  or 
greater  than  40%  (Fig.  2).  The  other  months  in  which  mature 
females  appeared  were  November  (17%),  April  (10%)  and  Febru- 
ary (1%). 

Abundance 

Monthly  abundance  of  mature  females  determined  by  the 
sweeping  area  method  were  as  follows:  April,  29  females  ha~'; 
May,  176  females  ha"':  June,  97  females,  ha"':  July,  82  females 
ha"':  August,  58  females  ha"'  and  November,  5  females  ha~'  (Fig. 
3).  These  results  show  that  spring  and  summer  is  the  most  impor- 
tant reproductive  period  for  brown  shrimp,  using  abundance  and 
percentage  of  mature  females. 

Frequency  of  Sizes 

Total  length  of  mature  males  ranged  from  90-160  mm,  aver- 
aging 123  ±  1  mm  and  a  10%  coefficient  of  variation.  Total  length 
of  mature  females  for  the  entire  study  period  was  1 10-190  mm, 
averaging  1 5 1  ±  1  mm  with  an  8%  coefficient  of  variation.  Male 
and  female  sizes  were  significantly  different  (F  n  non,  =  3255, 
P  <  0.05).  Frequency  of  total  length  groups  for  May  to  August  is 
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Figure  2.  Monthly  fri'(|uc'ncy  <if  mature  females  (Stages  III  and  IV) 
and  males  (Stage  II)  of  the  brown  shrimp  Farfantepenaeus  californi- 
ensis  off  Agiabampo,  Sonora-Sinaloa, 
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shown  in  Figure  4.  The  modal  size  group  was  44%  greater  than 
165  mm  in  May.  For  June.  July  and  August  the  percentage  of 
specimens  in  the  modal  size  group  was  24%.  12%  and  15%.  re- 
spectively. Average  total  length  of  mature  females  was  signifi- 
cantly greater  in  May  (f  ,,  142s,  =  47.96.  P  <  0.05).  No  signifi- 
cant differences  were  found  in  June.  July  and  August  (Fig.  5). 

Eggs  Prodiicliun 

The  EPI  in  eggs'ha"'  did  not  match  with  months  of  higher 
percentage  of  mature  females.  EPI  indicates  that  May  is  the  most 
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Figure  4.  Size-structure  of  mature  females  (Stages  III  and  IV)  of 
brown  shrimp  Farfantepenaeus  califoniieiisis  from  May  to  August. 
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Figure  5.  Comparison  of  average  size  between  mature  females  (Stages 
III  and  IV I  of  brown  shrimp  Faifaiitepeiiaeiis  califoniieiisis  off  Agia- 
bampo.  Sonora-Sinaloa 

important  month  of  potential  egg  production,  followed  by  a  clear 
negative  tendency  of  EPI  (Fig.  6).  In  May  more  than  60  million 
eggs'ha"'  was  the  potential  production  on  average.  From  June  to 
August  the  average  of  potential  eggs»ha~ '  were  not  more  than  30 
million.  These  results  highlight  the  importance  of  using  more  than 
a  single  index  to  determine  reproductive  period  for  brown  shrimp. 

DISCUSSION 

The  reproductive  period  of  brown  shrimp  F.  califonuensis  off 
the  coast  of  the  Estero  de  Agiabampo  is  well  defined  as  late  spring 
to  early  summer,  as  quantified  by  using  EPI.  Leal-Gaxiola  et  al. 
(2001 )  found  the  reproductive  period  off  southern  Sonora  as  con- 
tinuous during  the  year  with  two  peaks  of  massive  reproduction. 
However,  those  authors  did  not  include  data  from  June  to  Septem- 
ber. For  this  reason  their  results  are  not  adequate  to  determine  the 
reproductive  season  for  brown  shrimp  in  that  zone.  The  study  of 
Leal-Gaxiola  et  al.  (2001 )  could  be  easily  combined  with  those  of 
Mendez-Tenorio  (1986)  because  this  author  sampled  from  June  to 
January  in  the  same  zone  and  in  the  same  years.  Data  from  that 
study  show  an  increasing  percentage  of  mature  females  from  June 
to  August  and  decreasing  percentage  of  mature  females  from  Au- 
gust to  January.  The  combination  of  data  from  the  two  studies 
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Figure  6.  Eggs  production  per  hectare  of  brown  shrimp  off  Agia- 
bampo, Sonora-Sinaloa. 
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yield  a  result  similar  to  our  findings.  Leal-Gaxiola  et  al.  (2001) 
found  the  times  when  the  percentage  of  mature  females  was  in- 
creasing and  decreasing,  but  they  eiToneously  concluded  there 
were  two  periods  of  mass  reproduction. 

We  found  a  single  period  of  high  rates  of  reproduction  by  using 
the  percentage  of  mature  females,  similar  to  results  found  off 
Guaymas  by  Mathews  (1981).  He  found  mature  females  from 
February  to  November  but  a  higher  percentage  from  May  to  Au- 
gust. The  reproduction  period  of  brown  shrimp  reported  off  Maza- 
tlan.  Sinaloa  is  either  continuous,  with  two  periods  of  higher  in- 
tensity (Garduno-Argueta  &  Calderon-Pere/  1994)  or  bimodal 
with  a  greater  peak  reproductive  activity  from  March  to  May  and 
a  lower  peak  in  October  and  November  (Barreiro-Giiemez  1986). 
Garcia  (1985)  reviewed  various  types  of  spawning  seasonal  pat- 
terns of  many  shrimp  species  from  around  the  world.  He  concluded 
that  in  spite  of  the  shortcomings  of  the  method  (percentage  of 
mature  female)  used  for  quantifying  spawning  activity,  it  seems 
that  a  bimodal  pattern  is  most  frequent.  The  main  shortcoming  of 
the  percentage  of  mature  female  method  is  that  overall  population 
abundance  of  mature  female  is  not  taken  into  account  but  only  a 
relative  percentage  of  an  unknown  nuinber  per  area  (e.g..  km~".  ha 
or  other  measurement). 

Garci'a  (1983)  also  concluded  that  reproductive  behavior  of 
shrimp  species  respond  to  transition  periods  of  temperature.  In  the 
Gulf  of  California  well-defined  periods  of  transition  in  temperature 
occurs  from  spring  to  summer  and  from  fall  to  winter  (Aragon- 
Noriega  &  Alcantara-Razo  2005).  So,  conclusion  that  brown 
shrimp  display  a  double  peaked  spawning  pattern  where  accepted 
mentioned  that  the  reproductive  period  (determined  by  the  per- 
centage of  mature  brown  shrimp  females)  in  the  Gulf  of  California 
depends  on  the  SST. 

Because  the  percentage  of  mature  females  is  a  biased  inde.x  of 
population  repioduction  (Garci'a  1985),  we  combined  3  indices: 
abundance,  fecundity  and  size  structure  of  the  mature  female 
brown  shrimp,  representing  the  first  published  inde,\  for  this  spe- 
cies. The  only  other  study  of  EPI  application  was  conducted  on  L. 
stylirostris  ( Aragon-Noriega  2005).  In  May  we  found  44*^  of  the 
mature  females  over  161  mm  TL.  From  the  fecundity-at-size  pro- 


posed by  Barreiro-Giiemez  (1986).  44*^  of  the  females  could  be 
spawning  800.000  or  moi'e  eggs.  Though  the  higher  percentage  of 
mature  females  was  collected  in  July,  we  propose  that  May  is  the 
most  important  month  for  the  reproductive  period  of  brown  shrimp 
off  Agiabampo,  because  the  highest  EPI  was  found  this  month. 

The  percentage  of  mature  females  in  November  suggests  a 
second,  less  intensive  spawning  period,  but  FPl  showed  that  only 
a  1 -million  eggs'ha"'  was  the  potential  production,  on  average,  in 
that  month. 

To  determine  the  actual  maturity  period  of  any  species  we 
should  take  into  account  all  shortcomings  of  the  available  methods. 
A  problem  for  an  exploited  species  is  the  specimens  that  remain 
unaccounted  for  after  the  fishery  season.  For  the  case  of  the  brown 
shrimp  near  Agiabampo  we  surmise  that  if  the  reproductive  be- 
havior of  this  species  responds  to  transition  periods  of  temperature 
(Garcia  1985)  the  abundance  of  mature  female  remaining  after  the 
trawl  fishery  is  too  low  to  be  considered  as  a  two-peaked  pattern 
species.  The  use  of  EPI  could  help  to  redefine  the  actual  maturity 
period  for  those  two  groups  of  penaeid  shrimp,  even  if  the  second 
period  of  spawning  for  browns  has  been  greatly  diminished  by 
fisheries  activities. 

This  study  clearly  shows  that  results  from  one  area  cannot  be 
extrapolated  to  other  areas  of  the  Gulf  of  California.  Also,  we 
found  that  cuirent  commercial  catch  data  are  not  adequate  for 
determining  the  reproductive  pattern  of  brown  shrimp.  We  agree 
with  the  proposal  of  Garcia  ( 1985)  to  use  at  least  two  other  indices, 
and  not  just  the  percentage  of  the  mature  females  in  samples.  We 
conclude  that  the  appropriate  combination  of  indices  include  size 
structure  of  mature  females,  abundance  of  mature  females  and 
fecundity-at-size  to  determine  the  reproductive  period  of  brown 
shrimp.  Specifically,  those  three  indices  for  the  brown  shrimp  off 
Agiabampo  show  a  single  maturation  period  from  May  to  August. 
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PHILIPP  HESS-  AND  JOHN  W.  SLATER'* 

'Lt'tlcrkeniiy  Institute  of  Technology.  Port  Road.  Letterkenny.  Co.  Donegal.  Ireland:  ^Marine  Institute. 
Galway  Technology  Park.  Parknwre,  Galway,  Ireland 

ABSTRACT  Domoic  acid  (DA)  the  toxin  responsible  for  amnesii.-  shellfish  poisoning  (ASP)  has  proven  problematic  for  king  scallop 
Peelen  imL\imii.\  fisheries  and  aquacuiture  in  Ireland.  Toxin  concentration  in  hepatopancreas  of  individual  scallops  and  composite 
samples  of  gonad  and  adductor  muscle  of  scallops  suspended  friim  a  submerged  longline.  2  m  beneath  the  water  surface  and  on  a  seabed 
site.  12-15  m  beneath  the  suspended  scallops  were  monitored  from  February  2003  to  February  2004  at  an  aquaculture  site  in  Clew  Bay. 
Ireland.  DA  concentration  in  hepatopancreas  of  scallops  from  the  seabed  and  longline  peaked  in  April  2003.  individual  concentrations 
reaching  1037.1  (xg.g"'  and  1212.6  jig.g"'  respectively.  No  statistically  significant  differences  were  exhibited  between  DA  concen- 
tration in  hepatopancreas  of  seabed  and  longline  scallops  except  on  I  of  the  10  sampling  occasions.  Slow  depuration  of  DA  toxin  trom 
hepatopancreas  occurred  from  April  2003  to  June  2003  and  the  concentration  remained  relatively  stable  from  June  2003  to  Feb  2004. 
Interpretation  of  DA  concentrations  in  gonad  were  complicated  by  the  lower  concentrations  recorded  and  the  variable  size  of  the  gonad 
caused  by  the  reproductive  cycle  over  the  12-month  study  duration.  DA  concentrations  in  adductor  muscle  were  below  the  limit  of 
detection  throughout  the  investigation.  In  summary  DA  concentration  between  scallops  held  in  suspension  or  maintained  on  the  seabed 
exhibited  minor  difference,  and  routine  monitoring  samples  could  be  collected  annually  and  held  in  suspended  culture  systems  rather 
than  using  more  expensive  diver  collection  for  sample  procurement. 

KEY  WORDS:     amnesic  shellfish  poisoning  (ASP),  domoic  acid,  Peeren  »(i«(;»h.s.  scallop 


INTRODUCTION 

Amnesic  shellfish  poisoning  (ASP)  was  first  recorded  in 
Canada  in  1987  when  over  100  people  became  ill  after  consuming 
mussels  Myrilus  cihilix  contaminated  with  the  DA  toxin.  Early 
symptoms  included  nausea,  gastroenteritis  and  vomiting  followed 
within  48  h  by  neurological  symptoms  such  as  confusion,  lethargy, 
disorientation  and  memory  loss  that  persisted  indefinitely;  three  of 
those  affected  in  this  outbreak  died  (Quilliam  &  Wright  1989. 
Todd  1993).  The  toxin,  a  small  tricarboxylic  amino  acid  belonging 
to  the  kainoid  class  of  compounds,  has  been  reported  in  10  species 
of  diatoms  of  the  genus  Pscinlo-nitzschia  (Bates  2000).  Filter  feed- 
ing bivalves  such  as  scallops  and  mussels  consuming  these  toxic 
phytoplankton  species  can  accumulate  the  toxin  to  high  concen- 
trations (Zaman  et  al.  1997).  Human  consumption  of  shellfish 
contaminated  with  DA  results  in  ASP. 

Detection  of  DA  in  cultured  mussels  from  Galicia,  Spain  in 

1994  (Arevalo  et  al.  1997)  and  a  range  of  Portuguese  shellfish  in 

1995  (Vale  &  Sampayo  2001)  led  to  the  introduction  of  amend- 
ment 61/97  of  EU  Directive  91/492/EEC,  which  established  the 
maximum  allowable  concentration  of  DA  in  whole  shellfish  or 
edible  parts  as  20  p-g.g"'-  Extensive  shellfishery  closures  have 
since  been  recorded  in  many  European  countries,  perhaps  the  most 
significant  being  those  applied  to  the  king  scallop  fishery  off  the 
west  coast  of  Scotland  from  1999  onwards,  which  resulted  in 
considerable  financial  hardship  for  scallop  fishermen  (Gallacher  et 
al.  200 1 .  Smith  et  al.  2005 ).  Prolonged  closures  of  scallop  fisheries 
in  Europe  because  of  elevated  DA  concentration  persisting  in  some 
instances  for  months  or  years  (Arevalo  et  al.  1998,  Fernandez  et  al. 
2000).  slow  rates  of  depuration  in  this  species,  localization  of  the 
majority  of  toxin  in  the  hepatopancreas  and  high  inler-animal  varia- 
tion between  scallops  led  to  the  introduction  of  EU  Commission 
Decision  2002/226/EC.  This  allowed  harvesting  of  scallops  with  a 
whole  body  DA  concentration  exceeding  20  |xg.g~'  if  the  parts  to 
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be  marketed,  principally  the  adductor  muscle  and  gonad,  contained 
less  than  4.6  (xg.g"'.  Scallop  fishing  from  grounds  that  otherwise 
would  have  remained  closed  has  been  allowed,  but  this  EU  deci- 
sion has  necessitated  that  almost  all  the  catch  be  processed  in 
approved  plants  prior  to  sale.  Restrictions  on  the  sale  of  fresh 
scallops  (in-shell).  which  have  traditionally  commanded  a  pre- 
mium price  cotTipared  with  processed  product,  has  resulted  in  a 
2-tier  market  for  fishermen,  a  high  value  one  for  fresh  product, 
which  can  rarely  be  supplied  and  a  lower  value  one  for  processed 
product. 

In  Ireland  high  DA  concentrations  in  scallop  recorded  in  late 
1999  and  early  2000  resulted  in  the  closure  of  all  scallop  produc- 
tion/harvesting over  the  millennium  period.  Over  the  last  5  years, 
as  in  much  of  Europe,  this  toxin  has  proven  particularly  problem- 
atic in  king  scallop  Pecten  maxiimis  fisheries.  Recent  DA  concen- 
trations of  618.2  (i,g.g"'  reported  in  April  200.5  in  mussels  Mxtihts 
eclulis  from  the  west  coast  of  Ireland  represented  the  first  time  the 
toxin  had  been  detected  above  50  |xg.g"'  in  this  species.  Intere.st  in 
DA  concentrations  in  scallop  suspended  in  the  water  column  coin- 
pared  with  scallops  on  the  seabed  has  been  expressed  from  a 
number  of  perspectives.  From  an  aquaculture  perspective,  scallops 
can  be  farmed  either  by  sowing  juveniles  into  seabed  areas  and 
harvesting  at  a  later  date  or  by  more  intensive  culture  in  lantern 
nets  suspended  from  submerged  longlines.  Both  methods  have 
been  attempted  in  Ireland  and  in  some  bays  both  techniques  have 
been  used.  Current  legislation  on  the  monitoring  of  DA  refers  to 
the  number  of  shellfish  to  be  used  as  a  sample,  the  parts  to  be 
analyzed,  the  analytical  technique  to  be  used  and  the  maxiinum 
concentrations.  If  differences  in  toxin  concentration  occurred  be- 
tween scallops  produced  by  the  two  methods,  then  the  possibility 
exists  that  scallops  produced  by  one  technique  might  be  sold  into 
a  different  market  sector  than  the  other,  for  example  suspended 
scallops  might  have  to  be  processed,  whereas  sown  scallops  from 
the  seabed  could  be  sold  into  the  fi'esh  market  or  vice  versa.  Given 
the  higher  \alue  i>f  fresh  in-shell  product,  it  is  therefore  conceiv- 
able that  the  production  technique  to  be  used  in  an  area  and  the 
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economics  of  scallop  furniiiig  might  be  iiillLienced  by  the  likely 
toxin  concentration  in  finished  product.  Such  a  possibility  also 
raised  the  question  that  perhaps  suspending  scallops  in  shallower, 
phytoplankton-rich  waters  might  increase  rates  of  toxin  depura- 
tion. Although  bivalves  that  are  actively  feeding  on  nontoxic  algae 
are  likely  to  exhibit  faster  depuration  (Bricelj  &  Shumway  1998), 
when  mussels  Mytilus  galloprovincialis.  contaminated  with  PSP 
toxin,  okadaie  acid,  were  transfeired  to  a  toxin-free  zone  the  rate 
of  depuration  did  not  decrease  significantly  (Blanco  et  al.  1999). 
Nevertheless,  the  possibility  that  maintaining  scallops  in  sus- 
pended culture  nets  until  DA  concentrations  decreased  to  levels 
that  allowed  their  sale  into  the  more  lucrative  fresh  market  is 
worthy  of  further  investigation  for  those  faced  with  regular  shell- 
fish closures.  The  converse,  whereby  scallops  suspended  in  waters 
containing  a  higher  concentration  of  toxic  species  might  accumu- 
late more  toxin  than  scallops  on  the  seabed,  should  also  be  con- 
sidered as  a  possible  outcome  of  suspending  scallops  in  the  water 
column.  Diver  collection  of  farmed  scallop  has  been  proposed  as 
a  harvesting  technique  from  intensive  seabed  plots.  Though  effi- 
cient as  a  means  of  scallop  collection,  such  a  technique  is  a  slow 
method  of  harvesting,  necessitating  the  holding  of  scallops  for  a 
period  while  a  consignment  is  gathered.  Concern  has  been  ex- 
pressed that  during  this  holding  period,  scallops  may  accumulate 
toxins  to  levels  such  that  their  sale  into  the  more  valuable  fresh 
market  was  no  longer  an  option. 

From  a  regulatory  perspective,  interest  in  DA  concentrations  in 
suspended  versus  seabed  scallops  centered  on  sample  collection.  In 
some  inshore  aquaculture  sites  in  Ireland,  divers  are  used  for  the 
collection  of  scallops  for  routine  toxin  monitoring.  Recently  intro- 
duced safety  regulations  for  professional  di\ers  have  resulted  in  an 
escalation  of  the  costs  associated  with  sample  procurement  using 
such  methods.  In  circumstances  where  no  differences  existed  be- 
tween seabed  and  suspended  scallops,  sample  provision  for  routine 
monitoring  could  be  performed  much  more  economically  using 
scallops  maintained  for  the  purpose  in  suspended  culture  nets. 

In  addition  to  DA  production  from  a  range  of  Pseudo-nitzschia 
species,  a  benthic  diatom.  Nitzschia  navis  varingicu  has  recently 
been  reported  as  a  further  source  of  the  toxin  (Kotaki  et  al.  2004). 
The  distribution  of  this  species  is  at  present  largely  unknown.  If  in 
a  comparative  study  of  DA  concentration  in  seabed  and  suspended 
scallops,  higher  toxin  concentrations  were  recorded  in  seabed  scal- 
lops, DA  production  by  benthic  species  might  be  suspected  as  a 
possible  contributory  factor. 

Given  the  significance  of  results  regarding  DA  toxin  concen- 
tration in  seabed  and  suspended  scallops  to  fishermen,  aquaculture 
producers,  regulators  and  scientists;  this  comparative  study  was 
undertaken  over  a  12-nionth  period  at  an  aquaculture  site  on  the 
west  coast  of  Ireland. 

MATERIALS  AND  METHODS 

King  scallop  Pecten  inaximiis  were  collected  by  diving  from  a 
seabed  aquaculture  site  in  Clew  Bay,  County  Mayo  off  the  west 
coast  of  Ireland  and  subdivided  into  2  batches — a  suspended  batch, 
which  was  held  in  lantern  nets  2  m  below  the  water  surface  from 
a  submerged  longline  and  a  seabed  batch,  which  was  returned  to 
the  seabed  below  the  longline  at  a  depth  of  approximately  12  m  to 
15  m  (Fig.  I).  Samples  from  both  batches  were  provided  for  DA 
analysis  at  approximately  monthly  intervals  from  February  200.^  to 
February  2004.  Each  sample  comprised  12  individuals  from  each 
batch  of  mean  shell  lencth  between  100  mm  to  1 15  mm.  On  three 
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Figure  1.  Sampling  location  in  Clew  Bay.  County  Mayo,  Ireland. 

occasions  one  or  two  shells  in  the  longline  sample  were  empty  on 
arrival  at  the  laboratory. 

After  shell  measurement,  scallops  were  dissected  and  the 
weight  of  total  soft  tissue  and  individual  weight  of  hepatopancreas. 
gonad  and  adductor  muscle  recorded.  The  hepatopancreas  of  each 
scallop  was  analyzed  individually  to  provide  data  on  variability  in 
DA  concentration  within  each  sample  batch  on  each  date.  Com- 
posite samples  of  gonad  and  composite  samples  of  adductor 
muscle  from  each  sample  group  on  each  date  were  prepared  for 
analysis,  because  previous  .studies  suggested  that  DA  concentra- 
tion in  these  tissues  would  be  much  lower  than  in  hepatopancreas; 
and  hence  differences,  if  present,  between  seabed  and  longline 
scallops  would  be  more  difficult  to  confirm  because  of  the  lower 
concentrations.  Subsamples  of  composite  tissues  were  analyzed  in 
triplicate  for  DA  toxin  concentration. 

DA  was  extracted  from  scallop  tissue  samples  using  procedures 
based  on  Quilliam  et  al.  (1995)  with  several  modifications.  Ex- 
ti'action  was  performed  from  approximately  4.0  g  of  tissue  homo- 
genate  with  16  niL  of  50:50  extraction  solvent  (methanol: water)  in 
a  blender  (Ultra  Turrax  T25.  IKA-Works.)  for  4  inin  at  high  speed. 
DA  was  extracted  from  each  hepatopancreas  individually.  Where 
hepatopancreas  weight  exceeded  4.0  g.  the  organ  was  homog- 
enized and  a  4.0  g  subsample  used  for  extraction.  After  extraction, 
homogenates  were  centrifuged  at  3,800  rpm  for  30  min.  A  sample 
of  supernatant  was  filtered  using  a  methanol-compatible  0.45-|ji.m 
syringe  filter  and  the  combined  concentration  of  DA  and  c/jZ-DA  in 
the  filtered  extract  determined  using  a  Shimadzu  HPLC/UV  and 
following  equipment  upgrade  a  Shimadzu  HPLC/DAD  (Mason 
Technology,  Dublin).  In  those  instances  where  the  combined  DA 
concentration  exceeded  that  of  the  highest  standard,  the  filtered 
extract  was  diluted  with  extraction  solvent  and  the  measurement  of 
DA  and  e/'i-DA  repeated.  All  solvents  used  were  HPLC  grade 
obtained  from  Lennox  Laboratory  Suppliers.  Dublin.  Mobile 
phase  consisted  of  \0'7c  acetonitrile  and  1%  TEA  (trifluoroacetic 
acid)  prepared  with  deionized  water.  HPLC  flow  rate  was  0.5 
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niL.niin"'  and  injection  volume  20  jxL.  Calibration  was  performed 
externally  using  six  DA  calibration  standards  between  0.2 
(jLg.mL  '  to  10  ixg.mL"'  prepared  from  certified  reference  stan- 
dard obtained  from  the  NRC.  Canada.  Calibration  curves  were 
prepared  for  each  sample  hatch  and  were  always  linear  (R"  > 
0.999). 

Statistical  analysis  of  all  data  was  performed  using  SPSS.  Ver- 
sion 12. 

RESULTS 

Scallops  used  in  this  comparative  study  of  DA  toxin  concen- 
tration were  of  a  similar  size  (Table  1 ).  Based  on  individual  scallop 
measurements,  the  mean  shell  length  and  shell  height  for  seabed 
scallops  was  108.8  ±  3.9  mm  by  96.4  ±  3.9  mm  compared  with 
1 1 1.6  ±  5.2  mm  by  99.4  ±  4.6  mm  for  longline  scallops. 

Mean  DA  concentration  in  the  hepatopancreas  of  individual 
seabed  scallops  was  326.4  ±  169.9  p-g.g^'  compared  with  313.9  ± 
214.6  |JLg.g"'  for  longline  scallops  over  the  12-month  study  at  this 
location. 

Mean  DA  concentrations  m  hepatopancreas  and  gonad  of  sea- 
bed and  longline  scallops  on  the  10  sampling  occasions  are  pro- 
vided in  Table  1.  DA  toxin  concentration  in  hepatopancreas  of 
seabed  and  longline  scallops  exhibited  similar  trends  over  the  12- 
month  duration  (Fig.  2).  The  highest  mean  concentrations  of  DA  in 
hepatopancreas  were  recorded  on  the  second  sampling  occasion 
(April  3,  2003).  individual  DA  concentrations  reaching  1037.1 
fjLg.g"'  in  seabed  scallops  and  1212.6  p-g.g"'  in  longline  scallops 
respectively.  Comparison  of  the  mean  DA  concentrations  in 
hepatopancreas  of  seabed  and  longline  scallops  using  a  Mest  dem- 
onstrated no  statistically  significant  difference  for  9  of  the  10 
samples.  Only  the  sample  from  November  12.  2003  showed  a 
significant  difference  in  =  23,  t  =  3.263.  sig.  =  0.004)  in  the 
mean  DA  concentration  between  seabed  scallops  (298.3  ±  89.4 
|jig.g~')  and  longline  scallops  (172.4  ±  95.7  |jig.g~'). 

DA  concentrations  in  composite  samples  of  gonad  tissue  never 
exceeded  the  regulatory  limit  of  20  |J.g.g"'  and  were  considerably 
lower  than  concentrations  recorded  in  hepatopancreas.  Overall 
mean  DA  concentrations  based  on  triplicate  analysis  of  composite 
gonad  samples  were  5.0  ±  2. 1  jo-gg"'  in  seabed  .scallops  compared 
with  3.8  ±  1.9  |jLg.g~'  in  longline  scallops.  DA  toxin  concentration 


in  gonads  of  seabed  and  longline  .scallops  exhibited  considerable 
fluctuations  and  dissimilar  trends  over  the  12-mo  study  duration 
(Fig.  2).  Because  DA  toxin  concentration  of  gonads  is  influenced 
by  both  the  mass  of  DA  in  the  intestinal  loop  within  the  gonad  and 
the  mass  of  gonad  tissue  itself,  the  reproductive  condition  of  scal- 
lops from  both  sample  batches  was  determined  in  an  attempt  to 
understand  the  fluctuations  and  trends  over  the  12-mo  study  (Fig. 
3 1.  Relative  gonad  height  (RGH)  in  both  sample  groups  showed  a 
similar  trend  with  peak  RGH  at  the  end  of  May.  Seabed  scallops 
exhibited  higher  RGH  than  longline  scallops,  although  differences 
between  sample  groups  were  not  significant  (/;  =  236,  t  =  1.448. 
sig.  =  0.149).  The  decline  in  RGH  suggested  a  single  prolonged 
spawning  at  this  study  location,  although  the  use  of  monthly  sam- 
pling for  determination  of  the  number  of  spawnings  is  not  recom- 
mended (Slater  20051.  Because  of  fluctuations  in  DA  concentra- 
tion within  and  between  sample  groups  and  varying  reproductive 
condition  over  the  12-month  study,  the  mass  of  DA  in  gonad  was 
determined  to  examine  if  it  better  represented  the  changes  in  DA 
levels  in  gonad  (Fig.  4).  For  comparative  puiposes  the  mass  of  DA 
in  hepatopancreas  was  also  determined  (Fig.  4). 

DA  concentrations  in  composite  samples  of  adductor  muscle 
were  below  the  limit  of  detection  (LOD  =  0.1  |xg.g~')  in  all 
samples  over  the  12-month  study  duration. 

DISCUSSION 

DA  concentrations  in  hepatopancreas  were  approximately  1  to 
2  orders  of  magnitude  greater  than  in  gonad,  hence  if  differences 
occurred  between  toxin  concentration  in  longline  and  seabed  scal- 
lops; such  differences  should  be  more  easily  recorded  in  those 
tissues  having  the  higher  DA  concentration.  Individual  analysis  of 
each  hepatopancreas  showed  high  inter-animal  variability  in  DA 
concentration  within  each  sample.  Coefficients  of  variation  (CV) 
of  DA  concentration  in  hepatopancreas  of  longline  scallops  ranged 
from  10.7%  to  55.5%  whereas  that  of  seabed  scallops  ranged  from 
17.8%  to  49.5%.  The  mean  CV  of  DA  concentration  in  hepato- 
pancreas of  longline  and  seabed  scallops  was  42.3%  and  31.0% 
respectively.  Similar  high  levels  of  inter-animal  variability  in  DA 
concentration  in  king  scallops  have  been  reported  (Campbell  et  al. 
2001.  Blanco  et  al.  2002,  Bogan  et  al.  2006).  Over  the  12-month 
duration  of  the  study  similar  DA  concentrations  in  hepatopancreas 


TABLE  1. 

Concentration  of  D.A  in  hepatopancreas  and  fjonad  of  seabed  and  longline  scallops  from  Feb  03  to  Fell  04. 


Seabed 

Longline 

Shell 

Cone,  of  D.\ 

Cone,  of  DA 

Shell 

Cone,  of  DA 

Cone,  of  DA 

Length 

in  HP 

in  gonad 

Length 

in  HP 

in  gonad 

n 

(mm) 

ms-K"') 

(Mg-g  '» 

n 

(mm) 

tMg-g"'l 

(M8-g"') 

26-Feb-0.i 

12 

112.91  ±2.71 

272.58  ±  59.77 

2.00  ±  0.24 

12 

111.58  ±4.19 

283.67  ±  62.69 

2.25  ±  0.03 

03-Apr-03 

12 

108.54  ±4.08 

697.96+  156.35 

5.35  ±  0.64 

10 

112..'S0±2.46 

837.70  ±  250.84 

7. 10  ±0.23 

23-Mav-03 

12 

109.17  ±3.69 

457.68  ±  1,34.61 

4.07  ±  0.46 

10 

107.80  ±2.90 

452.53  ±202.18 

7. 1 2  ±  0.30 

O.VJul-O.^ 

12 

107.67  ±2..'57 

2l6..'iO±  107.22 

2.99  ±  0.43 

11 

108.70  ±5.31 

296.0.3  ±  114.60 

2.24  ±0.24 

30-Jul-()3 

12 

108.08  ±3.34 

332.70  ±  140.64 

6.07  ±  1.21 

12 

113.83  ±5.29 

265.90  ±  56.09 

1.96  ±0.98 

03-Sep-()3 

12 

109.91  ±2,84 

304.98  ±  69.39 

6.72  ±0.21 

12 

109.75  ±4.67 

262.16  ±  111.62 

2.58  ±0.06 

25-Sep-03 

12 

111.91  ±2.42 

223.68  ±  65.37 

8.45  ±  1.01 

12 

113.42  ±5.87 

2 10.45  ±99.96 

3.54  ±  0.26 

12-NOV-03 

12 

1 10.08  ±  1.62 

298.33  ±  89.42 

3.55  ±  1.12 

12 

114.64  ±6.83 

172.42  ±95.67 

3.09  ±0.15 

O4-Dec-03 

12 

104.50  ±2.97 

238.98  ±109.41 

6.56  ±  2.65 

12 

11 1.08  ±5.71 

208.72  ±46.59 

4.36  ±1.12 

ll-Feb-04 

12 

104.36  ±2.98 

245.24  ±43.75 

4.02  ±  0.66 

12 

112.92  ±4.99 

244.55  ±  103.88 

3.76  ±  0.79 

Values  represent  the  mean  ±  standard  dc\  i.iln 
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Figure  2.  Concentration  of  DA  in  htpalopancreas  (top)  and  gonad  (bottom)  of  seabed  and  longline  scallops  from  Feb  03  to  Feb  04.  (Each  point 
represents  Mean  ±  St.  Dev). 


of  longline  and  seubed  scallops  were  reported  and  a  statistical 
difference  between  the  two  sample  batches  occioTed  on  only  one 
occasion.  Similarly  no  significant  differences  in  PSP  toxin  con- 
centration were  repoited  in  a  comparative  study  between  sea  scal- 
lops suspended  2  m  beneath  the  water  surface  and  those  on  the 
seabed  at  11  m  depth  (Haya  et  al.  2003). 

Over  the  12-month  duration  of  the  study  both  seabed  and  long- 
line  scallops  demonstrated  rapid  accun)ulation  of  DA  in  hepato- 
pancreas  in  March  2003,  slow  depui'ation  duri)ig  April  2003  to 
June  2003  followed  by  relative  stability  from  June  2003  to  Feb- 
ruary 2004.  The  fact  that  there  was  no  statistical  difference  in  DA 
content  of  hepatopancreas  between  longline  and  seabed  scallops 
was  somewhat  unexpected.  Reports  of  toxic  Pseiido-nitzschia  cells 
descending  after  a  bloom  from  nutrient-poor  surface  waters  into 
highei-nutrient  niixed  layers  suggested  that  differential  profiles  in 
toxicity  might  have  been  anticipated  between  suspended  and  sea- 
bed scallops  (Dortch  et  al.  1997,  Trainer  et  al.  1998,  2000).  A  time 


delay  in  PSP  toxin  accumulation  in  suspended  and  seabed  scallops 
was  suggested  as  toxic  cells  in  surface  waters  descended  towards 
the  seabed  as  the  toxic  bloom  subsided  (Bricelj  &  Shumway  1998). 
In  this  study  no  temporal  difference  in  peak  DA  concentration  in 
hepatopancreas  between  longline  and  seabed  scallops  was  re- 
coi'ded  although  this  luay  have  been  caused  by  the  long  sampling 
intervals  between  February  26,  2003  to  April  3,  2003  and  April  3, 
2003  to  May  23,  2003. 

Blooms  of  toxic  Pseiido-nitzschia  cells  are  often  regarded  as 
being  widely  dispersed  throughout  the  water  column,  however 
they  have  also  been  reported  as  thin  layers  in  the  water  cokunn  and 
following  sinking  as  near-bottom  thin  layers,  which  may  extend 
over  large  areas.  Cell  densities  have  been  reported  within  these 
thin  layers  exceeding  10"  toxic  cells. I"'  (Rines  et  al.  2002).  The 
absence  of  a  significant  difference  in  DA  concentration  in  hepato- 
pancreas between  longline  scallops  suspended  2  m  beneath  the 
water  surface  and  seabed  scallops  from  12  m  to  \^  m  depth,  in  all 
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Figure  3.   Rtlalivf  ^onad  htiglit  iif  siahcci  and  loiiglinc  scallops  from  Feb  03  to  Feb  04.  (Kach  point  represents  Mean  ±  St.  Dev.). 


but  one  of  the  samples,  suggested  that  the  source  of  DA  toxicity 
was  relatively  evenly  distributed  throughout  the  water  column  in 
this  location. 

After  the  depuration  phase  during  April  2003  to  June  2003, 
concentrations  of  DA  in  the  hepatopancreas  over  the  remaining  8 
month  (June  2003  to  February  2004)  were  relatively  stable  with 
minor  fluctuations  between  170  |J.g.g"'  to  330  M-g.g"'  suggesting 
that  no  further  depuration  of  toxin  from  hepatopancreas  occurred, 
rales  of  uptake  and  depuration  of  DA  were  balanced  or  that  the  rate 
of  depuration  was  very  slow  and  not  lecoided  over  the  8-month 
period.  Prolonged  toxicity  over  an  extended  period  rather  than  a 
continual  decline  in  toxicity  may  have  arisen  from  the  continued 
development  of  small  pulses  of  toxic  Pscudo-iuizschici  cells.  Such 
pulses  can  result  from  Pseudo-niKMlua  cells  that  had  sunk  after 
nutrient  depletion  being  brought  back  into  surface  waters  during 
upwelling  events  (Trainer  et  all'2000).  This  replenishment  of  cells 
into  surface  waters  has  been  proposed  as  a  mechanism  to  explain 
why  some  blooms  appear  to  persist  for  up  to  3  mo  in  the  field  and 
might  also  explain  why  toxicity  persisted  throughout  this  study 
(Bates  et  al.  1989.  Smith  et  al.  1990).  Extended  periods  of  toxicity 
attributed  to  very  slow  rates  of  depuration  have  also  been  reported 
in  sea  scallops.  PUwopccten  magcUanUiis  with  PSP  toxin  over  a 
12-nionth  period  (Haya  et  al.  2003). 

Many  strains  of  domoic  acid-producing  diatoms  have  been  re- 
ported, all  belonging  to  the  genus  PseuJo-nilzschia  except  the 
benthic  species  Amphora  coffeaefonnis  (Agardh)  Kiitzing  (Bates 
2000.  Shimizu  et  al.  1989).  Recently  a  benthic  diatom.  Nitzschia 
navis-varingka.  collected  from  brackish  water  in  Vietnamese 
shrimp  ponds  and  identified  as  a  new  species  has  been  demon- 
strated to  be  capable  of  DA  production  (Kotaki  et  al.  2000.  20(J4). 
Distribution  of  this  benthic  species  is  presently  unknown  although 
it  has  been  reported  in  Japan  and  the  Philippines  and  can  be  found 
in  the  water  column  (Lundholm  &.  Moestrup  20(J0.  Kotaki  et  al. 
2004).  The  scallop  toxicity  results  over  a  12-month  sampling  pe- 
riod in  this  site  provided  no  support  for  the  hypothesis  that  DA 
production  by  benthic  diatoms  occurred. 

DA  concentrations  in  gonad  were  below  the  regulatory  limit  of 
20  p-g.g  '  throughout  the  study  and  never  exceeded  10  |J.g.g~'  in 


anv  composite  sample  of  seabed  or  iongline  scallop  gonad.  Early 
results  during  the  toxin  accumulation  phase  in  the  hepatopancreas 
(March  2003)  showed  an  expected  increase  in  DA  concentration  in 
gonad.  A  corresponding  decrease  in  DA  concentration  in  gonad 
occurred  from  March  2003  to  June  2003.  although  this  was  some- 
what slower  to  commence  in  seabed  scallops.  During  the  period  of 
relative  stability  in  DA  concentration  in  hepatopancreas  (June 
2003  to  February  2004).  DA  concentrations  in  gonad  fluctuated 
considerably  and  differences  were  exhibited  between  the  two 
groups  of  scallops.  To  understand  these  fluctuations  and  between- 
group  differences,  the  reproductive  condition  of  the  scallops  using 
relative  gonad  height,  a  measure  selected  because  it  accounted  for 
small  differences  in  size  between  the  scallop  samples  was  exam- 
ined. Becatise  the  DA  is  predominantly  contained  within  the  in- 
testinal loop  that  passes  through  the  gonad,  it  was  expected  that  as 
the  gonad  increased  in  size  DA  concentration  of  gonad  would 
decrease  and  vice  versa.  The  results  from  the  February  2003  to 
July  2003  period  demonstrated  the  converse,  as  RGH  increased 
and  then  declined  after  spawning.  DA  concentration  in  the  gonad 
followed  a  similar  trend.  The  results  demonstrated  that  despite  the 
variations  in  gonad  size,  DA  concentration  in  the  gonad  was  pre- 
dominantly determined  by  DA  concentration  in  the  hepatopan- 
creas. which  exhibited  a  similar  trend  over  the  February  2003  to 
July  2003  period.  The  influence  of  gonad  size  on  DA  concentration 
in  gonad  was  demonstrated  by  comparing  toxin  concentration  be- 
tween the  scallop  batches,  higher  RGH  of  seabed  scallops  being 
reflected  in  lower  DA  concentration  whereas  lower  RGH  of  long- 
line  scallops  was  reflected  in  comparatively  higher  DA  concentra- 
tion. Fluctuations  in  DA  concentration  in  gonad  from  Jul  03  to  Feb 
04  or  variations  between  the  two  groups  of  scallop  could  not 
explained  by  consideration  of  the  RGH  independently.  In  an  at- 
tempt to  explain  the  variations  in  DA  concentration  in  gonad  and 
gonad  size,  changes  in  the  mass  of  DA  in  gonad  were  examined 
over  the  study  duration.  For  comparative  purposes  changes  in  the 
mass  of  DA  in  hepatopancreas  were  also  examined.  Changes  in  the 
mass  of  DA  in  gonad  over  the  12-month  period  exhibited  a  similar 
trend  to  that  for  both  the  concentration  and  mass  of  DA  in  hepato- 
pancreas. Because  fluctuations  in  DA  concentration  of  gonad  from 
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Figure  4.  Mass  of  DA  in  hepatopancreas  (top)  and  gonad  (bottom)  of  seabed  and  longline  scallops  from  Feb  03  to  Feb  04.  (Each  point  represents 
Mean  ±  St.  Dev.). 


July  2003  to  February  2004  could  not  be  attributed  to  changes  in 
gonad  size,  it  was  concluded  that  fluctuations  during  this  period, 
and  variations  between  the  two  scallop  batches  must  have  resulted 
from  high  inter-animal  variability  in  DA  concentration  in  gonad 
and  experimental  error.  DA  concentrations  in  gonad  have  exhib- 
ited high  inter-animal  variability  in  several  other  studies  (Arevalo 
et  al.  1998.  Campbell  et  al.  2001).  Similar  difficulties  to  those 
encountered  in  this  study  in  interpreting  changes  in  DA  concen- 
tration in  gonad  have  been  reported  elsewhere  (PSA  2001).  Al- 
though regulatory  monitoring  of  DA  concentration  in  gonad  for 
determining  its  suitability  for  entering  the  food  chain  is  vital,  the 
low  concentrations  compared  with  other  tissues,  variations  in  go- 


nad size  during  the  reproductive  cycle  and  difficulties  encountered 
interpreting  results,  suggest  that  its  value  in  understanding  tempo- 
ral changes  is  questionable. 
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The  World  Congress  of  Malacology  was  held  on  the  campus  of 
The  University  of  Western  Australia  from  July  1 1  to  16,  2004.  The 
Congress,  with  a  theme  of  Molliiscan  Megacliversiry:  Sea  Land 
ami  Freshwater,  attracted  300  mollusc  workers  from  Australia  and 
41  overseas  countries.  Details  of  the  congress  can  be  found  at: 
http:/Av  WW  .mollusckey.com/perth 

The  Congress  provided  an  opportuiiits  to  develop  a  symposium 
on  molluscan  fisheries  and  aquaculture  that  highlighted  current 
progress  in  the  field,  particularly  in  the  Australasian  region.  A  total 


Papers  presented  at  the  World  Congress  of  Malacology  Perth.  Western 
Australia  Jiih   II  to  16.  2004 


of  35  papers  were  presented:  27  lectures  and  8  posters.  Fourteen  of 
the  papers  presented  at  the  symposium  are  printed  in  full  in  this 
issue.  A  list  of  the  other  papers  presented  at  the  congress,  and  their 
abstracts,  can  be  obtained  from  the  listed  website. 
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ABSTRACT  Typical  operatini;  procedures  used  ui  the  wild  harvest  pearl  aquaculture  (Fincuula  maxima)  industry  in  Western 
Australia  are  described  as  a  basis  for  examining  the  potential  environmental  impact  of  the  industry.  A  risk  analysis  workshop  was  held, 
which  included  industry  representatives,  marine  scientists,  regulatory  agencies  and  conservation  interests.  The  goal  of  the  workshop 
was  to  document  the  main  potential  environmental  and  ecological  risks  that  arise  from  the  various  activities  carried  out  by  the 
P.  maxima  industry.  Thirteen  environmental  and  ecological  issues  were  identified  across  the  P.  maxima  fishery.  None  were  considered 
to  be  high  risks:  all  were  ranked  as  either  moderate  (2.T7r|  or  low  (77%).  Moderate  risk  rankings  included;  introduction  of  disease  from 
seeding;  attraction  of  other  fauna  and  introduction  of  e.xolic  organisms.  Low  risks  were;  spread  of  disease;  introduction  of  disease  from 
hatchery;  introduction  of  disease  from  translocation;  impact  to  protected  and  endangered  species  resulting  from  entanglement;  impact 
of  habitat;  impact  to  protected  and  endangered  species  resulting  from  farm  lighting;  nutrient  impacts  in  sediment;  perceived  change  in 
water  quality;  potential  for  litter  and  reduction  of  primary  productiv  ity.  The  low  ratings  given  to  disease  risks  took  into  account  current 
strict  regulatory  controls  for  minimizing  disease  risks.  The  industry  is  considered  to  be  en\ironmentally  benign.  However,  recom- 
mendations are  made  on  how  to  further  minimize  risk. 

A7il'  WORDS:     pearling,  aquaculture.  en\ ironmcnt.  Pinclada  maxima 


INTRODUCTION 

The  Western  Australian  pearling  iiidtistry  is  a  world  leader, 
with  a  ciiiTeiit  average  annual  value  of  about  $12,5  million  Aus- 
tralian. The  Australian  South  Sea  pearls  produced  are  well  re- 
garded in  the  industry  worldwide,  and  Western  Australian  compa- 
nies have  an  enviable  record  for  producing  a  high  quality  product. 
The  pearling  industry  is  unique  in  being  a  mi.x  of  wild  capture  and 
growout.  It  is  the  second  largest  successful  aquaculture  industry  in 
Australia.  In  tenns  of  dollar  value,  the  fishery  is  second  in  Western 
Australia  only  to  the  western  rock  lobster.  Panulinis  cygniis.  The 
industry  is  based  on  the  pearl  oyster  Pinclada  maxima  (Jameson 
1901 ).  a  bivalve  mollusk  species  that  has  a  widespread  distribution 
in  the  Indo-Pacitlc  and  is  not  limited  to  Western  Australia.  Several 
other  species  of  pearl  oysters  are  cultured  on  a  small  scale  in 
Western  Australia,  but  are  not  covered  in  this  article. 

Pearl  production  has  a  long  history  in  Western  Australia,  with 
the  first  recorded  operations  being  in  Shark  Bay  in  1850.  In  the 
early  years,  natural  pearls  were  harvested  from  Pinclada  alhina 
(Lamarck  1819)  collected  intertidally  or  dredged  from  shallow 
water.  Later  shells  became  more  valuable  than  the  pearls  and  the 
industry  was  based  on  mother  of  pearl.  No  regulations  were  in 
place  to  sustainably  manage  the  industry.  As  a  result,  pearl  oysters 
were  over  collected,  stocks  became  depicted  and  the  fishery  col- 
lapsed. The  industry  moved  to  the  north  coast  of  Western  Australia 
where  it  centered  on  Broome  and  used  the  larger  P.  maxima.  Shells 
were  still  the  dominant  product.  By  1910  there  were  nearly  400 
luggers  and  .'^.500  people  in  the  industry.  However,  when  plastic 
buttons  were  introduced  the  industry  crashed,  and  Western  Aus- 
tralian pearling  almost  disappeared  entirely  during  World  War  II. 
The  industry  made  a  comeback  after  the  war  with  the  beginning  of 
the  cultured  pearl  industry.  The  settlement  of  Kuri  Bay  started  in 
1 936  and  is  still  in  operation  (Shepherd  1975.  Taylor  1985.  Ander- 
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son  1996).  In  the  early  decades  the  fLshery  went  through  cycles  of 
boom  and  bust,  with  the  loss  of  men  and  boats  through  cyclones 
and  other  .storms,  loss  of  life  and  permanent  injuries  through  diving 
mishaps  and  the  bends,  labor  problems,  racial  tensions  and  fluc- 
tuating prices.  Whereas  there  are  still  variations  in  the  economic 
cycles,  the  industry  is  now  highly  organized  and  is  geared  to 
maintain  sustainable  production  on  an  economically  and  environ- 
mentally sound  basis.  In  this  study  we  describe  operations  of  the 
industry  and  assess  its  environmental  impact. 

INFORMATION  SOURCES 

This  study  combines  information  gathered  in  two  studies.  For 
the  first  study  (Enzer  Marine  Environmental  Consulting  1998).  an 
extensive  literature  search  was  undertaken  to  obtain  information 
on  the  industry  and  the  possible  environmental  effects  of  it.  Copies 
of  regulatory  requirements  were  obtained  from  appropriate  agen- 
cies. Discussions  about  the  perceived  environmental  effects  of  the 
industry  were  held  with  governmental  officers  and  other  people 
within  and  outside  of  the  industry.  An  8-day  field  trip  to  the  North 
West  was  undertaken  to  obtain  first  hand  knowledge  of  the  indtis- 
try  and  its  practices.  The  trip  included  an  examination  of  a  pearl 
oyster  hatchery  in  Broome.  3  days  observ  ing  fishing  operations  off 
Eighty  Mile  Beach,  including  several  dives  on  various  bottom 
types  during  the  collection  of  pearl  oysters  and  on  shell  holding 
areas  to  examine  for  any  effects  of  the  bottom  longlines.  One  day 
was  spent  in  Roebuck  Bay  at  Broome  on  a  bottom  culture  farm  to 
observe  the  effects  of  shell  culture  and  structures  close  to  the 
bottom  in  various  bottom  types  in  the  area.  Three  days  were  spent 
in  King  Sound  to  examine  how  surface  longline  farms  operate,  the 
cleaning  process,  methods  of  handling  various  wastes  and  rubbish, 
etc.  Two  types  of  farms  were  visited,  a  shore-based  farm  and  two 
that  are  sea  based. 

For  the  second  .study  (Jemakoff  2002),  a  site  visit  was  con- 
ducted to  evaluate  current  pearl  industry  practices  and  procedures. 
The  objectives  of  the  site  visit  were  to:  visit  three  pearl  farms 
(Bynoe  Harbour.  Northern  Territory;  Kuri  Bay.  Western  Australia 
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and  Talbot  Bay,  Western  Australia),  fishing  vessels  and  intersiew 
staff  to  assess  how  the  fishery  operates  and  how  closely  its  pro- 
cedures and  practices  are  in  line  with  those  required  of  an  inter- 
nationally recognized  environmental  management  system:  assess 
the  degree  to  which  existing  practices  and  procedures  are  imple- 
mented; and  report  on  the  site  visit  and  evaluate  physical  condi- 
tions, existing  practices  and  procedures  of  a  pearl  industry  in  op- 
eration in  the  Broome,  Darwin  and  Kimberley  region,  the  area  of 
Western  Australia  that  is  northeast  of  Broome.  During  the  visit  the 
observed  farming  activities  included  growout.  seeding  and  harvest- 
ing. The  physical  conditions  were  observed  in  which  the  activities 
operated  and  the  extent  to  which  management  systems  were  imple- 
mented. 

An  environmental  and  ecological  risk  assessment  workshop 
was  then  conducted  in  September  2001  based  on  existing  knowl- 
edge, considering  all  aspects  of  the  fishery,  identifying  and  priori- 
tizing gaps  in  knowledge  and  producing  a  set  of  prioritized  risks. 
The  workshop  included  eight  representatives  of  industry,  five  fish- 
ery scientists  and  managers,  four  staff  from  regulatory  agencies 
and  two  community  environmental  representatives.  The  goal  of  the 
workshop  was  to  document  and  risk  rank  the  main  potential  envi- 
ronmental and  ecological  risks  that  arise  from  the  various  activities 
cairied  out  by  the  P.  imi.xinia  industry.  This  risk  register  is  used  to 
identify  the  underlying  issues  so  that  these  may  be  addressed 
through  the  development  of  an  appropriate  management  strategy  to 
reduce  the  risk  of  deleteriously  affecting  the  ecosystem  in  which 
the  industry  occurs.  The  aim  was  also  to  integrate  the  workshop 
with  a  broader  ecological  sustainable  development  (ESD)  research 
program  by  providing  a  session  of  the  workshop  for  the  Depart- 
ment of  Fisheries  Western  Australia  (DFWA)  to  address  environ- 
mental and  ecological  risks  for  the  wild  harvest  component  of  the 
P.  maxima  fishery.  The  identification  of  key  environmental  issues 
assisted  in  determining  if  adequate  information  on  those  issues 
exists  or  if  information  is  required  after  a  review  of  national  and 
international  hterature. 

At  the  environmental  risk  assessment  workshop,  participants 
were  asked  to  list  all  of  the  sources  of  environmental  problems  that 
could  potentially  be  caused  by  the  industry.  The  potential  sources 
were  then  entered  into  a  risk  matrix  of  likelihood  and  consequence. 
Each  of  these  was  assessed  against  a  score  varying  from  I  -6.  A 
likelihood  of  1  was  considered  to  be  remote,  whereas  6  was  con- 
sidered to  be  very  likely.  If  the  event  did  occur,  the  consequence 
was  judged  against  a  scale  where  I  was  negligible  and  6  was 
catastrophic.  Multiplying  the  two  scores  together  provided  their 
position  on  the  matrix.  Scores  of  20  and  above  were  assessed  as 
being  of  high  concern.  7-19  were  moderate,  and  6  and  below  were 
low. 

BIOLOGY  OF  PINCTADA  MAXIMA 

The  pearl  oyster,  P.  maxima  is  widespread  in  the  Indo-West 
Pacific.  In  Western  Australia  it  has  been  recorded  as  far  south  as 
Shark  Bay.  but  it  is  not  commercially  fished  south  of  North  West 
Cape.  The  species  is  a  protandrous  hermaphrodite,  maturing  first 
as  males  at  an  age  of  i  to  4  years  and  a  si/e  t)f  1 10-120  mm.  As 
they  age.  the  animals  undergo  a  sex  change  and  become  female. 
By  170  mm  half  of  the  animals  are  males  and  half  are  females.  By 
190  mm  the  population  is  entirely  female.  Because  the  animals  can 
spawn  every  year,  each  individual  functions  as  both  a  male  and 
then  a  feinale  for  several  spaw  ning  seasons.  Very  few  animals  are 
simultaneous  hermaphrodites.  The  breeding  season  is  long,  from 


September  to  October  to  April  to  May.  most  spawning  occurs  from 
the  middle  of  October  to  December,  with  a  smaller  secondary 
spawning  in  February  and  March  (Rose  et  al.  1990.  Rose  &  Baker 
1994.  Knuckey  1995). 

Gametes  are  spawned  into  the  water  column  and  fertilization  is 
external.  Females  release  from  2-12  million  ova  each,  with  a  di- 
ameter of  60  |jim.  Veliger  shells  form  after  1  day,  at  an  average 
si/e  of  79  p.m.  The  planktonic  veliger  stage  is  a  distributional 
phase  that  allows  the  young  pearl  oysters  to  colonize  new  areas  if 
suitable  bottom  can  be  found.  The  pediveliger  stage  is  reached  by 
day  22  to  24.  The  majority  of  veligers  stall  metamorphosing  into 
juveniles  on  day  24.  Settlement  occurs  over  days  28  to  .^5.  In 
nature,  when  veligers  are  ready  to  metamorphose  they  settle  to  the 
bottom  and  search  for  a  suitable  habitat.  If  an  appropriate  area  is 
found,  they  settle  on  it  and  metamorphose  into  the  juvenile  stage. 
If  no  suitable  settlement  site  is  located  v\ithin  a  short  period  the 
animals  metamorphose  and  die  (Rose  cV  Baker  1994). 

After  settling  to  the  bottom.  P.  iiuixIdui  is  byssate  and  attached 
to  the  bottom  during  its  juvenile  and  adult  phases  of  the  life  cycle. 
It  requires  a  hard  surface  for  the  initial  attachment,  and  once  it  is 
attached  to  the  bottom  the  connection  is  permanent.  P.  maxima 
li\es  on  shallow  rocky  pavements  on  the  continental  shelf  where 
there  are  small  crevices  into  which  the  young  animals  can  settle 
and  develop.  Like  most  bivalves,  pearl  oysters  are  filter  feeders. 
Growth  rates  are  initially  fast.  Field  measurements  at  Eighty  Mile 
Beach  have  shown  that  the  animals  reach  the  minimum  legal  size 
of  120  mm  shell  height  in  their  third  year  of  life.  They  are  fished 
for  3  to  4  years  before  growing  to  a  si/e  of  160  mm.  beyond  which 
they  are  no  longer  suitable  for  round  pearl  culture.  Large  oysters  of 
200  mm  are  15-20  y  old  (Joll  1996).  The  animals  can  reach  a 
maximum  of  270  mm  (Rose  &  Baker  1994). 

MANAGEMENT  OF  THE  INDUSTRY 

Pearling  and  pearl  farms  for  P.  luaxuna.  are  managed  by  the 
Department  of  Fisheries  Western  Australian  (DFWA)  under  the 
provisions  of  the  Pearling  Act  1990.  The  definition  of  P.  maxima 
in  the  act  includes  any  hybrids  of  P.  maxima  produced  through 
laboratory  technology.  The  Act  is  currently  being  rewritten.  Other 
pearl  oysters,  such  as  P.  margaritifera  (Lamarck  1819).  are  regu- 
lated under  the  Fish  Resources  Management  Act  1994.  The  indus- 
try is  also  regulated  by  a  number  of  acts  thai  deal  with  items  such 
as  marine  safety,  employment  conditions,  etc.  which  are  not  con- 
sidered in  this  study.  Under  the  Australian  Commonwealth  gov- 
ernment's Environmental  Protection  and  Biodiversity  Conserva- 
tion Act  1999.  a  fishery  must  be  certified  as  environiiienlally  sus- 
tainable by  the  Commonwealth  Department  of  Environment  and 
Heritage.  This  has  been  done  for  the  maxima  pearling  industry.  A 
copy  of  the  assessment  application  and  determination  are  available 
at  http://deh. gov. au/coasts/fisheries/vv;i/pearl/index. html.  Whereas 
culture  and  management  methods  are  similar,  the  other  species  are 
not  discussed  in  this  study.  The  major  fisheries  regulations  for  P. 
maxima  are  described  later. 

Pearl  oysters  caught  in  the  wild  are  seeded  with  a  nucleus  at  sea 
in  laboratory  type  conditions  on  board  specially  built  vessels,  then 
grown  out  in  controlled  sea  lease  areas  for  2  years  to  produce 
cultured  pearls.  The  wild  stock  of  pearl  oysters  has  thus  been  the 
basis  of  the  industry.  Several  standard  fisheries  management  pro- 
cedures protect  the  stocks  and  ensure  continuity  of  supply.  Taking 
of  pearl  oysters  for  seeding  is  currently  controlled  by  a  quota 
system  (total  allowable  catch  is  572.000.  but  can  be  varied  as 
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necessary)  and  additional  measures,  inekidiiii;  si/e  Imiils.  Each 
operator  has  an  annual  quota  of  live  pearl  shell.  In  addition,  the 
animals  must  be  collected  from  specified  zones  within  the  fishery 
(Fig.  1 ).  The  minimum  size  limit  for  collection  of  pearl  oysters  is 
1 20  mm.  when  the  animals  are  3  to  4  years  old.  There  is  no 
regulated  maximum  size,  but  in  practice  individuals  are  not  taken 
over  160  mm  because  they  are  too  slow  growing  to  produce  high 
quality  pearls.  This  has  a  beneficial  effect  in  helping  to  maintain 
the  breeding  stocks  because  the  larger  animals  are  females.  Maxi- 
mum sizes  may  be  specified  for  particular  areas  of  the  fishery  (e.g., 
Exniouth  Gulf).  Catch  and  effort  data  must  be  provided  to  DFWA 
on  each  dive  made  during  the  collecting  season.  Details  are  logged 
using  square  blocks  of  10  nautical  miles  divided  into  suhhiocks  of 
squares  with  sides  of  2.5  nautical  miles. 

Pearl  oysters  are  seeded  after  collection  and  held  on  the  pearl- 
ing grounds  for  a  period  of  about  3  months  before  they  are  trans- 
ferred to  the  fami  leases.  This  allows  the  animals  to  recuperate 
after  the  stress  of  being  collected,  transported  to  the  holding  areas 
and  lia\'ing  the  nucleus  inserted.  After  the  nucleus  is  inserted,  the 
shells  are  held  in  areas  separated  from  those  of  other  operators  and 
areas  being  fished.  Farms  are  also  separated  from  each  other,  usu- 
ally by  5  nautical  miles  as  a  counter  disease  method.  However,  if 
the  licensee  of  an  existing  farm  agrees,  a  new  farm  can  be  estab- 
lished as  near  as  2  nautical  miles  (FDWA  1997a).  Additional 
reasons  for  having  a  clear  separation  between  operators  include 
providing  each  farm  with  opportunities  for  expansion  and  security 
of  their  equipment  and  pearl  oysters. 

In  recent  years  hatchery-grown  spat  have  been  increasingly 
used  to  supplement  wild  stock.  This  provides  a  mechanism  for 
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enlarging  the  industry  in  a  controlled  manner,  ensuring  a  steady 
supply  of  stock  and  in  the  future  potentially  reducing  costs  of 
obtaining  pearl  oysters  for  seeding.  Several  hatcheries  are  now  in 
operation.  They  are  all  subject  to  a  stringent  translocation  protocol 
developed  by  DFWA  in  liaison  with  industry  (FDWA  1997b).  The 
hatchery  technology  provides  increased  potential  for  mixing  ge- 
netically distinct  populations  during  culturing.  Johnson  and  Joll 
( 1993)  examined  the  genetic  structure  off.  maxima  collected  from 
5  widely  .separated  areas:  Exmouth  Gulf  and  Cape  Bossut,  Western 
Australia;  Flat  Top  Bank  and  Oxiey  Island.  Northern  Territory  and 
Thursday  Island.  Queensland.  Most  of  the  variation  found  was 
clinal  between  western  and  eastern  populations,  but  comparisons 
between  adjacent  pairs  of  samples  usually  showed  significant  ge- 
netic differences.  This  includes  the  two  locations  in  the  Northern 
Territory  that  were  only  320  km  apart.  Western  Australian  samples 
showed  little  subdivision  over  the  800  km  from  Exmouth  Gulf  to 
Cape  Bossut.  Johnson  and  Joll  ( 1993)  suggested  that  stocks  are  in 
general  highly  divided  in  northern  Australia  but  that  there  are  also 
substantial  connections  that  occur  in  Western  Australia  over  long 
distances.  The  SO.OOO  to  lOO.OOO  P.  maxima  transported  annually 
from  Western  Australia  to  farms  in  the  Northern  Territory  do  not 
seem  to  have  affected  adjacent  natural  populations. 

The  Western  Australian  Department  of  Conservation  and  Land 
Management  administers  several  types  of  marine  reserves,  and  a 
formal  assessment  process  is  undertaken  for  any  application  for  a 
pearling  lease  in  a  marine  reserve.  The  decision  on  whether  to 
grant  lease  approval  in  a  marine  reserve  rests  with  the  Minister  for 
the  Environment,  not  the  Minister  for  Fisheries.  The  management 
areas  are: 

•  Marine  nature  reserves  are  set  aside  for  the  protection  of  flora 
and  fauna.  Pearling  activities  are  not  permitted. 

•  Marine  parks.  A  series  of  management  zones  is  established  in 
each  marine  park  to  determine  the  activities  that  can  be  under- 
taken in  each  zone.  Pearling  activities  may  be  undertaken  in 
general  use  zones  and  some  special  purpose  zones  but  not  in 
sanctuary  and  recreation  zones. 

•  Marine  management  areas  allow  a  broader  management  ap- 
proach in  the  marine  environment.  Pearling  activities  are  per- 
mitted. 

•  Land  reserves  include  nature  reserves,  conservation  parks  and 
national  parks.  Land-based  pearling  activities  are  not  considered 
to  be  compatible  with  the  purposes  and  objectives  of  the  land 
reserves  and  are  not  allowed. 

METHODS  USED  BY  THE  FISHERY 
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Figure  1.  Pearl  Oyster  iPinclada  miixima)  Managed  Fishery. 


Background 

In  2004  there  were  16  operators  in  the  pearl  industry  in  Western 
Australia,  with  locations  from  Exmouth  Gulf  to  the  Kimberley. 
Pearl  oysters  collected  in  Western  Australia  are  also  used  to  pro- 
duce pearls  at  growout  areas  in  the  Northern  Territory.  Because  of 
differing  geography  and  size  of  the  individual  operations,  there  are 
differences  in  the  approaches  used  to  produce  pearls,  but  all  share 
common  features.  The  techniques  outlined  later  are  generic  for  the 
industry,  and  may  be  modified  by  individual  operators  to  adapt  to 
local  conditions. 

During  the  late  1970s  and  early  1980s  serious  mortality  of  pearl 
oysters  occurred  in  the  transportation  phase  of  the  industry.  The 
mortality  was  attributed  to  the  bacterium  Vilirio  liarveyi.  which 
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occurs  naturally  in  the  marine  environment,  including  the  water 
column,  in  sediments  and  in  the  guts  of  marine  animals.  The  mor- 
tality occurred  after  transportation  of  the  pearl  oysters  from  col- 
lection areas  to  the  lease  sites.  Instead  of  the  usual  10%  to  20% 
mortality,  losses  on  lease  sites  were  up  to  80%.  Surviving  pearl 
oysters  developed  deformed  nacre  and  were  useless  for  half  pearl 
or  mother  of  pearl  production.  Poor  water  circulation  and  accu- 
mulations of  mollusk  feces  on  the  bottoms  of  the  tanks  in  which 
the  oysters  were  transported  were  found  lo  allow  the  number  of 
bacteria  to  increase  exponentially  during  transport.  The  possibility 
was  also  raised  that  circulation  was  not  as  effective  on  culture  rafts 
as  on  long  lines,  and  bacterial  densities  were  higher.  Whereas  other 
infectious  agents  or  causative  factors  could  have  been  involved,  it 
was  concluded  that  peari  oysters  were  weakened  during  the  low 
temperatures  of  winter,  and  they  became  infected  when  they  came 
into  contact  with  high  bacterial  concentrations  (Wolf  &  Sprague 
1978,  Pass  &  Perkins  1985,  Dybdahl  &  Pass  1985.  Pass  et  al.  1987. 
1988). 

The  mortality  experience  has  made  the  pearling  industry  op- 
erators acutely  aware  that  they  are  dealing  with  live  animals  that 
must  be  treated  properly  if  high  quality  pearl  production  is  to  be 
achieved.  A  number  of  changes  were  made  to  improve  treatment  of 
the  animals.  The  various  processes  are  now  staged  to  allow  the 
animals  to  recover  from  each  procedure  (collection,  transportation, 
seed  implantation,  etc.)  before  the  next  stage  is  attempted.  Water 
circulation  during  transportation  has  been  improved  considerably, 
and  the  water  in  tanks  is  now  exchanged  about  every  10  min. 
High-density  raft  culture  has  ceased  and  been  replaced  with  long 
line  techniques  that  use  a  lower  stocking  density. 

The  pearl  industry  makes  use  of  a  natural  phenomenon  that 
occurs  in  shelled  mollusks.  Shells  produced  by  mollusks  are  a 
mixture  of  an  organic  matrix  that  provides  the  shape  and  structure 
and  calcium  carbonate  that  is  the  actual  hard  shell  material.  As  a 
protective  mechanism,  many  species  secrete  calcium  carbonate 
around  a  foreign  object  that  becomes  lodged  in  their  tissues.  This 
seals  the  object  off  from  the  tissues,  rendering  it  inert  to  the  mol- 
lusk. The  animal  continues  to  secrete  additional  material  onto  the 
foreign  object  over  time  as  it  secretes  additional  shell.  Many  spe- 
cies of  bivalves  in  a  variety  of  groups,  and  indeed  even  some 
gastropods,  produce  pearls  naturally.  Because  of  their  high  quality, 
marine  bivalves  of  the  family  Pteriidae  produce  most  commercial 
pearis:  some  are  also  produced  by  freshwater  species. 

Because  foreign  objects,  which  lodge  in  tissues,  vary  consid- 
erably in  shape  and  size;  natural  (keshi  or  seedless)  pearls  tend  to 
be  irregular  in  shape  and  lustre.  Cultured  pearls  are  produced  by 
placing  an  inert  foreign  object  into  a  pearl  oyster  so  that  it  is 
completely  suirounded  by  mantle  tissue  inserted  in  the  gonad.  The 
pearl  oyster  secretes  shell  material  that  seals  the  nucleus  com- 
pletely from  the  remainder  of  the  body.  Over  time  the  animal 
continues  to  add  layers  to  the  pearl,  continually  enlarging  it.  The 
most  common  type  of  nucleus  in  use  at  present  is  made  from  the 
shells  of  freshwater  bivalves  from  the  Mississippi  River  of  the 
United  States,  but  there  is  an  active  search  by  the  industry  for  an 
alternative  source  of  nuclei. 

Inserting  a  hollow  plastic  shape  between  the  tissues  of  the 
animal  and  the  shell  of  a  pearl  oyster  in  its  final  year  of  production 
makes  half  round  or  mabe  pearls.  The  animal  secretes  shell  over 
the  foreign  material,  resulting  in  a  half  globe  shape  that  is  con- 
tinuous with  the  remainder  of  the  interior  of  the  shell.  Mabe  pearls 
are  large,  with  a  thin  covering  of  calcium  carbonate  over  the  base 
that  had  been  inserted  into  the  animal.  All  parts  of  the  animal  are 


used  after  an  individual  oyster  produces  its  final  pearl:  pearls  are 
harvested,  the  shell  is  sold  for  mother  of  peari.  and  the  adductor 
muscle  for  edible  meat. 

Ohlaining  IViVrf  Caiiglil  Pearls 

Harvesting  of  wild  pearl  oysters  occurs  from  Cape  Leveque  to 
Exmouth  Gulf,  with  most  collected  off  Eighty  Mile  Beach  (Bowen 
1991).  Stocks  of  commercial  quantities  of  animals  at  fishable 
depths  (i.e..  safe  diving  depths  of  <20  ni)  were  surveyed  between 
Broome  and  the  Lacepede  Islands  in  the  1980s  (Penn  &  Dybdahl 
1988).  Other  industry-based  surveys  have  been  made  in  other  areas 
and  are  available  to  the  industry  but  have  not  been  formally  pub- 
lished (Bowen  1991). 

Sea  bottoms  on  which  pearl  oysters  are  common  are  areas 
where  there  are  crevices  that  allow  the  young  animals  to  settle  into 
a  protected  environment  and  a  hard  substratum  for  them  to  attach. 
The  industry  recognizes  a  variety  of  bottom  types  and  has  devel- 
oped names  for  each.  There  are  transitional  zones  between  the 
bottom  types.  If  a  boat  is  traveling  at  a  speed  of  1  knot  during  a 
1-hour  dive,  the  total  distance  traversed  will  be  about  1,800  m  and 
there  can  be  several  minor  changes  in  bottom  type  during  the  dive. 

The  bottom  is  typically  a  flat  basement  rock  with  very  little 
relief.  Fine  sediment  accumulates  on  it  to  a  depth  of  a  few  milli- 
meters, obscuring  the  underlying  rock  surface.  A  variety  of  organ- 
isms attach  to  the  rock  and  provide  the  vertical  relief  up  to  1  m  off 
the  bottom.  There  can  be  a  substantial  overiap  in  the  fauna  on  the 
various  bottom  types:  the  type  is  determined  by  the  dominant 
species  present. 

A  low,  round  densely  packed  ascidian  species,  which  lives 
attached  on  the  bottom  is  the  dominant  species  on  potato  bottom. 
In  areas  of  heavy  potato  bottom  the  ascidians  are  almost  com- 
pletely dominant.  Sponges  are  the  next  most  dominant  group,  with 
a  large  variety  of  vase  shaped,  basket  sponges  and  massive 
sponges  up  to  0.5  m  high  interspersed  with  smaller  sponges  of  only 
a  few  centimeters.  A  variety  of  other  attached  fauna  is  also  present, 
including  sea  fans,  soft  corals  and  sea  whips.  Despite  the  diversity 
of  taxa  present,  total  density  is  low.  A  very  few  corals  {Tiiihinaria) 
are  present.  Faunal  density  rapidly  decreases  in  areas  where  the 
rock  is  covered  with  sediment  2-.^  cm  deep.  Bare  sand  patches  can 
be  interspersed  between  areas  of  potato  bottom. 

Garden  bottom  has  a  diverse  faunal  assemblage  dominaled  by 
alcyonarian  sea  whips.  Distance  between  the  sea  whips  is  variable, 
but  on  average  they  grow  about  1  meter  apart.  The  animals  grow 
rapidly  to  up  to  1  meter  in  height  and  quickly  become  encrusted 
with  a  variety  of  organisms,  some  very  colort'ul,  so  the  bottom 
does  in  fact  resemble  a  garden.  Sponges  and  other  small  encrusting 
organisms  grow  on  the  sea  whips.  Other  than  sea  whips,  a  variety 
of  sponges  is  present  on  the  bottom.  Ascidians  are  present,  but  are 
a  larger  species  than  that  found  on  potato  bottom.  Other  fauna 
present  includes  soft  corals,  sea  pens  and  crinoids.  No  hard  corals 
are  present. 

Whereas  potato  and  garden  bottoms  dominate  in  the  fishing 
area,  several  other  bottom  types  are  recognized  by  the  industry, 
including  collar,  asparagus,  etc.  All  share  the  common  features  of 
being  located  on  a  bottom  with  underlying  rock  that  are  inhabited 
by  a  wide  variety  of  invertebrates.  None  of  the  habitats  are  in 
ecologically  sensitive  areas  such  as  seagrasses,  coral  reefs  or  man- 
groves, which  lack  commercial  quantities  of  pearl  oysters. 

The  pearling  vessel  is  a  boat  up  to  about  35  m  long.  Some  of 
the  modern  vessels  are  custom  made  for  the  pearling  industry. 
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others  are  modifications  of  existing  boats.  To  save  costs  there  has 
been  a  recent  trend  tor  the  modern  vessels  owned  by  one  company 
to  be  contracted  to  also  collect  pearl  oysters  for  the  smaller  com- 
panies and  all  gain  from  economies  of  scale.  The  boat  crew  is 
usually  from  10-12  people,  including  the  skipper,  engineer,  deck- 
hands. cook(s)  and  six  divers.  Booms  are  extended  outward  from 
each  side  of  the  vessel  during  the  fishing  for  pearl  oysters.  On  an 
average  boat,  three  weighted  ropes  are  hung  vertically  from  each 
boom  to  a  height  of  about  1  m  off  the  bottom.  There  are  thus  six 
divers  working  at  a  time  on  the  boat.  A  Morse  code  type  of  signal 
system  is  used  by  the  chief  diver  to  communicate  with  the  crew  on 
the  boat,  and  control  the  boat  speed,  direction,  height  of  the 
weights  and  divers,  etc.  On  the  rare  occasion  the  weight  strikes  the 
bottom,  the  boat  is  signaled  and  the  weight  is  raised.  Not  only  does 
this  practice  prevent  damage  to  the  bottom,  but  if  the  weight  is  not 
raised  it  clouds  the  water,  preventing  the  diver  from  fishing  elTi- 
ciently.  A  large  bag  near  the  weight  is  used  to  store  pearls  after 
they  are  collected.  A  good  diver  collects  an  average  of  250  pearl 
oysters  per  day.  The  areas  where  pearls  are  collected  are  subject  to 
extreme  tidal  ranges  (<9  ml.  and  consequently  have  very  strong 
tidal  cuiTents.  Diving  is  too  difficult  and  dangerous  during  the 
spring  tidal  periods,  and  is  only  undertaken  on  the  neap  cycle  when 
currents  are  substantially  reduced  and  visibility  is  good.  Fishing 
for  live  pearl  oysters  begins  in  January  and  continues  for  up  to  5 
months.  The  locations  of  patches  have  been  logged  and  are  revis- 
ited on  a  regular  basis.  The  boat  starts  at  one  side  of  a  patch  and 
moves  slowly  with  the  tide  across  the  patch  at  a  rate  of  about  I 
knot.  Divers  operate  on  hookah,  or  air  supplied  from  a  surface 
compressor;  oxygen  may  be  used  at  the  end  of  the  dive  recom- 
pression to  increase  the  rate  at  which  nitrogen  is  purged  from  the 
body  tissues  of  the  diver.  Each  diver  wears  a  smaller  neck  bag 
during  the  dive.  As  pearl  oysters  are  collected  they  are  kept  in  the 
neck  bag  until  it  is  full.  The  pearl  oysters  are  then  transferred  to  the 
larger  holding  bag  at  the  end  of  each  weighted  rope.  The  divers 
swim  about  1.5  m  off  the  bottom  to  obtain  the  maximum  field  of 
view.  In  murky  water  they  swim  closer  to  the  bottom  but  are  still 
off  it. 

At  the  end  of  each  of  the  dives  the  pearl  oysters  that  have  been 
collected  are  recovered  and  measured.  Under-  and  oversize  oysters 
are  returned  immediately  to  the  sea.  As  divers  are  paid  only  for 
coirectly  sized  animals,  novice  divers  rapidly  learn  to  select  sized 
animals.  Shells  are  cleaned  by  simply  scraping  encrusting  organ- 
isms off  the  pearl  shell  with  a  knife.  A  high-pressure  hose  is  then 
used  to  wash  the  shells:  no  chemicals  are  used.  The  pearl  oysters 
are  placed  in  wire  frame  panels  holding  six  animals  each,  and 
every  panel  is  individually  tagged  to  indicate  which  company  has 
collected  the  shell  and  placed  in  a  recirculating  tank  on  board. 
When  sufficient  animals  have  been  collected,  they  are  taken  to  a 
holding  area  where  they  are  carefully  placed  on  the  sea  bottom  in 
a  marked  area  for  later  usage.  The  panels  are  attached  at  900  mm 
intervals  to  lines,  which  may  be  several  hundred  meters  long. 
Divers  inspect  the  line  on  the  bottom  to  ensure  the  pearl  oysters  are 
in  the  proper  orientation.  The  bottom  selected  in  this  region  is  very 
similar  to  the  fishing  ground.  Sponges  are  dominant,  but  there  are 
also  soft  corals,  sea  fans  and  other  fauna  present,  including  some 
Tiirhiiuiiici  corals.  The  period  of  up  to  2  months  that  the  pearl 
oysters  remain  in  the  holding  area  minimizes  the  physiological 
effect  of  having  been  collected  and  allows  the  animals  to  recover 
before  the  nucleus  is  inserted.  Additional  holding  areas  are  used 
because  the  boat  works  different  areas. 


Seeding  the  Pearl  Oyster 

When  they  are  to  be  seeded,  the  pearl  oysters  are  recovered, 
and  a  piece  of  mantle  tissue  from  another  animal  is  inserted  into 
the  host  oyster  gonad  along  with  the  nucleus  for  the  pearl.  The 
operation  is  simple,  but  delicate.  The  inserted  mantle  tissue  be- 
comes part  of  the  host  oyster's  tissues,  creating  a  sac  around  the 
nucleus.  If  the  oyster  is  subsequently  used  to  produce  a  second 
pearl,  the  same  sac  of  tissue  is  used  (Joll  1996).  After  the  operation 
the  animals  are  returned  to  the  ocean  in  panels  at  the  holding  area, 
again  to  minimize  stress  to  the  pearl  oyster.  After  an  initial  recov- 
ery period  of  7  to  8  days  the  pearl  oyster  panels  are  turned  by 
divers  over  every  2  to  5  days.  The  turning  helps  to  develop  the  sac 
around  the  nucleus  and  prevents  the  nucleus  from  breaking  out  of 
the  tissue.  The  pearl  oysters  are  x-rayed  after  4  to  6  months  to 
determine  whether  nucleus  has  been  retained  and  the  pearl  has 
started  to  grow.  If  the  nucleus  has  been  rejected  from  the  animal, 
the  pearl  oyster  is  operated  on  again  in  the  following  year  or 
replaced  with  a  hatchery  shell  (Scoones  1991,  Joll  1996). 

Transportation  to  the  Farm 

Pearl  oysters  must  be  cleared  from  the  holding  areas  by  De- 
cember 3 1  of  every  year.  They  are  transported  by  boat  to  the  pearl 
farm  usually  in  the  waters  north  of  Broome.  During  transportation, 
the  animals  are  maintained  in  seawater  in  holding  tanks  on  the 
vessel  with  running  seawater  to  keep  the  animals  in  as  natural 
water  conditions  as  possible.  The  water  may  be  coarsely  filtered  to 
remove  large  particles.  The  rate  of  flow  into  the  tanks  changes  the 
water  about  every  10  min.  No  feeding  or  chemicals  are  used  in  the 
transportation  process.  Each  boat  is  capable  of  transporting  20.000 
to  25.000  animals  on  a  single  trip. 

Farming  Methods 

The  pearl  oysters  in  the  panels  are  removed  from  the  holding 
tanks  on  the  boat  at  the  farm.  The  tanks  are  emptied  and  cleaned 
using  a  disinfectant  before  the  boat  returns  to  the  holding  area  to 
obtain  a  second  load  of  pearl  oysters.  After  the  animals  have  been 
transported  to  the  pearl  farm  they  are  placed  in  panels  on  surface 
long  lines  into  the  ocean  for  a  period  of  2  years  to  allow  the  pearls 
to  grow.  When  the  pearls  have  been  harvested,  as  many  pearl 
oysters  as  possible  are  reseeded.  Approximately  40%  to  50%  of  the 
animals  can  be  used  a  second  lime.  Forty  to  fifty  percent  of  these 
can  be  reused  for  a  third  time;  some  indi\  idual  pearl  oysters  can  be 
used  for  up  to  8  years. 

Two  anchoring  systems  are  used  to  keep  pearl  oysters  in  the 
water  at  the  farm,  based  on  the  amount  of  exposure  at  the  site. 
Most  farms  use  surface  longlines.  This  has  the  advantages  of 
avoiding  the  use  of  divers,  minimizing  interactions  with  large  salt- 
v\ater  crocodiles  and  allowing  the  use  of  less  skilled  workers  for 
routine  work.  In  the  longline  method,  steel  pegs  are  anchored  up  to 
2  m  deep  in  the  mud  of  the  sea  floor.  Longlines  with  surface  buoys 
are  used  to  provide  flotation.  Vertical  lines  with  panels  containing 
pearl  oysters  are  hung  from  the  buoys  and  are  maintained  well  off 
the  bottom  to  avoid  fouling.  The  lines  are  at  least  100  m  offshore 
and  are  20-30  m  apart  to  avoid  entangling  adjacent  lines  if  one 
breaks.  An  average  line  is  100  ni  long  with  panels  every  meter  for 
a  total  of  600  pearl  oysters  on  the  line.  This  gives  a  density  of  only 
0.2-0.3  pearl  oysters  per  square  meter.  A  less  common  method,  the 
bottom  farm,  is  used  in  areas  of  harder  bottom  in  more  exposed 
areas  such  as  Roebuck  Bay  (Scoones  1991).  On  these  farms  gal- 
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vanized  stee!  bars  ("star  pickets")  are  used  to  hold  the  panels. 
Surface  floats  are  used  only  to  mark  the  locations  of  the  farm. 

At  the  farm,  the  pearl  oysters  are  removed  from  the  water  for 
several  minutes  only  and  mechanically  cleaned  every  4  to  5  weeks, 
and  more  frequently  in  the  wet  .season  when  growth  of  fouling 
organisms  is  faster.  Cleaning  machines  that  use  high-pressure  wa- 
ter to  remove  as  much  growth  as  possible  have  been  developed; 
calcareous  encrustaceans  may  be  mechanically  scraped  off;  no 
chemicals  are  used  in  cleaning.  Dead  shells  are  removed  during  the 
cleaning  operations. 

Harvest  of  the  Pearls 

The  temperature  of  the  sunounding  seawater  has  an  important 
effect  on  the  lustre  and  color  of  the  pearl.  These  are  best  in  winter, 
so  the  pearls  are  harvested  during  July  and  August  (Scoones  199 1 ). 
During  harvest,  suitable  pearl  oysters  are  reseeded  with  a  new 
nucleus  to  begin  the  2-year  process  of  producing  a  new  pearl. 


sidered  to  be  low.  The  low  ratings  given  to  di.sease  risks  took  into 
account  cunent  strict  regulatory  controls  for  minimizing  disease 
risks.  As  discussed  earlier,  during  the  late  1970s  and  early  1980s 
serious  losses  occurred  because  of  V.  Inirrcyi  killing  the  oysters. 
The  bacterium  occurs  naturally  in  the  oysters,  water  and  sedi- 
ments. Crowded  conditions  and  poor  handling  techniques  used  at 
the  time  placed  the  oysters  under  considerable  stress,  which  al- 
lowed the  bacteria  to  multiply  and  cause  disease  outbreaks.  Once 
the  causes  were  known,  handling  techniques  were  improved  con- 
siderably and  the  pearl  oysters  were  more  widely  spread  in  the 
growout  areas.  There  is  now  emphasis  in  the  industry  on  caring  for 
the  pearl  oysters  and  the  problem  has  not  recuiTed.  It  should  be 
noted  that  V.  harveyi  was  not  introduced  by  the  pearling  industry, 
rather  the  crowded  conditions  allowed  it  to  spread.  There  are  clear 
DFWA  guidelines  for  procedures  to  minimize  the  possibility  of 
introducing  diseases  through  hatcheries.  Also,  equipment  used  in 
inserting  the  nucleus  into  the  pearl  oysters  is  sterilized  before  it  is 
used  in  a  different  area. 


ASSESSMENT  OF  ENVIRONMENTAL  EFFECTS  OF  PEARLING 

In  total,  13  environmental  and  ecological  issues  were  identified 
across  the  P.  maxima  fishery.  No  high  risks  were  identified  during 
the  workshop;  risks  were  ranked  as  either  moderate  (23%)  or  low 
(77%).  Moderate  risk  rankings  included:  introduction  of  disease 
from  seeding;  attraction  of  other  fauna  and  introduction  of  exotic 
organisms  (Fig.  2).  The  low  risks  were:  spread  of  disease;  intro- 
duction of  disease  from  hatchery;  introduction  of  disease  from 
translocation;  impact  to  protected  and  endangered  species  resulting 
from  entanglement;  impact  of  habitat;  unpact  to  protected  and 
endangered  species  attracted  to  farm  lighting;  nutrient  impacts  in 
sediment;  perceived  change  in  water  quality;  potential  for  later 
(e.g..  plastic  zip  tie  tags,  plastic  bags,  buoys)  to  enter  water  and 
reduction  of  primary  producti\  ity. 

Introduction  of  disease  from  seeding  was  considered  to  be  of 
moderate  risk.  Three  related  risks,  introduction  of  disease  from 
hatchery  or  from  translocation  and  spread  of  disease,  were  con- 


Attractiiin  of  Other  Fauna 

Saltwater  crocodiles  might  be  attracted  to  the  farms  because  of 
the  lights  and  food  wastes.  However,  these  animals  are  dangerous, 
and  activities  that  might  attract  them  to  the  farms  are  minimized 
because  of  safety  concerns.  Small  fish  are  attracted  to  the  boats 
when  pearl  shells  are  being  cleaned,  and  feed  on  portions  of  the 
material  being  removed  from  the  shells.  This  is  an  intermittent 
activity,  which  occurs  in  a  given  spot  only  once  every  3  to  5  wk, 
and  then  only  in  the  daytime.  The  effect  is  transitory,  and  there  is 
no  longer-term  buildup  of  fish  populations. 

Iiitnidiulioii  of  Exotic  Organisms  is  a  Major  Concern  in  Australia 

Once  species  become  established  in  a  new  area  they  may  be 
free  of  natural  predators  and  other  natural  constraints  on  their 
populations.  In  these  conditions  a  number  of  species  have  devel- 
oped into  plague  proportions,  which  have  caused  severe  environ- 
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Figure  2.  Risk  ranking  of  impacts  from  pearl  farm  activities. 


Environmf.ntal  Impact  of  Pearl  Aquaculture 


147 


meiilLil  problciiis.  Once  a  species  becomes  established,  it  is  \  irtu- 
ally  impossibly  to  be  eradicated.  The  only  reported  successful 
eradication  of  a  marine  introduction  worldwide  occuned  recently 
in  Darwin  Harbour.  The  mussel  Mytllnpsis  saltci  (Reclu/  1849) 
was  successfully  removed  froin  three  small  artificial  boat  marinas. 
The  eradication  was  successful  because  the  marinas  use  locks  to 
allow  \essels  to  enter  and  leave.  They  could  he  sealed  off  and 
chemicals  introduced  to  kill  the  mussels  (and  virtually  everything 
else)  in  the  marinas  (Willan  et  al.  2000).  The  issue  of  possible 
introduction  of  exotic  organisms  has  two  components,  introduc- 
tions by  the  pearling  industry  and  introductions  from  other  sources. 
The  north  coast  of  Western  Australia  is  part  of  the  tropical  Indo- 
West  Pacific  biogeographical  zone,  which  extends  from  the  east 
coast  of  Africa  across  the  tropical  areas  of  the  Indian  and  Pacific 
Oceans  to  Hawaii.  Many  species  are  widely  distributed  in  the 
region,  and  some  have  ranges  that  extend  over  the  full  range.  The 
north  coast  of  Australia,  including  the  full  range  of  the  P.  luaxiinu 
pearling  industry,  is  part  of  the  Indo-West  Pacific  (Wilson  &  Allen 
1987).  There  are  no  major  distributional  barriers  on  the  north  coast 
of  Western  Australia;  species  tend  to  be  distributed  over  the  entire 
area  if  the  proper  habitat  is  available.  Because  the  boats  in  the 
pearling  industry  operate  within  this  zone,  there  is  little  likelihood 
of  them  introducing  a  species  from  overseas  or  eastern  Australia. 

The  Renuiiniiii'  I'olciitial  Effects  of  Pearling  Were  all  Considered  to 
he  Low  Risk 

Impact  to  protected  and  endangered  species  resulting  from  en- 
tanglement would  arise  if  a  protected  or  endangered  species  be- 
came trapped  in  one  or  more  of  the  pearl  lines.  There  are  no  known 
instances  of  this  happening  in  the  P.  inaxiiiia  industry,  but  there 
was  a  recent  case  in  the  black  lip  pearl  iP.  iiiargariiifera)  industry 
in  the  Houtman  Abrolhos  Islands  on  the  west  coast  of  Western 
Australia  where  a  dead  whale  was  washed  ashore  entangled  in 
pearl  lines.  It  could  not  be  established  whether  the  whale  became 
entangled  before  or  after  death.  Such  occurrences  do  occasionally 
happen  in  the  crayfish  industry  on  the  west  coast,  but  there  are  tens 
of  thousands  of  pot  lines  in  the  water  during  the  7.5  mo  season. 
Entanglements  in  the  pearl  industry  are  at  most  very  rare.  Impact 
to  protected  and  endangered  species  resulting  from  farm  lighting  is 
a  related  potential  effect  of  the  pearling  industry.  Oil  rigs  off  the 
north  coast  of  Western  Australia  are  known  to  attract  sea  birds  and 
turtles  at  night  when  their  lights  are  on.  However,  the  rigs  have 
considerable  lighting  for  safety  and  are  worked  24  h  a  day.  The 
small  vessels  and  shore  base  farms  of  the  pearling  industry  use 
only  the  lighting  necessary  for  their  activities,  and  are  largely 
darkened  for  much  of  the  night. 

Impact  of  Habitat 

Clearly  establishing  facilities  for  the  pearling  industry  has  some 
effect  on  the  habitat.  However  the  farms  are  small  when  compared 
with  the  vast  distances  on  the  north  coast  of  Western  Australia. 
They  are  also  predominantly  situated  over  mud  bottom  for  maxi- 
mum pearl  growth.  The  major  impact  is  the  visual  presence  of  the 
longlines,  which  are  floating  in  the  water,  except  for  an  anchor  on 
each  end,  which  is  placed  in  the  mud  bottom 

Nutrient  impacts  in  sediment,  perceived  change  in  water  quality 
and  reduction  of  primary  prciductivity  are  three  interrelated  pos- 
sible effects  of  pearl  oysters  being  maintained  on  the  farms  for  2 
years.  To  some  extent  they  are  contradictory.  Possibly  nutrient 


impacts  on  sediment  and  perceived  changes  in  water  quality  were 
considered  to  be  a  possible  result  of  feces  from  the  pearl  oysters 
and  residue  from  the  cleaning  process.  Pearl  oysters  are  sedentary 
animals  with  a  low  metabolic  rate.  At  a  density  of  0.2-0.3  pearl 
oysters  per  square,  there  is  unlikely  to  be  much  feces  settling  to  the 
bottom.  There  is  material  cleaned  off  the  shells  every  3-5  wk. 
Again,  the  low  stocking  density  of  the  pearl  oysters  suggests  only 
a  small  amount  of  material  is  put  into  the  system  during  cleaning. 
Portions  are  actively  consumed  by  fish  and  the  remainder  is  dis- 
persed as  it  settles  to  the  bottom.  In  any  event,  there  is  no  net 
increase  in  nutrients,  because  the  biological  material  was  produced 
from  nutrients  already  present  in  the  water  column.  Reduction  in 
primary  productivity  would  occur  because  of  the  pearl  oysters 
removing  material  from  the  water.  Again,  the  effects  would  be 
negligible  given  the  low  stocking  density  of  the  pearl  oysters  and 
the  dynamic  environment  of  the  north  coast,  where  spring  tidal 
ranges  vary  from  3-10  m,  creating  strong  currents  and  consider- 
able water  tlow. 

Potential  for  Litter  (e.g..  Plastic  Zip  Tie  Tags,  Plastic  Bags,  Buoys)  to 
Enter  Water 

The  litter  issue  has  2  components:  littering  and  loss  of  lines 
during  storms.  The  industry  has  been  very  much  aware  of  basic 
littering  issues  and  has  taken  steps  to  minimize  this  through  a  code 
of  practice.  The  northwestern  coast  of  Australia  is  cyclone  prone, 
with  several  storms  occurring  in  an  average  year.  If  the  storm 
passes  near  a  pearl  farm,  lines  and  their  attached  buoys  and  panels 
are  occasionally  torn  free.  In  such  cases  every  possible  effort  is 
made  to  recover  the  panels  because  of  their  high  value. 

DISCUSSION 

The  studies  of  Enzer  Marine  Environmental  Consulting  ( 1998) 
and  Jernakoff  (2002)  examined  the  potential  environmental  effects 
of  the  pearling  (P.  imixiina)  industry  in  Western  Australia  but  used 
very  different  techniques.  However,  both  came  to  the  same  con- 
clusion, that  the  environmental  impacts  of  the  P.  maxima  industry 
in  Western  Australia  are  small.  This  is  accentuated  when  one 
compares  the  industry  to  the  other  two  major  aquaculture  indus- 
tries in  Australia,  sea  cage  farming  of  Atlantic  salmon  in  Tasmania 
and  southern  blucfin  tuna  ranching  in  South  Australia.  Both  of 
these  industries  involve  feeding  considerable  amounts  of  food  to 
active  fish,  creating  potential  problems  with  uneaten  food  and  fish 
feces  falling  through  the  nets  to  the  bottom  in  low  tidal  areas, 
where  it  is  broken  down  by  physical  and  biological  processes. 
These  problems  do  not  occur  in  the  P.  maxima  industry,  where  the 
pearl  oysters  filter  feed  naturally  and  are  stocked  at  much  lower 
densities  in  high  tidal  areas  where  there  is  considerable  natural 
water  flushing. 

The  Australian  Commonwealth  goveminent  passed  the  Envi- 
ronmental Protection  and  Biodiversity  Conservation  Act  in  1999; 
the  act  was  gazetted  in  2000.  Under  this  act  the  Commonwealth 
Minister  for  the  environment  must  certify  that  a  fishery  is  operated 
in  an  environmentally  sustainable  manner  if  the  fishery  is  to  export 
its  product  from  Australia.  There  was  a  4-year  period  during  which 
the  initial  applications  could  be  submitted  and  assessed.  DFWA 
(2002)  submitted  an  application  based  on  Enzer  Marine  Environ- 
mental Consulting  (1998)  and  Jernakoff  (2002).  The  Common- 
wealth Minister  assessed  the  fisherv  as  environmentallv  sustain- 
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able  on  November  5.  2003.  Certification  is  for  a  5-year  period, 
after  whicJT  a  fishery  must  be  assessed  again. 

In  Japan,  Yokoyama  (2002)  provided  a  clear  demonstration  of 
the  differential  effects  of  fish  and  pearl  aquaculture.  Monthly 
samples  of  macrobenthos  were  collected  from  a  fish  farm  and  a 
pearl  farm  in  Gokasho  Bay  from  June  1995  to  July  1996.  The 
results  demonstrated  that  the  community  structure  of  the  two  sites 
showed  distinct  differences  with  seasonal  fluctuations.  At  the  fish 
farm,  azoic  conditions  were  found  from  July  to  November.  After 
December,  diversity  increased  markedly  through  successive  re- 
cruitments of  small-sized  species  such  as  the  polychaetes  Capitcllii 
sp.  and  Pseiiclopolydoni  pcnicihniiuliiaiii.  and  the  amphipods 
Aoroides  spp.  Macrofaunal  density,  biomass  and  species  richness 
peaked  from  March  to  April.  In  contrast,  at  the  pearl  farm  site,  a 
higher  diversity,  including  larger-sized  species,  and  no  clear  sea- 
sonal fluctuations  in  abundance  were  found,  and  community  struc- 
ture was  similar  to  that  at  the  control  site.  These  results  show  that 
there  was  a  large  impact  on  the  macrofauna  at  the  fish  faim,  hut 
little  effect  on  the  benthic  fauna  as  a  result  of  pearl  farming. 
Yokoyama  (2002)  suggested  thai  the  difference  in  the  le\el  of 
organic  input  between  the  two  sites  results  in  the  differences  in  the 
dissolved  oxygen  content  of  the  bottom  water,  sulfide  content  of 
the  sediments  and.  subsequently,  the  macrobenthic  assemblages.  It 
should  be  noted  that  environmental  effects  of  fish  fanning  depend 
on  site  and  management.  Felsing  and  Glencross  1 2004)  showed 
that  macrofauna  minimized  organic  accumulation  on  the  seabed  at 
one  site  in  Western  Australia. 

There  have  been  few  other  as.sessments  of  the  environmental 
impacts  of  pearl  aquaculture.  possibly  because  of  the  lack  of  per- 
ceived impacts.  The  studies  that  have  been  undertaken  are  in 
agreement  with  the  results  of  the  present  evaluation  of  the  envi- 
ronmental effects  of  pearling  in  Western  Australia.  Cheney  et  al. 
( 1995)  examined  farming  of  the  Black-lip  pearl  oyster  iPiiicraila 
iinirgariiifeni)  in  the  Tongareva  Lagoon.  Cook  Islands,  where 
commercial  farming  began  in  mid  1993  but  found  little  effect.  Abo 
and  Toda  (2001)  examined  the  relationship  between  stocking  den- 
sity of  the  Japanese  pearl  oyster.  P.  fiicatti  martensii  (Dunker. 
1850).  and  planktonic  food  density  measured  as  the  chlorophyll  a 
concentration  at  Gokasho  Bay,  central  Japan.  Food  density  (as 
chlorophyll  a)  is  determined  by  the  balance  among  the  phytoplank- 
ton  growth,  filtration  of  pearl  oysters  and  outflow  by  water  ex- 
change. .\  model  was  developed,  which  simulated  food  densitv 
and  growth  of  pearl  oysters  associated  with  change  in  the  farming 
density.  The  calculated  food  density  and  growth  rate  of  pearl  oys- 
ter were  higher  when  the  farming  density  was  lower,  whereas  the 
food  density  and  the  growth  rate  were  lower  when  the  farming 
density  was  higher.  During  the  summer  peak  of  chlorophyll  a.  the 
concentration  was  about  7  [JLg/L  in  areas  of  normal  stocking  den- 
sity of  pearl  oysters,  compared  with  about  8  p-g/L  where  the  stock- 
ing density  was  reduced  by  half  Increasing  the  density  of  pearl 
oysters  to  7  times  the  /;;  situ  farming  density  decreased  the  phy- 
toplankton  density  by  three-quarters  to  about  2  (xg/L.  The  authors 
concluded  that  filtration  intensified  by  overcrowded  pearl  oysters 
decreases  food  availability,  which  then  retards  the  growth  rate  of 
the  pearl  oysters.  Their  model  also  suggested  that  the  present  farm- 
ing density  of  the  pearl  oysters  is  appropriate  under  the  food  con- 
dition of  their  habitat  in  Gokasho  Bay. 

Whereas  there  have  been  no  reports  of  environmental  damage 
caused  by  pearl  farms,  the  opposite  may  be  true:  the  presence  of 
pearl  farms  may  improve  water  quality.  There  have  been  a  number 
of  studies  suggesting  the  use  of  edible  oysters  to  remediate  marine 


water  conditions.  For  example.  Jones  (1999)  found  that  the  Aus- 
tralian oyster  Saccostrea  giniiierata  (Gould  1850)  acted  as  a  bio- 
logical filter  in  reducing  phytoplankton.  bacteria,  total  nitrogen, 
total  phosphorus  and  total  suspended  solids  by  amounts  ranging 
from  5%  to  619c.  Oyster  excretion  increased  concentrations  of 
dissolved  ammonium,  nitrate/nitrite  and  phosphate.  However, 
these  concentrations  were  in  turn  reduced  by  absoiption  by  the 
macroalga  Gracilaria  edulis.  Whereas  the  same  benefits  could 
theoretically  accrue  from  the  use  of  pearl  oysters,  in  practice  stock- 
ing densities  used  in  northwestern  Australia  would  be  too  low  to 
have  much  effect.  Qian  et  al.  ( 1996)  demonstrated  that  the  growth 
rates  of  both  Plnctadu  manensi  and  the  red  alga  Kappapliyciis 
alvarezii  were  higher  in  a  coculture  system  than  when  the  species 
were  cultured  independently.  When  temperatures  were  above  20"C 
the  alga  used  nitrogenous  wastes  from  the  pearl  oysters.  Below  that 
temperature  algal  growth  was  inhibited  and  there  was  no  measur- 
able effect.  The  authors  speculated  (hat  the  reason  for  improved 
growth  rates  of  the  pearl  oysters  was  improved  water  quality. 

Gifford  et  al.  (2004)  suggested  that  pearl  farms  could  be  used 
as  biological  filters  in  coastal  areas  with  anthropogenic  nutrient 
enrichment  and  pollution.  Pearl  oysters  are  capable  of  filtering 
water  at  rates  of  up  to  25  I  h"'  g~'  of  dry  weight  tissue.  They 
extrapolated  published  information  to  suggest  that  a  pearl  farm  of 
100  tons  of  pearl  oysters  could  remove  300  kg  of  heavy  metals  and 
24  kg  of  organic  contaminants  through  deposition  into  the  pearl 
oyster  tissue  and  shell,  and  that  up  to  19  kg  of  nitrogen  would  be 
removed  per  ton  of  pearl  oyster  harvested.  There  would  also  be 
substantial  removal  of  bacteria.  Gifford  et  al.  (2004)  suggested  the 
concentration  of  heavy  metals  and  other  pollutants  in  the  tissues 
and  shells  would  not  be  a  problem  because  the  material  would  be 
disposed  of  at  land  sites  and  would  not  be  used  for  human  con- 
sumption. Gifford  et  al.  (in  press)  tested  this  hypothesis  at  a  small 
Pinctada  iiiibricata  farm  in  Port  Stephens.  New  South  Wales, 
which  produced  9.8  tonnes.yr"'.  The  fami  removed  703  g  of  met- 
als. 7452  g  nitrogen,  and  545  g  phosphorus.  The  authors  concluded 
that  if  production  was  scaled  up  to  499  tonnes. y"'.  extraction  of 
nitrogen  would  equal  that  being  produced  by  a  small  sewage  treat- 
ment plant.  Changing  the  harvest  dates  of  the  pearls  to  coincide 
w  ith  the  period  of  peak  condition  of  oyster  tissues  would  substan- 
tially increase  material  removed  from  the  water  column.  The  sug- 
gestion is  that  pearls  produced  could  be  sold  to  provide  funding  for 
the  remedial  activities  and  a  profit.  However,  there  is  no  informa- 
(ion  available  on  the  quality  of  the  pearls  that  would  be  produced. 
The  P.  iini.xiimi  industry  in  Western  Australia  is  based  on  produc- 
ing high  quality  pearls  in  natural  conditions.  It  is  doubtful  that  the 
high  quality  could  be  maintained  in  polluted  areas.  Further,  the 
north  coast  of  Western  Australia,  where  the  industry  is  located,  has 
few  towns  and  sources  of  anthropogenic  pollution,  so  there  is  no 
possibility  of  using  pearl  oysters  for  env  ironmental  remediation  in 
this  area. 

As  indicated  earlier,  the  possible  introduction  of  marine  pest 
species  into  Australia  was  assessed  as  having  a  moderate  risk. 
Reasons  are  provided  earlier  in  the  study  as  to  why  this  risk  is 
considered  to  be  low  as  a  result  of  pearling  activities.  On  the  other 
hand,  species  that  have  been  introduced  by  vessels  not  associated 
with  the  pearl  industry  may  potentially  affect  the  industry,  and 
such  introductions  could  have  significant  impacts.  Whereas  not  all 
of  the  ports  on  the  north  coast  of  Western  Australia  have  been 
surveyed,  there  are  known  to  be  a  number  of  species  that  have  been 
introduced.  NIMPIS  (20(J5)  lists  43  introduced  or  cryptogenic  ma- 
rine species  in  Western  Australia.  Seven  of  these  species  are  on  the 
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north  i.-(iasl  iit  the  ^t;lte.  but  the  hst  is  incomplete.  For  example. 
Jones  (2004)  records  six  barnacles  as  introduced  to  the  Dampier 
Archipelago.  Matsuyama  (2003)  presented  an  outstanding  example 
damage,  which  can  be  caused  by  an  introduced  species.  The  di- 
noflagcllate  Hetenicapsa  circularisqiuiina  is  a  causative  agent  of 
red  tide.  It  appeared  in  Japanese  waters  for  the  first  time  in  1988, 
then  spread  rapidly  in  the  costal  waters  of  western  Japan.  By  2000 
there  had  been  4.^  red  tides  caused  by  H.  cU-cularisqiiaimi.  includ- 
ing 18  that  damaged  fisheries,  including  the  manila  clam  Riidihipes 
philippinunim  (Adams  &  Reeve  1830)  Pacific  oyster  Cnissoslrea 
^i;igii.s  (Thunberg  1793).  pearl  oyster  Piiicniilii  fiicaia.  and  the  blue 
musse\  Mytiliis  galloproviiicialis  Lamarck.  1819.  liconomic  losses 
in  shellfish  aquaculture  by  direct  killing  of  marketable  products 
were  estimated  to  be  at  least  10  billion-yen  in  the  last  decade;  at 
current  exchange  rates  this  is  approximately  one  hundred  million 
US  dollars.  Hcteicicapsa  circularisqiuuna  red  tides  primarily  affect 
bivalve  aquaculture.  No  harmful  effects  on  wild  or  cultured  fish, 
other  marine  vertebrates  or  any  public  health  hazard  have  been 
recorded.  This  is  a  tropical  species,  which  could  potentially  cause 
substantial  effects  to  the  pearl  industrs  if  introduced  into  Western 
Australia. 
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THE  ROLES  OF  BACTERIA  AND  MICRO  AND  MACRO  ALGAE  IN  ABALONE 

AQUACULTURE:  A  REVIEW 
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ABSTRACT  Ahalone  ;iqiiaciilture  is  dependent  on  cultured  algae  to  induce  larval  settlement  and  as  a  food  source  for  the  early  life 
stages  of  abalone  until  formulated  feed  or  macroalgae  such  as  Miicrocyslis  sp..  Porphyra  sp.  and  Ulvu  sp.  are  introduced  into  the 
growout  system.  In  the  natural  environment,  abalone  larvae  settle  on  coralline  red  algae,  which  provide  one  of  the  strongest  and  most 
consistent  settlement  cues  available  for  abalone  larvae.  However,  propagation  of  coralline  red  algae  is  not  practical  commercially. 
Abalone  farms  in  Japan  successfully  settle  abalone  larvae  (Haliotis  discus  hannai)  on  the  green  alga  Ulvella  lens.  U.  lens  also  proved 
to  be  suitable  to  enhance  settlement  of  cultured  southern  Australian  abalone  species  (Haliotis  laevigatii.  H.  rubra).  Most  abalone  farms 
in  Australia  are  now  growing  U.  lens  for  that  purpose.  U.  lens  is  easy  to  culture,  no  specific  facilities  are  needed  and  the  alga  can  be 
grown  on  PVC  settlement  plates  in  commercial  nursery  tanks.  However,  U.  lens  has  limited  value  as  a  feed  for  young  postlarvae. 
Instead,  cultured  diatoms  can  be  added  after  larvae  successfully  settle  and  start  feeding.  Juvenile  abalone  O,^  mm  In  shell  length)  can 
consume  U.  lens  and  grow  rapidly  on  this  alga.  Diatom  cultures  and  biofilms  developing  on  settlement  plates  are  not  axenic  and  the 
role  of  bacteiia  in  early  postlarvae  feeding  is  poorly  understood.  It  has  been  suggested  that  bacteria  may  perform  metabolic  activities 
in  the  undeveloped  gut  of  young  postlarvae.  At  later  stages  of  the  nursery  phase  it  becomes  increasingly  difficult  to  maintain  adequate 
feed  on  the  plates  and  this  is  still  regarded  as  a  significant  bottleneck  for  the  abalone  aquaculture  industry.  Recent  investigations  have 
indicated  that  sporelings  of  macroalgae  like  Ulva  sp.  or  diatoms  that  can  provide  more  biomass  may  provide  a  suitable  additional  food 
source  for  juveniles  (>3  mm  in  shell  length). 

KEY  WORDS:  abalone.  abalone  eggs,  antibiotics,  algae,  bacteria,  diatoms,  growth,  larval  quality,  lipids,  settlement,  Ulva  sp..  Ulvella 
lens 


INTRODUCTION 

Abalone  fisheries  (Haliotis  spp.)  produce  high  value,  export- 
orientated  products  with  about  50%  of  the  world  supply  being 
provided  by  Australian  fisheries  in  1999  (Gordon  &  Cook  2001). 
The  worldwide  catch  from  abalone  fisheries  has  declined  by  about 
30%  over  a  10-year  period  from  ca.  14.000  mt  in  1989  to  10.000 
mt  in  1999,  and  consequently  the  interest  in  aquaculture  products 
has  increased  substantially.  The  world  production  of  abalone  from 
aquaculture  in  1999  was  approxitnately  7,775  tonnes  (Gordon  & 
Cook  2001 ).  Future  production  frotii  the  numerous  fartiis  and  sites 
established,  under  construction  or  approved  in  several  countries 
including  Australia,  could  be  even  more  substantial  if  the  technol- 
ogy is  improved. 

In  an  aquaculture  environment,  abalone  larvae  are  produced  by 
spawning  recently  collected  wild  broodstock.  or  wild  or  farmed 
abalone  broodstock  that  have  been  held  in  conditioning  systems 
for  extended  periods.  The  nonfeeding  larvae  have  a  short  larval 
phase  (e.g..  7  days  at  17 'C  for  Haliotis  rubra  Leach  and  Haliotis 
laevigata  Donovan).  When  larvae  are  ready  for  settlement  they 
actively  seek  a  suitable  surface.  In  the  natural  environinent.  aba- 
lone larvae  settle  on  coralline  red  algae  (Shepherd  &  Daume 
1996);  however  on  farms  the  surface  is  typically  vertical,  spaced 
plastic  plates  that  have  been  colonized  by  a  variety  of  different 
algal  species.  Abalone  aquaculture  in  tnost  countries  is  dependent 
on  cultured  algae  at  least  for  the  early  life  stages,  to  induce  larval 
settlement  and  as  a  food  source  for  postlarvae  and  juveniles,  until 
formulated  food  is  introduced  into  the  growout  system.  As  provi- 
sion of  algal  supplies  decline,  the  juveniles  may  be  weaned  onto 
formulated  foods.  They  can  be  transferred  to  various  land-based 
tanks  or  sea-based  systems  (Freeman  2001).  In  several  countries 
around  the  world  (e.g..  South  Africa)  even  the  growout  depends 
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solely  on  algae;  macroalgae  that  are  harvested  from  the  ocean  are 
fed  to  the  abalone  in  specialist  growout  systems.  A  large  compo- 
nent of  the  cost  of  producing  juveniles  is  the  provisioning  of  live 
food  in  a  tnanner  suitable  for  a  grazing  herbivore.  This  review 
examines  the  roles  of  bacteria,  inicro  and  macroalgae  during  the 
nursery  phase  of  abalone  aquaculture  and  emphasizes  research 
conducted  by  the  author  with  posllarval  and  juvenile  H.  laevigata 
and  H.  rubra  in  Australia.  It  complements  earlier  reviews  by  Rob- 
erts (2001)  on  larval  settlement  and  by  Kawamura  et  al.  (1998c)  on 
postlarval  growth  and  survival  by  highlighting  the  applicability  of 
bacteria  and  algae  for  commercial  abalone  hatcheries  and  nurser- 
ies. Their  roles  are  considered  in  the  context  of  the  main  areas  of 
research  undertaken  to  improve  juvenile  production  efficiency:  (1) 
presettlement  larvae  quality;  (2)  larval  settlement;  (3)  dietary  re- 
quirernents  for  po.stlarvae  and  juveniles. 

Pre-settlemeut  iMrvue  Quality 

Previously  wild  abalone  broodstock  that  feed  on  a  range  of 
macroalgae  have  been  the  main  source  of  gatiietes  for  ct)mmercial 
abalone  hatcheries.  Selection  of  broodstock  is  inainly  based  on 
gonad  size  and  appearance  (Litaay  &  De  Silva  2001 ).  with  abalone 
judged  to  be  ready  for  induced  spawning  and  have  mature  eggs 
based  on  the  amount  of  swelling  of  the  gonad.  However,  animal 
selection  based  on  these  criteria  shows  variable  results  in  spawning 
success  and  produce  offspring  with  large  variability  in  larval  and 
postlarval  survival.  More  recently  there  has  been  greater  commer- 
cial and  research  interest  in  conditioning  captive  and  farmed 
btxiodstock  using  macroalgae  or  formulated  foods  (Grubert  &  Ritar 
2003.  Daume  &  Ryan  2004a,  Freeman  et  al.  this  volume). 

Lipids  and  protein  in  abalone  eggs  are  known  to  fuel  the  de- 
velopment and  metamorphosis  of  the  larvae  (Jaeckle  &  Manahan 
1989a,  1989b,  Litaay  et  al.  2001).  Nelson  et  al.  (2002)  demon- 
strated that  variations  in  lipid  content  and  fatty  acid  profile  of  the 
digestive  eland  coincided  with  variation  in  their  tnacroalaal  diets 
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and  are  related  to  seasonal  temperature  fluctuations.  Biochemical 
variation  in  the  diet  may  affect  the  composition  of  the  eggs  and 
ultimately  larval  performance.  However  studies  of  changes  in  bio- 
chemical composition  such  as  fatty  acids  in  abalone  eggs  are 
scarce.  Litaay  et  al.  (2001)  demonstrated  changes  in  biochemical 
composition  during  larval  development.  Recently,  Daume  and 
Ryan  f2004a)  showed  high  variability  in  proximate  biochemical 
composition  and  fatty  acid  profiles  of  abalone  eggs  between 
batches  derived  from  conditioned  and  wild  broodstock  as  well  as 
between  two  consecutive  spawning  seasons.  The  relative  propor- 
tions of  some  PUFAs  in  the  broodstock  diets  were  reflected  in  the 
eggs  and  varied  between  batches  of  conditioned  and  wild  brood- 
stock. indicating  that  formulated  diets  designed  to  maximize 
growth  rates  are  not  necessarily  adequate  to  maintain  viable,  high 
quality  eggs  and  larvae  from  capti\e  broodstock. 

Other  factors  that  can  influence  the  quality  and  success  of 
larval  culture  are  opportunistic  pathogenic  bacteria  that  can  bloom 
and  cause  deformities  in  and  collapse  of  whole  larval  batches 
under  potentially  stressful  commercial  growing  conditions.  Many 
abalone  hatcheries  are  using  antibiotics  like  oxytetracycline  pro- 
phylactically.  Similarly  they  may  be  used  in  research  projects. 
Roberts  (2001 )  suggested  using  antibiotics  to  eliminate  bacterial 
interference  in  settlement  assay  systems.  Apart  from  the  general 
problem  of  development  of  antibiotic  resistant  strains  of  bacteria  in 
hatcheries,  problems  have  been  reported  with  certain  antibiotics 
when  used  with  abalone  during  larval  rearing  or  settlement  assays. 
Streptomycin  at  low  doses  of  5  |jig  niL"'  was  toxic  to  Haliotis 
diversicolor  (Bryan  &  Qian  1998).  Emitine  caused  abnormal  loss 
of  velum  that  could  have  been  confused  with  metamorphosis 
(Fenteany  &  Morse  1993). 

An  experiment  conducted  to  assess  the  effect  of  two  antibiotics 
(Ampicillin  and  Kanamycin  at  30  p.g  mL"')  on  the  settlement  of 
H.  nihia  revealed  no  difference  in  settlement  rate  between  treated 
and  untreated  settlement  substrate  (Table  I ).  In  this  experiment  3 
algal  settlement  substrata  were  tested  (NnviciiUi  ct'.jeffreyi.  i'lvella 
lens,  Sporolithon  durum)  and  compared  with  a  negative  control 
(plastic  square  of  commercial  settlement  plate  without  any  algal 
growth)  all  with  and  without  antibiotics.  The  ratios  of  settlement 
rates  between  treated  and  untreated  substrates  did  not  change  o\ er 
time.  In  addition,  the  difference  in  settlement  preferences  between 
specific  substrates  remained  the  same  regardless  if  antibiotics  were 
used  or  not.  The  antibiotics  were  initially  effective  as  indicated  by 
the  higher  survival  of  swimming  larvae  (in  water  column)  in  con- 
trol jars  treated  with  antibiotics.  However,  the  settlement  rate  was 


not  higher  in  the  antibiotic  treatment,  indicating  that  unfit  larvae 
might  survive  if  treated  with  antibiotics  but  they  do  not  settle 
successfully.  This  result  questions  the  need  and  usefulness  of  an- 
tibiotics in  abalone  hatcheries.  Further  studies  are  needed  to  assess 
the  effects  of  other  antibiotics  and  earlier  treatment  with  antibiotics 
(e.g..  during  larval  rearing).  However,  alternatives  like  probiotics 
should  be  investigated  to  enhance  larval  survival  safely. 

Many  antibiotics,  including  Kanamycin  and  oxytetracycline, 
work  by  inhibiting  or  interfering  with  the  protein  biosynthesis  by 
targeting  the  bacterial  ribosomes.  The  close  similarity  between 
bacterial  and  mitochondrial  ribosomes  makes  the  latter  (present  in 
all  cells  of  the  "treated"  organisms)  a  potential  target  (Hart  2004). 
Inhibition  of  mitochondrial  protein  synthesis  or  injuries  in  mito- 
chondria of  the  treated  organism  have  occurred  and  can  lead  to 
various  dysfunctiouL  any  cell  type  or  tissue  with  a  high  aerobic 
energy  requirement  is  more  likely  to  be  affected  when  this  or- 
ganelle is  injured  (Hart  2004).  The  effects  of  antibiotics  on  abalone 
larval  settlement  and  postlarval  performance  however  are  not  well 
understood.  The  knowledge  we  have  from  other  systems,  however, 
w  arrants  extreme  caution  and  highlights  the  danger  of  introducing 
other,  potentially  detrimental  factors.  These  may  not  be  obvious 
initially  but  may  manifest  themselves  at  later  stages  of  larval  or 
postlarval  de\elopment. 

iMival  Si'iiliiiHiii 

The  term  "settlement"  in  this  review  describes  the  permanent 
attachment  of  abalone  larvae  to  the  substrate  after  shedding  of  the 
velum  to  complete  metamorphosis.  In  the  natural  environment, 
abalone  larvae,  like  many  other  invertebrate  larvae,  settle  on  cor- 
alline red  algae.  Daume  et  al.  ( 1999a)  revealed  that  settlement  of 
Haliotis  laevigata  larvae  in  response  to  three  nongeniculate  cor- 
alline red  algae  is  species-specific.  In  that  study  the  frequency  of 
occurrence  of  epiphytic  bacteria  and  diatoms  was  assessed  on  all 
coralline  red  algal  species  tested.  However,  no  significant  corre- 
lation was  found  indicating  that  the  settlement  induction  is  algal  in 
origin.  The  authors  concluded  that  bacteria  and  diatoms  may  in- 
fluence the  settlement  response  of  abalone  larvae  but  they  are  not 
the  main  driving  force.  Roberts  (2001)  referred  to  some  of  his 
unpublished  wiirk  and  stated  that  bacteria  can  induce  abalone  lar- 
val settlement  but  that  the  response  is  slow,  taking  1  week  to  reach 
30%  metamorphosis.  In  contrast,  very  rapid  settlement  was  re- 
ported in  small-scale  laboratory  experiments  through  the  use  of  the 
coralline  red  alga.  Sporolithon  durum,  with  the  maximum  rate 


TABLE  1. 

Percentage  settlement  of  Haliotis  rubra  on  different  settlement  substrates  iUlvella  lens  and  .\avicula  cf.jeffreyi  and  a  negative  control),  with 

and  nithout  antihiotics,  as  well  as  Spi>ri)lithoii  durum  (positive  control)  after  24,  48  hours,  '7f  settled  and  sur\l\ed  up  to  1  week  and  "/f  of 

larvae  in  water  column  after  1  week  l;i  =  6  ±  .SKl.  Data  arc  from  Daume  (2(10,^1. 


Species 


.\ntihiolics 


r  Settlement 
24  Hours 


%  Settlement 
48  Hours 


'7i  Survival  Up 
to  1  Week 


'7c  in  Water  Column 
After  I  Week 


Uhella  lens 
Ulvella  lens 
Navieula  cf.  Jeffrey! 
Nuviciila  cf.  Jeffrey! 
Control 
Control 
Sporolithon  durum 


30  +  8.1" 

35  ±  7.6" 

12  ±  1.5 

22  ±  4.4" 

36  ±  5..^" 

17±  1.1 

5±  1.4" 

3  ±  2.0" 

4±  1.2 

0.3  ±  0.3" 

1  ±  0.3" 

2  ±  0.3 

0±0" 

1  ±  0.6" 

0.5  ±  0.3 

0±0" 

0.3  ±  0.3" 

0.6  ±  0.3 

39  ±  3.7 

50  ±  4.6 

16  ±2.6 

()±() 

5  ±  1 .6 

8  ±  3.5 
.^0±4.2 

3  ±  1 . 1 
54  ±  6.7 

0±0 


*  Means  with  different  superscript  letters  are  significandy  different  iP  <  0.05) 
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heiiig  reached  after  24  li  (l)aiinie  et  aL  1499a)  indiealiiii:  that 
noiigeiiieuiate  eoralhiie  red  algae  are  strong  settieiiient  inducers. 
This  resuh  coincides  v\ith  disproportional  high  numbers  otfecruits 
found  on  S.  diiniiii  in  the  natural  environment  (Shepherd  &  Daume 
1996). 

Historically,  benthic  biofilms.  consisting  of  bacteria  and  nii.xed 
diatom  species  growing  on  PVC  settlement  plates,  have  been  used 
in  abalone  hatcheries  worldwide  to  induce  larval  settlement.  Dia- 
toms, brought  in  by  the  incoming  seawater.  colonize  clear  plastic 
sheets  arranged  in  coinmercial  nursery  tanks.  This  process  is  un- 
predictable and  larval  settlement  rates  can  be  low  (1%  to  10%  of 
larvae)  (Daume  2003).  In  both  experimental  and  commercial  sys- 
tems, to  achieve  more  control  and  consistency,  films  dominated  by 
single  algal  species  can  be  generated  (Daume  et  al.  2000.  Daume 
&  Ryan  2004b).  H.  nihra  did  not  respond  to  films  of  any  diatom 
species  tested,  but  settled  on  the  nongeniculate  coralline  red  alga 
Phymatolithon  lepaiidiiin  (Daume  et  al.  1999b).  In  contrast.  H. 
laevigata  settled  comparably  well  on  the  diatom  Nuvkida  raiiio- 
sissima  and  on  the  coralline  S.  duiiiin.  Roberts  (2001)  reviewed 
data  on  settlement  cues  including  diatoms  and  other  biofilms. 
Overall  it  is  apparent  that  coralline  red  algae  provide  more  con- 
sistent and  reliable  settlement  cues,  whereas  settlement  on  diatoms 
can  be  highly  variable.  However,  propagation  of  coralline  red  al- 
gae is  not  practical  at  a  commercial  scale. 

Abalone  hatcheries  in  Japan  successfully  settle  abalone  larvae 
(Halioiis  discus  luiimui)  on  the  green  alga  Ulvella  lens  (Takahashi 
&  Koganezawa  1988).  U.  lens  is  also  suitable  for  enhancing  settle- 
ment of  both  cultured  southern  Australian  abalone  species  (H. 
ndjra  and  H.  Icierii;ahi)  (Fig.  1 ).  Most  abalone  farms  in  Australia 
are  now  growing  U.  lens  for  that  purpose  (Daume  et  al.  2000. 
Daume  et  al.  2004,  Daume  &  Ryan  2004b).  The  earlier  study 
established  settlement  preferences  of  H.  rnhni  for  U.  lens  at  labo- 
ratory scale  whereas  the  later  studies  focused  on  commercial  scale 
experiments.  Both  species  {H.  rubra.  H.  laevigata)  showed  a  clear 
preference  for  older  rather  than  for  younger  U.  lens  (Table  2,  Table 
3)  even  with  similar  percentage  cover,  indicating  that  the  devel- 
opmental stage  of  the  alga  and  not  percentage  cover  per  se  is 
important  in  settlement  induction  (Table  3).  Settlement  was  also 
significantly  higher  in  the  combined  U.  lens  treatments  (old  and 
young)  compared  with  2  diatom  treatments  {Navieida  cf.  Jeffrey! 
and  Cocconeis  sp.  demonstrating  the  suitability  of  U.  lens  to  im- 
prove the  settlement  of  Haliotis  laevigata  larvae  on  commercial 
scale  (Table  3).  No  significant  difference  between  high  and  low 
larval  release  densities  was  found  with  H.  rubra  in  the  nursery 
(Table  2)  confirming  earlier  findings  at  laboratory  scale  with  H. 
laevigata  larvae  that  settlement  of  abalone  larvae  is  not  gregarious 
when  tested  with  larvae  of  the  same  batch  (Daume  et  al.  1999a).  In 
contrast,  settlement  was  found  to  be  gregarious  in  response  to 
conspecific  postlarvae  as  young  as  7  days  (Daume  et  al.  1999a) 
and  older  conspecific  juveniles  and  adults  and  their  grazing  mucus 
is  believed  to  be  responsible  (Seki  &  Kan-no  1981.  Slattery  1992). 


Ulvella    prostrate 
lens       diatoms 


3D  diatoms 

Ulvella  lens 


macroalga!  germlings 


formulated  feed 


SET         1 
Post  lat^ac 


"T" 


Juveniles 


— r- 

10 


15 


Shell  length  (mm) 

Figure  I.  Sequence  from  settlement  cue  to  potential  food  items  pro- 
posed for  Australian  temperate  abalone  species,  in  commereial  farm- 
ing systems,  as  they  grow. 


TABLE  2. 

Percentage  settlement  (±SE)  of  Haliolis  rubra  in  the  nursery  3  days 
after  larval  release  (h  =  32).  Data  from  Daume  et  al.  (2004). 


Larval 

Per  V.  lens 

Total 

Density 

VIvella  lens 

Treatment 

per  Tank 

Hi'jh 

Old  lis  days  31%  coven. 

31.y±7.5 

53.6  ±  5.8 

Young  (4  days  57%  coven. 

21.7  ±6.8 

Low 

Old  (18  days  31%  cover). 

44.0  ±  7.3 

70.4  +  8.7 

Young  (4  days  57%  cover). 

26.4  ±  7.6 

Average 

62.0 

Recently  alternative  systems,  to  replace  live  algae  as  a  means  of 
settlement  and  growing  postlarvae.  have  been  proposed  in  Japan 
for  H.  discus  discus  and  H.  diversicolor  (Stott  et  al.  2002.  2003, 
20()4a.  2004b).  In  the  earlier  studies,  an  alginate  gel  solution  con- 
taining micro  particulate  diets  was  pasted  onto  .settlement  plates.  In 
more  recent  studies  settlement  plates  are  sprayed  with  a  solution  of 
agar  and  one  of  the  following:  dried  algal  powder  [Spirnlina  pla- 
tensis.  Chli'rclla  vulgaris.  Uiulcnia  piniuififula).  dried  natural  dia- 
tom powder,  formulated  diet  and  two  different  concentrations  of 
7-aminobutyric  acid  (GABA).  each  with  and  without  antibiotics, 
and  compared  with  negative  (clean  plates)  and  positive  (living 
natural  diatom  bit)filins).  In  both  recent  studies  there  was  no  sig- 
nificant difference  in  settlement  rates  between  the  microalgae 
powder  treatments  and  the  living  natural  biofim  but  both  supported 
significantly  higher  rates  when  compared  with  the  negative  control 
and  GABA  treatments  (Stott  et  al.  2004a.  2()()4b).  The  authors 
demonstrated  that  pregraz.ing  of  plates  by  conspecific  juveniles 
covered  with  microalgal  powder/  agar  solution  enhanced  larval 
settleiTient  significantly  (85%  vs.  30%  on  grazed  and  ungrazed 
plates  respectively).  This  system  shows  some  potential,  however 
mechanized  and  cost-efficient  ways  of  spraying  the  plates  need  to 
be  developed  before  it  becomes  viable  coinmercially. 

Dietary  Requirements 

Post-larval  abalone  feed  on  benthic  diatoms  (Kawamura  et  al. 
1995)  and  the  diatom  film  on  plates  also  provides  the  food  for 
growing  postlarvae  in  commercial  abalone  nurseries.  Commercial 
farms  traditionally  rely  on  mixed  species  of  diatoms  as  a  food 
source  throughout  the  nursery  period  (settled  larvae  to  8-10  mm). 
The  film  is  maintained  through  passive  seeding  (new  cells  are 
brought  in  with  the  incoming  seawater),  adding  nutrients  and  ina- 
nipulating  the  light  intensity  through  shading.  Without  much  con- 
trol over  composition  and  density  of  the  biofilm  species,  the  results 
are  very  inconsistent  and  often  very  poor.  Isolating  particular  dia- 
tom species  and  growing  them  in  monoculture  before  inoculating 
settlement  tanks  in  the  nursery  affords  greater  control.  This  how- 
ever has  not  been  embraced  by  the  industry  and  further  investiga- 
tions are  needed  to  assess  the  effectiveness  in  larger  scale  systems. 
However,  a  significant  bottleneck  experienced  by  industry  is  the 
inability  to  maintain  adequate  food  (both  quantity  and  quality)  on 
the  plates  particularly  at  later  stages  of  the  nursery  phase.  Growth 
rates  of  juveniles  are  influenced  by  the  availability,  digestibility 
and  nutritional  composition  of  the  algae  (Kawamura  et  al.  1998b, 
Roberts  et  al.  1999.  Daume  et  al.  2003). 

The  Role  of  Bacteria  in  I'ostlanal  Xutrition 

Diatom  culttircs  and  biofilms  developing  on  settlement  plates 
are  not  axenic  and  the  role  of  bacteria  in  early  postlarvae  feeding 
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Daume 


TABLE  3. 

Percentage  settlement  (±SE)  of  Haliotis  laevigata  3  days  after  larval  release  (;i  =  3)  when  gi>en  a  choice  between  4  substrates.  Data  from 

Daume  and  Rvan  (2004b). 


Treatments 

Old  t .  lens 
(8  Heeks-97<7r  cover) 

Voung  i'.  lens 
(6  vveeks-82'7f  cover) 

Navieula  sp. 

Cocconeis  sp. 

Total 
per  Tank 

%  Settlement 

61  ±  14 

I4±  1 

7  ±0.3 

?  ±  0.5 

S7 

and  growth  is  poorly  iDiderstood.  Newly  settled  postlarvae  itigest 
diatoms  but  are  often  not  able  to  digest  the  cell  contents.  This 
suggests  that  bacteria  and  the  extracellular  material  produced  by 
the  diatoms,  present  in  the  biofilni.  are  a  significant  source  of 
nutrition  for  postlarval  abalone  (Fig.  I).  Garland  et  al.  (1985) 
reported  that  postlarval  H.  rubra  ingested  bacteria  growing  on  the 
surface  of  coralline  red  algae.  It  has  been  suggested  that  bacteria 
may  perform  metabolic  activities  in  the  undeveloped  gut  of  young 
postlarvae  and  are  able  to  enhance  the  digestion  efficiency  of  the 
host  by  supplying  polysaccharolytic  enzymes  (Garland  et  al.  1985, 
Erasmus  et  al.  1997).  Polysaccharolytic  enzyme  activity  has  been 
reported  in  day  17  H.  discus  lumuai  postlarvae  (Takatrti  et  al. 
1998).  Sawabe  et  al.  (2003)  detected  the  bacteria  Vil->rii>  luilioticitii 
in  the  gut  of  H.  diversicolor  iiquatilis  and  suggested  that  this 
bacterium  tnay  play  a  crucial  role  in  converting  alginate  to  acetic 
acid.  As  part  of  the  altei'nalive  systems  proposed  by  Stott  et  al. 
(2002.  2003.  2004a.  2004h).  the  authors  observed  that  the  growth 
of  postlarvae  H.  diversicolor  aquatilis  fed  a  formulated  diet  was 
reduced  when  antibiotics  were  added  and  suggested  that  bacteria 
that  assisted  in  digestion  became  limiting.  In  a  later  study  they 
discovered  that  5-10  times  more  bacteria  (including  Vibrio  spp.) 
were  present  on  plates  sprayed  with  the  agar/formulated  diet  so- 
lution. These  bacteria  could  have  provided  a  substantial  food 
source  to  early  postlarvae.  which  may  have  contributed  to  the 
significantly  better  growth  rates  on  these  plates  1  week  after  .settle- 
ment (Stott  et  al.  2004b).  The  authors  suggest  that  for  recently 
settled  postlarvae.  bacteria  might  be  a  superior  food  source  com- 
pared with  diatom  and  abalone  grazing  mucus.  All  these  studies 
indicate  that  bacteria  are  ingested  and  play  an  important  role  in 
early  postlarvae  nutrition  and  health,  but  further  studies  are  needed 
to  elucidate  their  role  and  contribution. 

Food  Preferences  for  Postlanal  Abalone 

Worldwide,  several  studies  have  examined  postlarval  feeding 
and  growth  on  different  algal  species  (Ohgai  et  al.  1991.  Ishida  et 
al.  1995.  Kawamura  et  al.  1998a.  Roberts  et  al.  1999).  Studies 
devoted  to  examining  their  feeding  preferences  and  growth  ( Kawa- 
mura &  Kikuchi  1992,  Kawamura  &  Takami  1995,  Kawamura  et 
al.  1995,  Matthews  &  Cook  1995.  Kawamura  1996.  Takami  et  al. 
1997,  Daume  et  al.  2000.  Takami  &  Kawamura  2003)  have  shown 
that  food  requireinents  change  as  abalone  grow  (Fig.  1).  Two  to 
three  weeks  after  settlement,  postlarvae  become  responsive  to  the 
"digestibility"  of  the  diatom  strains  and  grow  more  rapidly  on 
effectively  digested  strains  (Kawamura  et  al.  1998a.  1998b).  Post- 
larvae 0.8-2  mm  in  shell  length  grow  ca  40-60  \x.m  day"'  on 
"digestible"  diatoms  and  only  ca  15-30  p.m  day"'  on  "indigest- 
ible" diatoms  (Kawamura  et  al.  1998b).  In  addition,  the  diatom  cell 
size,  attachment  strength,  frustule's  strength  and  postlarval  size 
can  infiuence  digestion.  In  a  feeding  trial  c<n'ering  the  whole  post- 
larval period,  Roberts  et  al.  (1999)  showed  that  different  diatom 
food  species  affected  survival  and  growth.  After  day  17.  postlarvae 


grew  faster  on  Cocconeis  scutelluin  and  Cylindrolhcai  closlcriuui. 
Both  species  were  most  efficiently  digested.  Transitions  in  post- 
larval feeding  preferences  and  growth  performances  on  different 
algal  species  are  reviewed  in  Kawamura  et  al.  (1998c). 

Alrernalive  Food  Sources  for  all  Stages  of  Nursery  Culture 

The  green  alga  U.  lens  has  limited  value  as  a  food  for  growing 
postlarvae.  Instead,  cultured  diatoms  can  be  added  after  larvae 
successfully  settle  and  start  feeding.  Seki  (1997)  reported  that 
growth  rates  of  postlarvae  on  U.  lens  were  improved  by  the  in- 
oculation of  cultured  diatoms. 

Recent  studies  showed  that  plates  with  a  low  cover  of  young 
germlings  of  U.  lens  could  be  used  for  settlement  induction  of 
Australian  abalone  species  {H.  rubra.  H.  laevii;ala)  and  followed 
with  inoculation  of  the  cultured  diatom  Navieula  cf.  jeff'reyi  to 
ensure  sufficient  food  for  the  growing  postlarvae  (Daume  et  al. 
2000,  2004.  Daume  &  Ryan  2004b).  The  former  study  provided 
crucial  information  on  early  developinent  of  H.  rubra  and  estab- 
lished that  growth  rates  on  several  diatom  species  are  significantly 
higher  than  on  U.  lens  at  laboratory  scale  (Fig.  2).  In  the  more 
recent  study,  at  commercial  scale,  the  type  of  substrate  on  which 
larvae  settled,  light  (which  affected  the  food  density)  and  the  den- 
sity of  postlarvae  all  had  very  marked  effects  on  growth  (Daume  et 
al.  2004).  The  results  also  suggest  that  early  growth  is  important  in 
determining  later  performance.  Daume  and  Ryan  (2004b)  investi- 
gated settlement,  growth,  survival  and  size  variability  of  the  aba- 
lone H.  laevigata  on  commercial  scale.  Both  growth  rate  and  size 
variability  increased  over  time  until  juveniles  reached  approxi- 
mately 5  mm  in  shell  length.  Whereas  postlarval  abalone  do  not 
grow  well  on  U.  lens  (Fig.  2).  juvenile  abalone  (>3  mm  in  shell 
length)  can  consume  U.  lens  and  grow  rapidly  (80-1  10  |xin  day"') 
on  this  alga  (Table  4). 
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Figure  2.  Karly  Krouih  of  //.  nthra  postlarvae  feeding  on  ditferenl 
algal  species.  Vertical  bars  indicate  standard  error;  //  =  4.  Data  from 
Daume  et  al.  (20U0). 
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TABLE  4. 

Dail>  growth-rati's  (^m  day')  of  jintnilts  illtilialis  rithrti)  on  plates 

52  da>s  after  .settlement  and  shell  lenjjth  (mnil  114  dajs  after 

settlement  (mean  ±  SE).  Data  from  Daume  et  al.  12(104). 


Daily  G 

roHth  Rate  (jim  day  ') 

Shell  Length  (mm) 
114  Days 

V.  lens 

52-()4  Days 

64-94  Days     94-114  Days 

Old 
YdUJig 

74.4  ±7.7 
44.4  ±  X.4 

107.4  ±4.2          S2.S  +  4.2 
n?.3±14.S        S7.S±,S.2 

6.4  +  0.2 

7.4  ±0.2 

At  liiler  stages  ot  the  nursery  phase  (>5  mm  in  shell  length),  it 
becomes  increasingly  difficult  to  maintain  adequate  food  on  the 
plates  and  this  is  still  regarded  as  a  significant  bottleneck  for  the 
industry.  Recent  investigations  have  indicated  that  sporelings  of 
niacroalgae  like  Ulva  sp.  may  provide  a  suitable  food  source  for 
juveniles  (see  Strain  et  al.  this  volume)  (Fig.  1 1.  Alternatively. 
chain  forming  diatoms,  like  Delpliineis,  offer  a  3-D  structure  com- 
pared with  the  2-D  structure  of  nonchain  forming  prostrate  attach- 
ing species,  like  NciviiiiUi  spp.  and  thus  pro\iding  more  biomass 
for  the  growing  juveniles  (Fig.  1 ).  Kawamura  et  al.  ( 1995)  reported 
growth  rates  of  48  |xm  day"'  of//,  discus  /khi/uv/ juveniles  1-2  mm 
in  shell  length,  when  feeding  on  the  diatom  Achnanthes  longipes. 
which  has  a  3-D  structure.  More  recently.  Takami  and  Kawamura. 
(2003)  found  that  juveniles  2.8-2.9  mm  in  shell  length  grew  100 
|xm  day"'  on  this  diatom  species,  which  was  comparable  to  growth 
rates  achieved  on  juvenile  sporophytes  of  the  macroalga  Lcimi- 
naria  japonicci. 

liiochemical  Compositiun  and  Sulritional  Value  of  Algal  Diets 

The  biochemical  composition  of  microalgae.  and  therefore  their 
nutritional  value  to  herbivores  varies  between  species  (Brown  et  al. 
1996)  and  is  greatly  affected  by  harvest  stage,  light  intensity 
(Thompson  et  al.  1993,  Brown  et  al.  1996),  nutrient  concentrations 
(Fabregas  et  al.  1996.  Fabregas  et  al.  1998)  and  culture  methods 
(Otero  &  Fabregas  1997).  It  is  known  that  the  biochemical  com- 
position of  algae  can  be  altered  by  changing  the  growing  condi- 
tions (e.g..  Otero  &  Fabregas  1997.  Thoinpson  et  al.  1993.  Brown 
et  al.  1996).  When  microalgal  cultures  are  grown  in  nitrogen- 
limited  media,  the  protein  content  of  the  cells  decreases  (Enright  et 
al.  1986.  D'Souza  &  Kelly  2000.  Daume  et  al.  2003).  Daume  et  al. 
(2003)  showed  previously  that  juvenile  //.  nihni  grew  faster  when 
feeding  on  the  diatom  NaviciiUi  cL  jeffreyi  that  was  cultured  in  a 


higher  nitrate  medlu)ii.  Searcy-Bernal  et  al.  (2003)  found  that  re- 
cently settled  H.  jiiliicns  postlarvae  grew  and  survived  better  under 
low  light  (6  p,E)  conditions,  whereas  a  lower  number  of  cells  of  the 
diatom  Navicula  incerta  were  available  in  the  lower  light  treat- 
ment. The  authors  suggested  that  oxygen  supersaturation  in  the 
boundary  layer,  particularly  in  high-density  diatom  films  at  high 
light  levels  (75  fiE).  could  have  caused  high  mortality  in  this 
treatment.  In  another  study,  the  intluence  of  light  intensity  on  two 
diatom  species  (Navicula  cf.jeffreyi,  Cocconeis  sp.)  as  a  food  for 
juvenile  //.  laevigata  (3-4  mm  in  shell  length)  was  tested  (Watson 
et  al.  2004).  In  contrast  to  N.  ci.  jeffreyi.  growth  of  Cocconeis  sp. 
was  not  inhibited  at  lower  light  levels  making  it  a  good  candidate 
for  culture  in  shaded  nursery  systems.  Light  was  more  influential 
in  juvenile  grazing  behavior  (photophobic)  than  food  availability. 
Watson  et  al.  (2005)  examined  the  combined  effect  of  manipula- 
tions in  light  intensity  and  nitrate  concentrations  on  the  nutritional 
value  of  the  diatom  Navicula  cf  jeffreyi  when  fed  to  juvenile 
abalone  (//.  laevigata).  Under  high  light  conditions  Navicula  cf. 
jeffreyi  was  lower  in  protein  and  higher  in  carbohydrates  and  fat. 
Juveniles  grazed  larger  numbers  of  diatom  cells  when  the  protein 
content  was  low.  possibly  compensating  for  the  lower  protein  lev- 
els. The  authors  reported  elevated  pH  levels  in  higher  light  treat- 
ments and  suggested  that  this  could  have  caused  high  mortality. 
These  studies  indicate  that  changes  in  light  intensity  and  nitrate 
concentration,  under  which  the  diatom  species  are  cultured,  can 
have  a  dramatic  effect  on  growth,  grazing  rates  and  particularly 
survival  of  postlarval  and  juvenile  abalone.  This  emphasizes  the 
need  for  .selecting  the  right  light  and  nutrient  level  to  achieve  high 
value  food  and  conditions  for  optimal  growth  and  survival  of  ju- 
venile abalone  in  commercial  nuiseries. 

This  study  reviewed  three  main  areas  of  abalone  research  as- 
sociated with  abalone  hatchery  and  nursery  production.  Further 
studies  are  needed  to  find  alternatives,  such  as  probiotics.  to  the 
use  of  antibiotics  in  abalone  hatcheries.  Alternative  cost  effective 
foods,  for  broodstock  and  for  the  latter  stage  of  the  nursery  still 
need  to  be  found  that  will  increase  larval  quality  and  allow  abalone 
farmers  to  keep  animals  on  the  plates  longer  and  thus  reduce 
weaning  mortality. 
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EFFECT  OF  THE  POLLUTANTS  LEAD,  ZINC,  HEXADECANE  AND  OCTOCOSANE  ON  TOTAL 
GROWTH  AND  SHELL  GROWTH  IN  THE  AKOYA  PEARL  OYSTER,  PINCTADA  IMBRICATA 
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ABSTRACT  Pearl  oysters  [PiiHiaila  mihmala)  were  held  in  the  lahoriitory  and  exposed  to  various  levels  of  the  heavy  metals  lead 
and  zinc  and  the  aliphatic  hvdrocarhons  hc\adecane  and  octacosane  lor  2  months.  Individual  oysters  were  followed  over  the  course 
of  the  experiment,  allowing  specific  calculation  of  total  oyster  growth  (wet  weight)  and  shell  growth.  Significant  reductions  in  total 
oyster  growth  were  observed  when  oysters  were  exposed  to  high  concentrations  (ZVOfxg  L"')  of  either  zinc  or  lead.  Exposure  to  the 
aliphatic  hydrocarbons  had  no  effect  on  total  oyster  growth.  High  concentrations  of  lead  completely  halted  shell  growth,  the  first 
demonstration  of  pollutant  induced  cessation  of  biomineralization  in  pearl  oysters.  Conversely,  exposure  to  moderate  levels  of  lead  and 
the  long-chain  hydrocarbon  octacosane  resulted  in  significant  increases  in  shell  width  growth.  The  results  from  this  study  indicate  that 
P.  imhricalu  is  relatively  tolerant  of  the  selected  pollutants  and  could  be  deployed  within  a  remediative  context  in  moderately  polluted 
coastal  areas. 

KEY  WORDS:     Pincraiki.  oyster,  pollution,  biomineralization.  pearl,  metals,  shell.  a(.|uaculture 


INTRODUCTION 

The  Akoya  pearl  oyster.  Pinckula  hiihricain  (Rciding  179S). 
has  a  broad  global  distribution  and  is  found  in  temperate  and 
tropical  waters.  This  species  has  been  fanned  in  Japan  for  over  1(1(1  y 
for  its  stiiall  yet  lustrous  pearls.  But  Japanese  production  of  high 
quality  Akoya  pearls  has  fallen  from  1 18.000  kg  in  1993  to  63.000 
kg  in  1996.  with  continuing  production  declines  (Miyazaki  et  al. 
1999).  This  decline  has  in  part  been  attributed  to  deteriorating 
water  quality  (Toniaru  et  al.  2001).  It  is  well  known  that  bivalve 
molluscs  accumulate  many  pollutants  within  their  tissue  and  shell, 
a  fact  that  has  led  to  their  use  as  biomonitors  of  hydrocarbons 
(Sericano  et  al.  1995)  and  heavy  metals  (Bourgoin  1990.  Phillips 
&  Rainbow  1993)  pollution  in  marine  and  estuarine  waters.  Pearl 
oysters  are  no  exception  to  this,  and  have  been  used  as  biomonitors 
of  heavy  metals  (Bou-Olayan  et  al.  1995)  and  hydrocarbons 
(Fowler  et  al.  1993).  Whereas  it  is  known  that  peari  oysters  accu- 
mulate hydrocarbons  and  heavy  metals  in  their  tissues  on  exposure 
and  that  these  compounds  can  exert  toxic  effects  on  other  bivalve 
molluscs  (Kennedy  et  al.  1996),  there  is  little  information  regard- 
ing the  tolerance  of  pearl  oysters  to  pollutants. 

The  tolerance  of  P.  iiiihricata  to  particular  pollutants  is  of 
further  interest  because  pearl  aquaculture  has  recently  been  pro- 
posed as  a  coastal  remediation  technology  (Gifford  et  al.  2004). 
Pearl  oysters  have  a  high  filtration  rate,  concentrate  pollutants  and 
nutrients  within  their  tissues,  and  they  yield  a  valuable  product  that 
is  not  bound  for  human  consumption.  However,  the  success  ot  a 
pearl  oyster  remediation  system  would  rely  on  the  profitability  of 
peariing  operations  to  make  the  coastal  remediation  commercially 
viable.  Therefore,  it  is  necessary  to  investigate  the  oy.ster's  toler- 
ance limits,  for  both  general  peari  oyster  health  and  pearl  quality. 
Relatively  little  is  known  about  the  effects  of  pollutants  on  shell 
biominerali/ation  in  molluscs.  In  the  Pacific  oyster,  Crassoslrea 
gigas.  exposure  to  tributyltin  results  in  the  production  of  a  gelati- 
nous substance  within  the  shell  and  shell  deformity  (Alzieu  et  al. 
1986).  whereas  exposure  of  the  mussel.  Mytilus  californicmus.  to 
barium  results  in  abnormal  shell  calcification  (Spangenberg  & 
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Cherr  1996).  In  one  of  the  few  studies  to  investigate  the  effects  of 
dietary  pollutant  exposure  on  shell  biomineralization,  high  (500  ^.g 
c"' )  dietary  concentiations  of  lead  resulted  in  a  25%  reduction  in 
shell  mass  in  juvenile  gaiden  snails  (Helix  aspcrsa).  yet  shell  size 
was  unaffected  by  lead  (Beeby  et  al.  2002).  Similariy.  transplanted 
Crassoslrea  gigas  exposed  to  high  concentrations  of  cadmium, 
copper  and  zinc  in  Chesapeake  Bay  had  significantly  thinner  shells 
than  control  oysters  (Frazier  1976).  High  concentrations  of  cad- 
mium have  also  been  shown  to  inhibit  shell  growth  in  Crassoslrea 
virginica  (200  |Jig  L"',  Shuster  &  Priiigle  1969)  and  Myliliis  ecliilis 
(500  p-g  L"'.  Sturesson  1978).  Exposure  of  C  gigas  to  lead  for  4 
months  led  to  significant  differences  in  the  amino  acid  profile  of 
the  shells  (Almeida  et  al.  1998).  Shell  length  growth  in  M.  edulis 
is  significantly  reduced  by  exposure  to  the  heavy  metals  zinc, 
mercury,  copper,  and  cadmium  but  not  lead  and  nickel  (Stromgren 
1982),  and  various  hydrocarbon  mixtures  (Stromgren  1986, 
Stromgren  et  al.  1986).  Given  that  high  levels  of  pollutants  alter 
shell  production  in  many  species  of  molluscs,  it  is  possible  that 
exposure  to  pollutants  could  alter  shell  growth  in  peari  oysters. 

This  study  investigates  the  effects  of  pollutants  on  total  growth 
and  shell  growth  in  pearl  oysters.  The  oysters  were  exposed  to 
either  the  essential  tnetal  zinc  or  the  nonessential  metal  lead.  These 
metallic  pollutants  are  both  common  estuarine  pollutants  arising 
from  urban,  industrial  and  agricultural  applications.  Oysters  were 
also  separately  exposed  to  either  of  the  aliphatic  hydrocarbons 
hexadecane  and  octacosane,  common  estuarine  pollutants  arising 
from  urbanization  and  recreational  and  industrial  boating.  Further- 
more, the  hydrocarbons  were  chosen  to  represent  differing  hydro- 
phobicity,  which  in  turn  has  resulted  in  differing  compartmental- 
ization  of  pollutants  between  the  shell  and  soft  tissue  of  mollu.scs 
in  previous  work  in  our  laboratory  (Walsh  et  al.  1995).  It  was 
hypothesized  that  high  concentrations  of  lead,  zinc,  hexadecane 
and  octacosane  would  reduce  both  total  and  shell  growth  in  the 
Akoya  pearl  oyster. 

MATERIALS  AND  METHODS 

Experimental  Design 

The  experiiTient  was  conducted  at  the  NSW  Fisheries  Port 
Stephens  Fisheries  Centre  from  June  to  August  2003  according  to 
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the  protocols  of  the  American  Society  for  Testing  and  Materials 
(ASTM)  E  729-96  ( 1996)  for  static  renewal  tests.  Fifty-one  indi- 
vidually aerated  8  L  aquaria  were  divided  across  two  large  water 
baths  maintained  at  22  C  for  the  course  of  the  experiment.  Oysters 
used  were  from  the  same  spaw  ning  batch  from  the  NSW  Fisheries 
oyster  hatchery.  Each  aquarium  contained  a  single  oyster,  allowing 
individual  changes  in  oyster  physiology  to  be  monitored.  After  a 
48-h  acclimatization  period  and  byssal  attachment  to  the  wall  of 
the  aquarium,  exposure  to  the  pollutant  commenced.  For  the  metal 
treatments,  exposure  was  through  the  addition  of  sufficient 
Pb(N03)2  or  ZnSOj  solution  calculated  .so  as  to  give  final  con- 
centrations of  background  +10,  30.  90,  270  |jLg  L"'  of  Pb  and  Zn. 
For  the  aliphatic  hydrocarbons,  sufficient  pollutant  dissolved  in 
chloroform  (at  a  concentration  so  us  to  ensure  that  the  maximum 
concentration  of  chloroform  in  any  aquaria  was  0.2  ml  L  ' )  was 
added  to  give  the  required  concentrations  of  background  -i-30.  90. 
270,  810  ng  L"'.  The  chloroform/hydrocarbon  pollutant  stocks 
were  stored  at  -15°C  and  the  metal  solutions  were  stored  at  4°C 
for  the  duration  of  the  experiment. 

Water  was  changed  thrice  weekly  and  the  oysters  were  fed 
daily  a  mixture  of  the  algae  Chaetoceros  miielleri  and  Tahitian 
Isochiysis  aff.  galhaiui  and  Pavlova  liitheri.  There  were  three  rep- 
licate aquaria  for  each  treatment.  A  control  treatment  with  three 
replicates  was  also  run.  Replacement  water  was  heated  to  22°C 
prior  to  water  changes  and  the  salinity  and  temperature  were  moni- 
tored daily.  Temperature  and  salinity  throughout  the  experiment 
remained  within  the  range  22  ±  0.5"C  and  33  ±  0.5  g  kg"',  re- 
spectively. 

Parameters  Monitored 

Before  commencing,  excess  moisture  was  drained  from  the 
surface  of  the  oysters  and  the  total  oyster  mass  was  determined  to 
the  nearest  0.1  g.  then  shell  length  and  shell  width  measured  to  the 
nearest  mm  using  vernier  calipers.  After  2  nmnths.  the  same  pa- 
rameters were  measured. 

Statistical  Analysis 

Differences  in  shell  length,  shell  width  and  total  oyster  mass 
were  analyzed  using  1-way  ANOVA.  Normality  and  homogeneity 
of  variance  were  verified  using  Levennes  test  and  via  graphing 
residuals,  and  the  data  were  natural  log  transformed  where  neces- 
sary. The  significance  level  was  taken  at  P  <  0.05.  Posthoc  analysis 
was  conducted  with  pairwise  Tukey  HSD  test.  For  the  Gaussian 
correlation  analyses,  as  well  as  testing  for  normality  and  homoge- 
neity of  variance,  a  power  analysis  was  also  conducted.  All  sta- 
tistical analyses  were  cairied  out  using  SPSS  v.  10.1  and  figures 
were  compiled  using  SigmaPlot  v  6. 

RESULTS 

Total  Oyster  Growth  {Imrease  in  Wet  Weii^hl) 

No  oyster  mortalities  occurred  during  the  experimental  period 
and  all  oysters  increased  in  total  wet  weight  over  the  2-inonth 
period.  Oysters  cultured  in  the  control  treatment  increased  total 
wet  weight  by.  on  average  (±SE|.  45  ±  8%. 

Exposure  to  the  higher  concentrations  of  zinc  and  lead  resulted 
in  reductions  in  oyster  growth  as  compared  with  control  oysters 
(Fig.  la,  b).  Oysters  exposed  to  the  highest  experimental  lead 
treatment  had  significantly  reduced  growth  (F  =  3.94.  P  =  0.036. 
Fig.  la),  compared  with  control  oysters.  Whereas  there  was  no 


significant  difference  in  the  total  growth  of  oysters  exposed  to  the 
highest  zinc  treatment  and  control  oysters,  a  significant  decrease 
in  total  growth  was  observed  for  the  270  jxg  L"'  zinc  treatment 
compared  with  the  30  \i.-i  L"'  treatment  (F  =  5.14.  P  =  0.016 
Fig.  lb). 

Exposure  to  the  aliphatic  hydrocarbons  hexadecane  and  octa- 
cosane  at  30-810  ng  L"'  did  not  reduce  total  body  mass  after  2 
months  (Fig.  Ic.  d). 

Shell  Growth 

Exposure  of  the  oysters  to  270  (jtg  L"'  of  lead  significantly 
leduced  shell  length  growth  (F  =  5.14.  P  =  0.016  Fig.  2a)  as 
compared  with  the  control  treatment.  The  mean  length  of  shells 
actually  decreased  by  2  ±  1%  (mean  ±  SE)  because  of  shell  weak- 
ening at  the  distal  margin.  Visually,  shells  from  oysters  cultured  in 
the  high  lead  treatment  lacked  the  imbricate  processes  at  the  distal 
margin  e\ident  in  oysters  grown  in  other  treatments,  indicating 
shell  stress  (Fig.  3).  Although  there  was  no  impact  on  the  measured 
shell  length  in  the  90  jjig  L~'  treatment.  Figure  3  shows  that  these 
oysters  also  lacked  the  imbricate  processes.  These  two  highest  lead 
concentrations  resulted  in  shells  that  were  weaker  and  more  brittle 
than  control  oysters.  Exposure  to  zinc  did  not  significantly  affect 
shell  length  growth  over  the  2-month  period  (Fig.  2b).  Exposure  to 
hexadecane  and  octacosane  at  30-810  ng  L"'  did  not  have  any 
significant  effects  on  shell  length  (Fig.  2c,  d). 

Shell  width  growth  was  significantly  greater  in  oysters  exposed 
to  30  and  90  |jig  L"'  lead,  yet  significantly  decreased  in  oysters 
exposed  to  270  jjig  L~'  lead  compared  with  control  treatments 
(F  =  4.6,  P  =  0.02,  Fig.  4d).  Exposure  to  the  longer  chain  hy- 
drocarbon, octacosane,  also  resulted  in  increased  shell  width 
growth  (Fig.  4d),  but  no  significant  differences  to  shell  width  were 
observed  for  oysters  exposed  to  zinc  and  hexadecane  (Fig.  4b,  c). 

Relationships  Between  Concentration  of  Pollutants  and  Shell  Growth 

For  lead,  zinc  and  octacosane.  clear  associations  were  apparent 
between  the  concentration  of  the  pollutant  and  the  percentage  in- 
crease in  shell  width  (Fig.  5).  Moderate  additions  of  these  pollut- 
ants above  the  background  level  caused  increases  in  the  shell  width 
growth.  However,  exposure  to  the  higher  experimental  treatments 
resulted  in  reduced  levels  of  shell  width  growth.  For  hexadecane, 
there  was  no  relationship  between  pollutant  concentration  and 
shell  width  growth. 

In  contrast  to  shell  width,  whereas  high  concentrations  of  lead 
inhibit  shell  length  growth,  there  was  no  relationship  between 
concentration  of  pollutant  and  shell  length  growth  for  all  4  experi- 
mental treatments. 

DISCUSSION 

Heavy  metals  Inhibit  growth  in  a  variety  of  mollusc  species 
(Manley  et  al.  1984,  Wikfors  et  al.  1994,  Din  &  Ahamad  1995. 
Keppler  &  Ringwood  2001 ).  In  this  study,  total  oyster  mass  was 
reduced  in  P.  iiiihricata  oysters  exposed  to  high  concentrations  of 
lead  and  zinc.  The  dose  response  was  not  linear,  with  no  obvious 
effects  on  oyster  growth  at  10-90  p.g  L"'  for  lead  and  zinc;  this 
indicates  that  P.  iiiihricata  is  relatively  tolerant  of  the  individual 
effects  of  lead  and  zinc,  at  least  up  to  concentrations  of  approxi- 
mately 90  |jig  L" ' .  Effects  on  total  oyster  mass  were  observed  at 
the  higher  concentration  (270  p,g  L"').  Typically,  the  concentra- 
tion of  dissolved  lead  in  low-moderately  human  impacted  estuaries 
is  below  l()|xgL"'  (Barnes  etal.  1982,  Dassenakis  et  al.  1997).  As 
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Kigiirt  1 .  Mean  change  in  mass  ( % )  of  Pinckula  iinbricata  cultured  under  fixe  different  concentrations  of  lead,  zinc,  hexadecane  and  octacosane. 
^realnu'nt^  identiiled  as  statistically  similar  are  denoted  by  identical  letters  as  determined  by  Tulvey  HSD  pairvvise  comparison  test.  Error  bars 
show  SE  (;i  =  i). 


such,  this  study  provides  important  information  on  the  zinc  and 
lead  tolerance  limits  of  the  commercially  important  Akoya  pearl 
oyster.  However,  caution  is  necessary  in  extrapolating  these  labo- 
ratory results  to  field  situations,  because  possible  synergistic  or 
antagonistic  effects  among  pollutants  may  exist.  Furthermore,  the 
potential  for  size  dependent  changes  of  metal  impacts  on  oyster 
hcallh  must  also  be  considered. 

Exposure  to  either  of  the  aliphatic  hydrocarbons  used  in  this 
study  did  not  significantly  effect  total  oyster  growth.  Organic  con- 
taminants are  known  to  adversely  affect  bivalve  molluscs  in  a 
variety  of  ways  including  reduced  feeding  (Widdows  et  al.  1990). 
induction  of  stress  proteins  (Cruz-Rodriguez  &  Chu  2002 ),  inhi- 
bition of  oogenesis  (Chu  et  al.  2000)  and  increased  respiration 
(Widdows  et  al.  1990).  However,  most  of  these  studies  involve 
either  haloginated  hydrocarbons,  such  as  polychlorinated  biphe- 
nyls  (PCB).  or  polycyclic  aromatic  hydrocarbons  (PAH),  with  very 
little  toxicological  information  regarding  aliphatic  hydrocarbons 
available.  The  results  from  this  study  indicate  that  dissolved  con- 
centrations of  aliphatic  hydrocarbons  in  the  high  ng  L"'  range  do 
not  impact  total  growth  of  P.  iinbricata. 

Shell  structure  of  P.  imivicata  exposed  to  270  |jLg  L"'  lead  was 
visibly  altered,  with  a  complete  lack  of  imbricate  processes  (frills) 
around  the  shell  margin.  Little  information  exists  on  the  effects  of 
pollutants  on  shell  growth  (Shuster  &  Pringle  1969,  Frazier  1976, 
Stromgren  1982,  Almeida  et  al.  1998.  Beeby  et  al.  2002),  and  this 
is  the  first  study  to  investigate  the  effects  of  pollutants  on  biomin- 
eralization  in  an  economically  important  pearl  oyster.  Lead  expo- 
sure has  previously  been  shown  to  reduce  shell  thickness  in  the 


common  garden  snail  Helix  aspersa  (Beeby  et  al.  2002),  and  alter 
amino  acid  composition  of  the  shell  of  Crassoslrea  gigas  (Almeida 
et  al.  1998).  In  our  study,  shell  growth  was  completely  impeded  by 
exposure  to  270  |xg  L^'  of  lead.  Shuster  and  Pringle  (1969)  re- 
ported complete  inhibition  of  shell  growth  by  Crassostrea  vir- 
giiiica  exposed  to  similar  concentrations  of  cadmium,  whereas 
StroiTigren  (1982)  observed  cessation  of  shell  growth  in  Mytilus 
edulis  when  exposed  to  copper  and  mercury.  These  results  could 
be  because  of  reduced  activity  of  the  enzyme  carbonic  anhydrase, 
an  enzyme  essential  for  shell  and  pearl  production  (Wilbur  & 
Jodrey  19.'i.'<.  Freeman  1960,  Miyamoto  et  al.  1996).  Lead  has 
previously  been  shown  to  inhibit  levels  of  carbonic  anhydrase  in 
both  anemones  and  corals  (Gilbert  &  Guzman  2001).  cadmium 
inhibits  carbonic  anhydrase  in  estuarine  crabs  (Vitale  et  al.  1999, 
Skaggs  &  Henry  2002)  and  eels  (Lionetto  et  al.  1998),  whereas 
silver,  copper  and  zinc  all  reduce  levels  of  carbonic  anhydrase  in 
crabs  (Skaggs  &  Henry  2(.)()2). 

Whereas  high  concentrations  of  lead  significantly  reduced  shell 
growth,  exposure  to  30  and  90  jxg  L"'  of  lead  had  the  opposite 
effect,  significantly  increasing  growth  in  shell  width.  Whereas  ac- 
tive metal  incorporation  into  shell  matrix  has  previously  been  de- 
scribed (Bertine  &  Goldberg  1972.  Sturesson  1976,  1978,  Al- 
Aasm  et  al.  1998),  this  is  the  first  reported  case  of  an  increase  in 
shell  growth  in  response  to  moderate  metal  challenge.  Exposure  to 
octacosane  also  resulted  in  a  significant  increase  in  the  growth  of 
shell  widths.  In  contrast,  hexadecane  did  not  significantly  increase 
shell  width  growth.  These  results  complement  the  earlier  work  of 
Walsh  et  al.  ( 1993).  who  observed  that  longer  chain  hydrocarbons 
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Figure  2.  Mean  change  shell  length  (<7f )  (>f  I'iiicUicIa  imhricata  cultured  under  Ine  different  concentrations  of  lead,  zinc,  hexadecane  and 
octacosane.  Treatments  identitled  as  statistically  similar  are  denoted  by  identical  letters  as  determined  by  Tukey  HSD  pairwise  comparison  test. 
Error  bars  show  SE  (ii  =  i). 


(those  compounds  resistant  to  cellular  degradation  systems)  pref- 
erentially accumulated  in  the  shell  of  the  gastropod  Austrocochlea 
consrricra.  whereas  shorter  chain  hydrocarbons  were  preferentially 
accumulated  in  the  soft  tissue  of  the  organism.  These  authors 
proposed  that  the  smaller  aliphatic  hydrocarbons  might  be  more 
easily  detoxified  via  cellular  enzymatic  systems  within  the  soft 
tissue,  whereas  more  hydrophobic  and  recalcitrant  compounds 
could  be  actively  partitioned  into  the  shell  matrix  and  thereby 
removing  them  from  metabolically  active  tissue  (and  subsequently 
the  food  chain).  The  observed  gaussian  response  of  shell  width  to 
three  of  the  four  pollutants  (Fig.  4)  tested  was  consistent  with  this 
theory,  although  this  result  is  highly  dependent  on  the  growth  of 


Figure  3,  Oysters  cultured  under  different  concentrations  of  lead; 
a)  10  Mg  L"'  b)  30  fig  L'  c)  90  pg  I.  '  and  d)  270  ng  I.  '.  Note  the 
imbricate  processes  (marked  in  b)  are  absent  around  the  shell  margins 
for  the  oysters  cultured  under  90  and  270  (ig  L"'. 


control  oysters  and  in  this  experiment  the  control  group  consisted 
of  only  3  oysters.  Further  studies  are  continuing  to  investigate  the 
capacity  of  these  animals  to  partition  heavy  metal  and  the  more 
hydrophobic  organic  pollutants  into  the  shell  matri.x. 

In  contrast  to  the  results  of  this  study,  Stromgren  et  al.  ( 19S6) 
observed  significant  reductions  in  shell  growth  of  the  mussel  M. 
ednlis  exposed  to  high  concentrations  of  a  microencapsulated  mix- 
ture of  n-alkanes.  Concentrations  used  in  our  study  were,  however, 
approximately  1,000  times  less  than  those  u.sed  by  Stromgren  et  al. 
(1986)  and  were  the  likely  cause  of  the  observed  differences.  In- 
terestingly. Stromgren  et  al.  (1986)  found  no  difference  in  the 
effect  of  the  aromatic  and  the  n-alkane  hydrocarbon  mixtures  on 
shell  growth.  Typically,  aromatics  are  viewed  as  being  more  toxic 
than  aliphatic  hydrocarbons  (Anderson  et  al.  1974).  Given  that 
very  little  is  known  about  the  effects  of  hydrocarbons  on  shell 
production  (Stromgren  1986.  Stromgren  et  al.  1986)  further  re- 
search in  this  area  is  clearly  warranted. 

Recently,  pearl  aquaculture  has  been  proposed  as  a  coastal 
bioremediation  technology  (Gifford  et  al.  2004).  This  is  because  of 
the  fact  that  pearl  oysters  have  high  filtration  rates  (Pouvreau  et  al. 
1999).  concentrate  pollutants  within  their  tissue  and  shell  (Al- 
Madfa  et  al.l998.  Bou-Olayan  et  al.  1995).  have  a  high  protein 
content  (Suzuki  1957,  Numaguchi  1995),  are  found  native  in  many 
areas  of  the  world  (Colgan  &  Ponder  2002)  and  the  highly  valued 
pearl  product  is  not  bound  for  human  consumption.  Because  the 
mechanism  of  pearl  production  is  similar  to  that  of  shell  produc- 
tion in  the  oyster,  any  effects  observed  on  shell  growth  would 
likely  be  mirrored  in  pearl  formation.  Therefore,  the  inhibition  of 
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Figure  4.  Mean  change  in  shell  width  Ci  I  of  Piiiclada  imhricata  cultured  under  five  different  lead,  zinc,  hexadecane  or  octacosane  treatments. 
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shell  growth  by  high  (270  jxg  L"')  concentrations  of  lead  in  this 
study  demonstrates  that  pearl  aquaculture  would  be  unlikely  to 
succeed  in  areas  suffering  from  high  concentrations  of  dissolved 
lead.  However,  moderate  concentrations  (10-90  |xg  L"')  of  dis- 
solved lead  had  the  opposite  effect,  stimulating  shell  width  growth. 
Furthermore,  whereas  high  (270  jig  L"')  zinc  concentrations  did 
not  significantly  effect  shell  growth,  a  finding  similar  to  Mai  et  al. 
(2003)  who  found  that  dietary  zinc  did  not  effect  biomineralization 
in  the  abalone  Haliutis  discus  luiniuii.  they  did  reduce  total  oyster 
growth.  Therefore,  pearl  aquaculture  would  unlikely  succeed  in 
areas  with  high  dissolved  zinc  concentrations.  The  concentrations 
of  aliphatic  hydrocarbons  used  in  this  study  did  not  negatively 
affect  any  of  the  measured  oyster  parameters,  and  in  fact  stimu- 
lated shell  width  growth  at  30-270  ng  L"'.  Therefore  careful 
evaluation  of  potential  sites  would  be  required  to  balance  metal 
remediation  requirements  and  pearl  quality/oyster  health  out- 
comes. 

CONCLUSION 

Exposure  to  high  (270  |jig  L"' )  concentrations  of  dissolved  lead 
reduced  total  oyster  growth  in  P.  imhiicuia.  Importantly,  high  (270 


(Jig  L"')  concentrations  of  lead  significantly  reduced  shell  growth 
and  altered  the  visible  appearance  of  the  shell,  the  first  demon- 
strated case  of  pc^llutanl-impeded  biomineralization  in  pearl  oys- 
ters. However,  intermediate  concentrations  ( 10-90  jjig  L"' )  of  lead 
and  zinc  actually  stimulated  shell  width  growth.  Exposure  to  the 
aliphatic  hydrocarbons  hexadecane  and  octacosane  had  no  effect 
on  the  total  oyster  growth.  However,  exposure  to  moderate  (30- 
270  ng  L"')  concentrations  of  the  long  chain  hydrocarbon  octa- 
cosane significantly  increased  shell  width  growth.  The  results  of 
this  study  demonstrate  the  general  tolerance  of  P.  imhiiaitu  to  the 
pollutants  lead,  zinc,  hexadecane  and  octacosane. 
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ABSTRACT  The  recreational  Roe's  abalone  fishery  is  concentrated  on  easily  accessible  reefs  that  adjoin  metropolitan  Perth  in 
Western  Australia.  There  is  a  restricted  recreational  fishing  season  of  1.5  h  a  morning,  for  six  consecutive  Sundays  in  November  and 
December  each  year.  The  reefs  near  Perth  are  also  the  focus  of  the  commercial  Roe's  abalone  fishery  in  Western  Australia.  The 
recreational  catch  and  effort  for  each  10  nautical  mile  section  of  the  Perth  fishery  is  estimated  from  a  creel  survey  with  instantaneous 
counts,  aerial  surveys  and  interviews  with  fishers,  from  1997-2003.  Most  of  the  recreational  and  commercial  catches  were  taken  from 
small  areas  of  the  fishery,  with  appro.ximately  87%  of  the  recreational  catch  coming  from  two  10  nm  sections,  and  98%  of  the 
commercial  catch  coming  from  these  two  and  one  additional  10-nm  section.  An  annual  quota  of  .^6  t  limits  the  commercial  catch. 
whereas  estimates  of  the  recreational  catch  increased  from  33-51  t  between  1997  and  2003.  Recreational  catch  and  effort  estimates 
from  1999  on  were  corroborated  by  an  independent  telephone  survey,  with  independent  estimates  falling  wiihiii  the  95%  confidence 
intervals. 

KEY  WORDS:     Roe's  abalone,  Haliotis  rod.  recreational  catch  and  effort,  commercial  catch,  volunteer,  creel  survey 


INTRODUCTION 

Roe's  abalone,  Haliotis  voei.  is  dislribtiled  between  the  central 
Victorian  coast  and  Shark  Bay  on  the  west  coast  of  Western  Aus- 
tralia (WA)  (Shepherd  1973).  It  occupies  the  low  intertidal  and 
shallow  subtidal  areas  of  rocky  reef  adjoining  the  coast  in  south- 
western Australia  (Shepherd  1973),  and  grows  to  a  maximum  size 
of  about  120  mm  (Wells  &  Keesing  1990).  In  the  waters  near  Perth 
WA,  Roe's  abalone  occupy  the  low  intertidal  and  subtidal  lime- 
stone reefs  of  the  mainland  and  offshore  islands.  It  also  occurs  on 
some  offshore  reefs  topped  by  wave-cut  platforms  at  about  low 
tide  level.  In  areas  of  favorable  habitat.  Roe's  abalone  attains 
densities  approaching  200  m""  (Hancock  2004).  Densities  are 
highest  at  the  seaward  edge  of  the  reef  platform  because  of  the 
settlement  of  the  recruits  in  this  habitat.  Densities  drop  to  low 
levels  by  about  1 .3  m  depth  on  the  subtidal  cliff  at  the  seaward 
edge  of  the  reef  Densities  decline  more  gradually  shoreward  from 
the  outer  edge  of  the  reef  platform.  The  mean  si/e  of  abalone  tends 
to  increase  subtidally  and  shoreward  from  the  seaward  edge  of  the 
reef  platform. 

WA  is  the  only  state  with  a  Roe's  abalone  fishery,  but  a  fea- 
sibility study  has  been  completed  in  South  Australia  (Preece  et  al. 
2003).  Commercial  abalone  fishing  in  the  Perth  area  began  in  the 
early  1960s,  but  was  small  scale  until  1970  when  an  influ.x  of 
divers  from  other  states  caused  a  rapid  increase  in  catches  (Joll  & 
Penn  1992).  In  1970  the  first  of  a  complex  array  of  area  closures 
and  restrictions  on  fishing  time  and  daily  catch  were  introduced  for 
the  commercial  fishery  in  the  Perth  area.  The  Perth  fishery  is 
currently  described  in  a  series  of  sections  of  10  min  of  latitude, 
(i.e.,  10  nautical  mile  [nm]  sections).  For  the  commercial  sector  the 
Perth  Roe's  abalone  fishery  extends  from  the  mouth  of  the  Moore 
River  in  the  north,  to  Cape  Bouvard  to  the  south  (sections  36^3, 
Fig.  1).  From  1992  to  2002  the  recreational  fishery  extended  ap- 
proximately 30  nm  further  north,  to  Wedge  Island  (sections  33^3, 
Fig.  1 ).  The  commercial  sector  is  excluded  from  fishing  in  the  area 
around  Rottnest  Island,  and  the  Cottesloe  area  of  the  mainland 
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coast.  These  areas  remained  open  to  recreational  fishers  until  the 
closure  of  Cottesloe  in  2003.  Rottnest  Island  was  not  included  in 
this  study,  and  is  not  considered  to  be  an  important  area  of  the 
fishery.  The  area  around  Penguin  Island  was  closed  to  recreational 
fishers  from  1996  to  1999.  but  remained  open  to  some  commercial 
fishing. 

Since  the  summer  of  1990  to  1991  the  commercial  catch  from 
the  Perth  fishery  has  varied  from  17.7—46.1  t  whole  weight,  com- 
pared with  a  total  catch  from  the  state  of  approximately  108-1 19 
t.  During  1997  regulation  of  the  commercial  harvest  of  abalone 
from  the  Perth  fishery  was  changed  from  mainly  input-controlled 
to  output-controlled  by  the  removal  of  restrictions  on  allowable 
fishing  times,  and  the  introduction  of  quotas.  Quotas  were  set  at  3 
t  for  each  of  the  12  commercial  fishers  (36  t  total  quota),  for  the 
period  from  October  1997  to  September  1998  inclusive,  reported 
here  as  the  1997  season.  To  align  the  quota  periods  for  the  different 
abalone  managed  areas  around  the  state,  the  Perth  season  was 
adjusted  to  an  April  to  March  quota  period. 

Interest  in  the  recreational  fishery  increased  steadily  from  the 
eariy  1970s.  By  the  early  1980s  increasing  fishing  pressure  had  led 
to  localized  stock  depletions  and  escalating  conflict  between  the 
two  user  groups,  resulting  in  a  closure  of  the  majority  of  the  fishery 
for  the  1983  season  (Wells  &.  Keesing  1989).  Since  the  recom- 
mencement of  fishing  in  1984,  there  has  been  a  series  of  restric- 
tions on  both  sectors,  including  the  introduction  of  a  recreational 
fishing  licence  in  1992.  Since  1995  the  season  has  consisted  of  6 
Sunday  mornings  from  7:00  am  to  8:30  am,  starting  on  the  first 
Sunday  in  November.  The  minimum  legal  size  of  abalone  taken  by 
the  recreational  sector  is  60  mm,  with  a  daily  limit  of  20.  The 
majority  of  fishers  wade  on  the  reef  platform  to  search  for  abalone, 
with  a  small  proportion  snorkeling  adjacent  to  the  platform.  The 
use  of  compressed  air  to  collect  abalone  from  the  subtidal  areas  by 
recreational  fishers  is  not  permitted. 

Australian  abalone  fisheries,  including  the  H.  rod  fishery,  are 
currently  considered  to  be  operating  at  sustainable  levels;  however 
globally  there  are  cases  where  high  exploitation  levels  have  been 
a  primary  cause  of  the  collapse  of  major  fisheries.  Notable  in- 
stances include  the  collapse  of  fisheries  in  California  (Tegner  et  al. 
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Figure  1.  Map  of  Western  Australia,  sliowing  the  area  oftiie  Perth  abalone  fishery  (inset),  subdivided  into  10  nni  sections  (enlargement).  Boxes 
indicate  the  portions  of  the  fishery  designed  as  high  usage  zone,  enlarged  in  Fig.  2.  +  indicates  the  location  of  the  wave  recording  station. 


1992.  Parker  et  al.  1992,  Kai-pov  et  al.  1998)  and  Mexico  (Guzman 
del  Proo  1992).  with  more  recent  concern  for  the  sustainahility  of 
the  .South  African  fishery  (TaiT  2()()(),  Tarr  et  al.  2000). 

Recreational  fisheries  are  increasingly  recognized  as  making  up 
an  important  component  of  the  total  fishing  harvest  of  exploited 
nearshore  marine  populations  (Kearney  1995).  Although  commer- 
cial catches  are  often  carefully  lecorded.  recreational  catches  are 
not  as  easily  quantified.  Consequently  there  is  an  emphasis  on 
measuring  the  recreational  catch  component  of  many  fisheries.  The 
aim  of  measuring  the  recreational  catch  and  effort  has  generally 
been:  (1)  to  quantify  an  important  impact  on  a  fished  stock,  in 
concert  with  commercial  catch;  (2)  to  address  issues  of  fishery 
sustainahility  and  (3)  to  establish  a  basis  for  informed  debate  re- 
garding resource  sharing  between  interest  groups  (Kearney  1995). 
Surveys  of  recreational  abalone  catch  and  effort  conducted  in  New 
South  Wales  (Wonhington  el  al.  1998)  and  Tasmania  (Lyle  & 
Smith  1998).  in  New  Zealand  (Teiniey  et  al.  1997.  Bradford  1998) 
and  South  Africa  (Anon  1998.  1999).  have  generally  concluded 
that  catch  and  effort  are  increasing  where  management  restrictions 
have  not  been  introduced.  The  recreational  component  of  these 


fisheries  varies  from  over  90%  in  some  areas  of  New  Zealand  and 
nearly  50%  in  South  Africa,  to  as  low  as  3%  in  Tasmania. 

In  the  Perth  Roe"s  abalone  fishery,  where  fishers  can  easily 
access  a  substantial  portion  of  the  abalone  population,  the  recre- 
ational catch  is  likely  to  be  a  particularly  important  component  of 
the  total  catch.  Because  Perth  is  also  the  focus  of  the  commercial 
fishery,  providing  approximately  one-third  of  the  annual  commer- 
cial catch  for  the  state,  understanding  the  total  catch  in  the  Perth 
fishery  is  an  important  component  of  managing  the  resource. 

The  total  catch  in  the  Perth  area  needs  to  be  determined  on  a 
scale  that  is  appropriate  to  the  stock  structure  for  the  species.  The 
genetic  neighborhood  of  populations  in  the  Perth  area  has  been 
found  to  be  less  than  13  km  (Hancock  2000).  Therefore,  catch  and 
effort  information  for  this  intensively  harvested  species  should  be 
considered  in  units  of  less  than  13  km,  or  units  of  semi  continuous 
reef  The  finest  spatial  resolution  of  the  commercial  catch  records 
during  the  period  of  this  study  was  10  nm  sections  of  coast.  These 
sections  reasonably  approximate  units  of  semi  continuous  reef 

The  objective  of  this  study  is  to:  (1)  estimate  the  recreational 
catch  and  effort  for  each  10  nm  section  of  the  Perth  Roe's  abalone 
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fishery  and  (2)  compare  the  relati\e  catches  ot  the  recreational  and 
commercial  sectors  over  the  study  period. 

This  study  has  been  complemented  by  the  development  of  an 
independent  telephone  survey  designed  to  estimate  the  recreational 
abalone  catches  from  the  whole  Western  Australian  coast.  The 
survey  was  stratified  to  provide  more  detail  tV>r  the  Perth  fishery 
(Hancock  et  al.  2(103).  Catch  estimates  from  the  Perth  area  derived 
from  telephone  and  creel  surveys  provide  a  rare  opportunity  to 
compare  independent  recreational  catch  estimates. 

MATERIALS  AND  METHODS 

A  methodology  for  estimating  the  recreational  catch  and  effort 
was  developed  using  an  intensive  examination  of  data  obtained 
between  1997  and  1999.  This  technique  was  then  used  to  obtain 
estimates  for  subsequent  years  as  an  on-going  monitoring  program. 
The  development  of  the  estimation  procedure  is  described  in  detail 
and  results  obtained  by  applying  the  described  technique  to  data 
collected  from  2000  to  2003  are  reported. 

Spatial  Siratifuation  iif  the  Perth  Recreatiinial  Fishery 

The  Perth  recreational  abalone  fishing  area  has  been  stratified 
into  zones  of  high  and  low  usage,  based  on  extensive  observations 
(Fig.  1 ).  The  highest  levels  of  utilization  are  in  areas  of  reef  ad- 
joining the  mainland  shore.  Within  this  range  the  areas  most  tar- 
geted by  recreational  fishers  have  been  identified  (Fig.  2).  The  low 
usage  zone  is  the  remainder  of  the  area  between  Cape  Bouvard  and 
Wedge  Island  (Fig.  1 ). 

Environmental  Conditions 

For  each  day  of  the  fishing  season  the  prevailing  fishing  con- 
ditions are  likely  to  influence  the  distribution  of  effort  and  the 
catch  rate  of  recreational  fishers.  To  quantify  fishing  condition  and 
enable  fishing  conditions  to  be  accounted  for  when  estimating 
effort,  a  10-point  index  was  developed,  with  very  good  conditions 
equal  to  0  and  very  poor  conditions  equal  to  9  (Table  1 ).  The 
fishery  operates  on  the  reef  platform  or  shallow  subtidal  areas  of 
an  exposed  coastline.  Wave  and  tide  height  are  thus  especially 
important,  with  minor  influence  from  light  level,  as  determined  by 
cloud  and  lain.  Wave  heights  were  obtained  from  the  Department 
of  Transport  "Deep  Channel"  wave  station  in  section  39 
(31°58'40"S  ll.'i°4ri2"E,  Fig.  1).  Recordings  were  divided  into 
wind-driven  wave  and  swell  height,  based  on  wave  period.  On 
mornings  with  a  dominant  easterly  (offshore)  wind,  swell  height 
was  used,  and  on  mornings  with  a  dominant  westerly  (onshore) 
wind,  the  sum  of  swell  and  wind-wave  height  was  used.  Tide 
heights  were  obtained  from  the  Department  of  Transport,  Fre- 
mantle  recording  station.  Cloud  cover  and  rainfall  were  obtained 
from  the  Bureau  of  Meteorology.  Mt.  Lawley  station. 

Effort — High  Usage  Zone 

Within  the  high  usage  zone  there  were  20  discrete  areas  from 
which  counts  of  the  number  of  fishers  were  taken  (Fig.  2).  All 
fishers  were  visible  from  raised  vantage  points  within  each  area. 
The  length  of  coast  adjacent  to  the  20  areas  ranged  from  130  m  to 
89.'i  m,  giving  a  total  of  6,924  m  of  coast  in  the  areas  counted,  or 
609;)  of  the  total  length  of  reef  which  provides  suitable  habitat  for 
Roe's  abalone  (1 1,553  m)  in  the  high  usage  zone  (Fig.  2).  Count 
areas  were  located  systematically  throughout  each  lO-nm  section 
to  achieve  an  approximately  even  geographical  spread  of  sampling 
effort,  whereas  the  exact  size  and  position  of  each  area  was  ad- 


justed so  that  unambiguous  start  and  end  points  could  be  described 
from  land  and  air.  using  purpose-drawn  maps.  Count  areas  repre- 
sented reefs  of  high  and  low  accessibility,  and  greater  and  lesser 
usage  by  fishers. 

Department  of  Fisheries  research  staff  and  volunteer  fisheries 
liaison  officers  (VFLOs)  conducted  instantaneous  counts  of  the 
numbers  of  fishers.  VFLOs  were  instructed  to  take  a  minimum  of 
one  count  of  fishers  actively  engaged  in  fishing  from  their  area  at 
7:10  AM  (710  count),  and  encouraged  to  take  3  or  more  counts 
throughout  the  fishing  period.  Research  staff  conducted  a  count 
every  10  min  from  7:10  am  to  8:20  am,  a  total  of  eight  counts  for 
the  1.5-h  period.  Effort  was  calculated  in  fisher  minutes  for  each 
count  area  using  the  research  samples  and  the  VFLO  samples  for 
which  there  were  three  or  more  instantaneous  counts.  The  VFLO 
samples  were  used  only  if  a  710  count  was  taken,  and  at  least  one 
count  was  taken  from  each  half  hour  period  between  7:30  to  8:00 
AM  and  8:00  to  8:30  am.  The  calculation  of  effort  can  be  illustrated 
bv  plotting  the  histogram  of  instantaneous  counts  taken  during  the 
fishing  period  at  a  site,  against  the  time  the  counts  were  taken  (Fig. 
3).  The  area  of  the  histogram  describes  the  effort  in  fisher  minutes. 
For  the  volunteer  samples,  the  area  of  each  bar  of  the  histogram  or 
effort  described  by  each  count  was  determined  by  the  timing  of 
each  instantaneous  count.  This  can  be  described  as  in  the  following 
equation: 
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where  E  is  the  effort  for  the  count  area  on  a  day  in  fisher  minutes, 
C  is  an  instantaneous  count  of  fishers,  I  is  the  time  the  instanta- 
neous count  was  taken  in  minutes  from  the  start  of  fishing  at  7:00 
AM,  i  indicates  the  count  number  for  intermediate  counts  between 
I  and  /,  the  final  count  for  the  fishing  period. 

Analysis  of  fisher  participation  was  initially  undertaken  using 
data  collected  during  the  3  years  from  1997  to  1999.  Counts  of 
fisher  participation  were  taken  from  a  possible  total  of  20  areas  per 
fishing  day.  for  each  of  the  six  fishing  days  in  1997,  1998  and  1999 
(Table  2).  There  were  two  kinds  of  measures  of  effort  during  1997 
to  1999,  those  calculated  from  the  research  samples  with  eight 
counts  per  day  (41  cases),  and  those  calculated  from  VFLO 
samples  with  three  to  five  counts  per  day  ( 146  cases).  Each  type  of 
sample  included  a  710  count.  Table  2  also  contains  two  types  of 
missing  values  where  there  were  insufficient  data  to  calculate  ef- 
fort for  an  area  on  a  given  day:  those  for  which  the  available  effort 
information  was  only  one  710  count  (58  cases),  scenario  a:  and 
those  for  which  there  was  no  effort  information  at  all  (115  cases), 
scenario  b.  The  missing  values  were  estimated  using  two  predic- 
tive generalized  linear  models  that  were  developed  with  the  infor- 
mation contained  in  the  187  research  and  VFLO  samples.  The  use 
of  volunteer  staff  limits  the  ability  to  prescribe  completely  the 
timing  and  number  of  counts  taken  during  a  fishing  day  and  the 
areas  counted  per  day.  resulting  in  missing  data  for  some  areas. 

For  the  first  model,  scenario  a.  the  research  and  VFLO  sam- 
pling was  used  to  establish  a  relationship  between  the  710  count 
and  fishing  effort  at  an  area  for  a  given  day.  after  accounting  for 
variables  and  interactions  that  may  affect  this  relationship.  This 
model  then  used  the  710  count  to  predict  the  missing  effort  esti- 
mate for  the  1.5-h  fishing  period  (Table  3).  The  appropriate  pre- 
dictive model  to  estimate  the  effort  for  scenario  b  was  determined 
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Figure  2.  Maps  of  the  hish  usage  zones  (HUZ)  of  each  10  nm  section  of  the  Perth  abalone  fishery,  indicating  the  20  areas  where  fishers  were 
counted  for  estimation  of  effort. 


by  examining  the  relationship  between  the  effort  calculated  from 
research  and  VFLO  sampling  and  the  variables  that  most  influence 
effort.  The  variables  investigated  were  data  source  (research  or 
VFLO).  year,  day,  count  area,  and  fishing  condition  (Table  4).  As 
a  result  of  increasing  variances  in  effort  with  increasing  710  count 
levels,  effort  and  710  count  values  were  log  transformed.  Because 
geometric  means  are  calculated  from  log  transformed  data  the 
predicted  values  of  effort  will  be  biased.  A  coirection  for  this  bias 
was  included  by  multiplying  all  back  transformed  estimates  by 
i„(S"/2)  where  S"  is  the  residual  mean  square  error  for  the  model 
used  to  make  the  estimate  (Baskerville  1972.  Caputi  et  al.  1979). 
The  models  developed  from  the  1997  to  1999  data  were  applied 


to  the  counts  of  tlsher  participation  for  IQOO  to  200.i.  During  this 
period  there  were  no  research  counts  taken  e\ery  10  min  from  the 
same  area.  There  were  120  possible  count  area/day  combinations 
per  year.  For  each  combination  there  is  either  a  niinimum  of  three 
counts  including  the  710  count,  a  710  count  only  or  no  count 
information  (Table  2). 

Effort  for  the  individual  count  areas  was  summed  for  each  10 
nm  section  and  then  extrapolated  to  produce  an  estimate  of  daily 
effort  for  the  whole  10  nni  section.  The  scaling  factor  used  was  the 
ratio  of  the  total  number  of  fishers  in  the  high  usage  zone,  to  the 
number  of  fishers  in  the  20  count  areas.  This  ratio  was  obtained 
from  analysis  of  digital  video  taken  from  light  aircraft  at  150  m 
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TABLE  1. 

Kmironniental  measures  included  in  an  index  of  Tishing  conditions 
for  the  Perth  recreational  Roe's  ahalone  fishery.  Category  values 

are  summed  across  measures  K'olumnsi,  hy  choosing  the 

corresponding  value  for  the  category  from  each  column  to  give  an 

overall  index  on  a  scale  of  0  to  ').  \\  ave  height  is  the  mean  of  tHO 

recordings  at  7:0(1  and  S:00  wi.  tide  height  is  the  mean  of  four 

half-hourly  recordings  taken  from  7:00  \\i.  cloud  cover  refers  to  the 

mean  of  two  observations  at  7:00  and  8:0(l  \M.  and  rainfall  refers  to 

the  period  from  6:00  to  y:00  \M.  Category  \alues  for  the  four 

environmental  variables  are  summed  to  derive  the  fishing 

condition  index. 


Wave 

Tide 

Category 

Height 

Height 

Cloud 

Value 

(ml 

(cnil 

Cover 

Rainfall 

0 

0.00-0.30 

to  30 

%-% 

Nil 

1 

0.31-0.60 

31-60 

'/«-% 

Rain 

2 

0.61-0.90 

61-90 

— 

— 

3 

0.91-1.20 

>90 

— 

— 

4 

>  1 .20 

— 

— 

— 

(500  feet).  Digital  video  was  first  successfully  used  on  day  5  of  the 
2000  season.  Previous  attempts  to  use  analog  video  footage  to 
obtain  this  ratio  were  unsuccessful  because  of  inadequate  resolu- 
tion. The  ratio  obtained  for  2000  was  applied  to  1997  to  1999.  A 
separate  ratio  was  obtained  from  digital  video  taken  on  one  day  of 
each  subsequent  year,  and  used  to  extrapolate  effort  estimates  for 
that  year  (Table  5). 

Effort — Low  Usage  Zone 

In  the  low  usage  zone  information  on  effort  was  collected  from 
aerial  counts  of  fishers,  with  no  land-based  surveys.  Aerial  surveys 
were  conducted  on  two  days  of  each  fishing  season  between  1997 
and  2002,  days  2  and  5  in  1997  and  1999  to  2002,  days  1  and  4  in 
1998.  and  on  one  day  (day  2  only)  for  2003.  Counts  were  taken 
from  500  feet,  beginning  at  Cape  Bouvard  in  the  south  between 
7:00  AM  and  7:30  am,  and  ending  at  Wedge  Island  in  the  north 
between  8:00  am  and  8:30  am.  Fishers  on  each  reef  were  few 
enough  to  allow  direct  counts  of  abalone  tlshers.  Direct  aerial 
counts  were  not  possible  for  the  high  usage  zone  because  of  the 
high  density  of  fishers. 

Aerial  counts  were  assigned  to  the  same  10-  or  15-niin  lime 
intervals  used  to  calculate  effort  from  the  research  counts,  and  an 
effort  value  in  fisher  minutes  for  that  interval  was  calculated.  To 
estimate  effort  for  the  1.5-h  period  from  this  one  count  it  was 
assumed  that  the  distribution  of  fishing  effort  during  the  fishing 
period  in  these  areas  was  the  same  as  in  the  high  usage  zone,  where 
research  counts  were  taken.  Thus, 
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Figure  3.  Example  histograms  to  illustrate  the  calculation  of  effort 
from  (A)  the  eight  counts  of  a  research  sample,  and  (B)  three  VFEO 
counts  as  a  worst  case  example  of  a  VFLO  sample  where  three  to  five 
counts  were  made.  X  indicates  the  position  of  each  instantaneous  count 
of  the  number  of  fishers. 

in  the  count  areas  of  the  high  usage  zone  for  each  year,  based  on 
the  two  days  with  aerial  survey  information  each  year. 

Catch  Rate  and  Catch 

Catch  rates  were  obtained  from  interviews  of  fishers  as  they 
returned  to  the  beach  after  fishing.  Interviews  were  conducted  by 
VFLOs,  who  recorded  the  time  of  the  interview  and  the  number  of 

TABLE  2. 
Number  of  effort  counts  of  different  types  for  1997-2003. 


£,  =  2  C,^//" 


where  £,  is  the  effort  for  the  low  usage  zone  portion  of  a  10-nm 
section,  n  is  the  number  of  reef  counts  of  fishers  in  a  section,  C,  is 
an  aerial  count  of  fishers  on  reef  /,  T  is  the  10  or  15  min  period  the 
count  is  allocated  to  and  P  is  the  mean  proportion  of  the  total  effort 
for  the  research  areas  attributed  to  that  10  or  15-min  period. 

To  estimate  the  effort  for  the  low  usage  zone  on  days  when 
aerial  surveys  were  not  conducted,  the  effort  in  each  10-nm  section 
of  this  zone  was  assumed  to  be  a  constant  proportion  of  the  effort 


Research 

Volunteer 

Counts 

Counts 

Count  at 

Number  of 

Year 

8  per  Day 

3-5  per  Day 

7:10 

WI  Only 

Nfissing  Counts 

1997 

17 

33 

27 

43 

1998 

12 

52 

24 

32 

1999 

12 

61 

7 

40 

2000 

44 

14 

62 

2001 

73 

5 

42 

2002 

65 

6 

49 

2003 

39 

12 

69 
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TABLK  3. 

ANOVA  model  of  the  dependent  variable  log  effort  used  to  estimate 
effort  for  areas  with  only  one  710  count  (scenario  a). 


TABLE  5. 

Percentage  of  the  total  number  of  fishers  that  were  within  the  count 

areas  used  to  estimate  effort  for  the  high  usage  zone  of  each  section 

of  the  Perth  recreational  Roe's  abulone  fishery. 


Source 

df 

Mean 
Square 

F  Ratio 

P 

%  in 

Count  Areas 

log  710  count* 

1 

0.S46 

104.5 

<0.001 

2000, 

2001. 

2002. 

2003, 

Day' 

counted 

1 
19 

0.1  S5 
0.01? 

22.8 
1.9 

<0.0()1 
0.0"'4 

Section 

Days 

Day  2 

Day  2 

Day  2 

Area 

Fishing  condition* 

1 

0.041 

5.0 

0.016 

M 

100.0 

100.0 

100.0 

100.0 

log,,. 

,710  count  X  day 

1 

0.120 

14.8 

<0.001 

38 

62.9 

64.9 

67.1 

63.6 

loa,, 

,710  count  X  area  counted 

IS 

0.016 

^.0 

0.013 

39 

90.4 

93.3 

86.8 

94.7 

lot.,, 

1  7 1 0  count  X  fishing 

condition 

1 

0.090 

11.1 

0.001 

40 

7S.0 

70.0 

100.0 

Closed 

Resi( 

Jual 

144 

O.OOS 

41 

75.0 

100.0 

87.5 

64.3 

Asterisk  indicates  covariates.  R-  =  0.951. 

abalone  taken,  when  the  fisher  commenced  fishing,  and  how  long 
they  had  been  fishing.  Where  two  or  more  fishers  were  pooling 
their  catch,  the  number  of  abalone  was  divided  equally  between 
fishers.  Interviews  were  not  restricted  to  the  20  areas  with  counts, 
but  were  conducted  throughout  the  high  usage  zone,  and  from  the 
Mandurah  area,  at  the  southern  extremity  of  the  Perth  fishery. 
Variations  in  catch  rates,  calculated  in  abalone  per  fisher  hour, 
were  examined  using  ANOVA  for  the  yeans  1997  to  1999.  Factors 
examined  as  possible  influences  on  catch  rate  were  10  nm  section, 
year,  day  and  fishing  condition.  Catch  rates  were  skewed  toward 
high  values  and  were  normalized  using  a  log  (catch  rate  +  0.05) 
transformation. 

Multiplying  the  estimates  of  effort  and  mean  calcli  rate  per  day 
provided  an  estimate  of  catch  for  the  recreational  sector,  expressed 
as  a  number  of  abalone. 

The  commercial  catch  in  the  Perth  fishery  is  monitored  in 
whole  weight  only,  so  the  mean  weight  of  recreationally  caught 
abalone  was  investigated  to  allow  conversion  of  the  recreational 
catch  to  whole  weight  for  comparison  with  commercial  catches. 
Weigh  stations  were  established  at  an  access  point,  the  catch  of 
fishers  leaving  the  beach  was  weighed  and  the  number  of  abalone 
per  catch  recorded,  giving  mean  abalone  weight  per  catch.  During 
the  1999  season  catch  weights  were  recorded  from  1  site  per  day 
on  days  2.  4  and  6  of  the  fishery.  During  2000  weight  measure- 
ments were  taken  from  between  .3  and  7  sites  per  day.  from  a  total 
of  10  sites,  or  26  site-day  combinations,  including  the  3  sites 
sampled  in  1999.  The  relationship  of  mean  abalone  weight  and 

TABLE  4. 

ANOVA  model  of  log  effort,  used  to  estimate  effort  for  areas  with 

no  170  count,  for  areas  with  at  least  one  instantaneous  count  taken 

each  year  (scenario  hi. 


Source 


df 


Mean 
Square 


F  Ratio 


Year 
Day 

Area  counted 
Fishing  condition* 
Day  X  fishing  condition 
Area  counted  x  year 
Residual 


T 

0.260 

19.6 

<0.00l 

4 

0.033 

2.5 

0.045 

19 

0.771 

58.1 

<0.001 

1 

0.023 

1.7 

0.191 

4 

0.08 1 

6.1 

<0.001 

28 

0.031 

2.3 

<0.(IOI 

27 

0.013 

Asterisk  indicates  covariate.  R~ 


0.929. 


site,  day  and  fishing  condition  was  examined  using  ANOVA  of 
data  collected  during  the  2000  season.  The  relationship  between 
mean  abalone  weight  and  site,  year  and  fishing  condition  was 
examined  using  ANOVA  of  the  data  collected  from  the  three  sites 
sampled  during  the  1999  and  2000  seasons. 

Commercial  Sector 

Commercial  catch  is  reported  for  each  10  nautical  mile  section 
of  the  Western  Australian  coast  from  Shark  Bay  to  the  South 
Australian  boarder.  Catches  in  whole  weight  are  reported  on  a 
daily  basis  as  part  of  the  quota  management. 

RESULTS 

F^fforl — High  Usage  Zone 

Linear  regression  between  log  effort  and  log  710  count,  for  the 
1 S7  research  and  VFLO  samples  combined,  for  1997  to  1999  data, 
indicated  a  strong  positive  relationship  {R~  =  0.854.  P  <  0.001). 
For  scenario  a.  where  a  710  count  is  available,  an  analysis  of 
variance  with  log  effort  as  the  dependent  variable,  was  used  to 
consider  the  effect  of  the  data  source  (research  or  VFLO  samples) 
together  with  log  710  count,  and  other  variables  year.  day.  count 
area  and  fishing  condition.  The  data  source  was  significant  (P  = 
0.028).  but  accounted  for  only  0.2%  of  the  sum  of  squares  after 
accounting  for  the  effect  of  the  other  variables.  This  is  a  minor 
influence  on  the  model  where  the  main  effects  account  for  92.3% 
of  the  total  sum  of  squares.  There  was  no  significant  first  order 
interaction  between  the  data  source  and  the  other  five  explanatory 
variables.  Therefore,  the  research  and  volunteer  samples  were 
pooled  for  further  analysis.  The  main  effect  of  year  was  not  sig- 
nificant {P  =  0.554)  and  there  was  no  interaction  between  year 
and  log  710  count  (P  =  0.142).  Therefore,  year  was  dropped  from 
further  analyses.  Day  and  count  area  were  significant  as  main 
effects  {P  <  0.001).  Fishing  condition  proved  to  have  important 
interactions  and  was  retained.  The  ANOVA  was  repeated  after 
removing  data  source  and  year  from  the  model.  The  main  effects 
and  the  most  influential  first  order  interactions  are  shown  in  Table 
3.  For  this  model  the  interactions  of  log  710  count  with  day.  area 
and  fishing  condition  account  for  1 .4%.  1 .3%  and  0.4%  of  the  total 
sum  of  squares  respectively.  This  model  (Table  3)  was  used  to 
estimate  missing  effort  values  for  areas  with  only  the  710  count. 
The  effect  of  day  was  positive  and  significant,  indicating  that  as 
the  season  progressed,  and  abalone  were  progressively  fished 
down,  the  effort  required  for  a  given  number  of  fishers  to  obtain 
the  daily  catch  increased.  The  effect  of  fishing  condition  was  also 
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posilive  and  significant.  iiidiLaliny  that  as  fishing  conditions  dete- 
riorated the  average  individual  fisher  spent  more  time  on  the  reef 
searching  for  their  catch.  This  is  because  abalones  tend  to  occupy 
the  area  where  waves  breal<.  on  the  seaward  section  ot  the  reef 
platform,  and  it  becomes  more  difficult  to  fish  as  the  waves  be- 
come larger.  This  difficulty  is  compounded  by  an  increase  in  the 
depth  of  water  over  the  reef  platform  (tide  height),  because  the 
majority  of  fishers  wade  without  mask,  snorkel  or  weights. 

For  scenario  b.  the  ANOVA  model  of  the  five  likely  influences 
on  log  effort  without  a  710  count  showed  that  data  source  was  not 
significant  as  a  main  effect  (P  =  O.O.'Sl)  and  accounted  for  only 
0.3%  of  the  total  sum  of  squares.  There  were  no  significant  first- 
order  interactions  between  data  source  and  the  other  explanatory 
variables.  Therefore,  research  and  volunteer  samples  were  pooled. 
All  other  variables  were  significant  as  main  effects  (P  <  0.001). 
For  the  remaining  variables  (year,  day,  count  area  and  fishing 
condition)  the  dominant  first-order  interactions  are  year  x  count 
area  and  fishing  condition  x  day  (Table  4).  These  interactions 
account  for  3.7'7r  and  1.5%  of  the  total  sum  of  squares,  respec- 
tively. This  model  (Table  4)  was  used  to  estimate  the  effort  for 
areas  with  no  counts  for  a  given  day.  For  this  model  effort  in- 
creased as  the  season  progressed,  indicating  that  fishers  continued 
to  participate  despite  declining  numbei's  of  legal-sized  abalone 
later  in  the  season,  and  the  time  spent  obtaining  the  catch  increased 
after  other  factors  were  accounted  for.  The  relationship  with  fish- 
ing condition  was  negative,  indicating  that  on  average  as  fishing 
conditions  deteriorated  there  were  fewer  people  fishing  for  the  day. 
although  the  average  fisher  that  did  participate  fished  for  longer  to 
obtain  their  catch  (scenario  a). 

Inclusion  of  year  in  an  interaction  term  in  the  model  means  that 
it  is  not  possible  to  estimate  effort  for  a  count  area  for  any  year  in 
which  there  were  no  counts  on  any  day  during  that  year.  For  these 
area-year  combinations,  effort  has  been  estimated  using  the  main 
effects  only,  which  still  explain  87.7%  of  the  variation.  The  same 
relationship  was  used  to  estimate  the  effort  values  for  the  1  1  area- 
year  combinations  with  no  count  information  for  2000  to  2003. 

Extrapolation  of  effort  from  the  count  areas  per  section,  to  the 
total  for  the  high  usage  zone  of  each  section,  was  done  using  the 
ratio  of  the  total  number  of  fishers,  to  the  number  within  the  count 
areas  for  each  section.  This  ratio  was  first  available  from  day  five 
of  the  2000  season,  and  was  applied  to  the  estimates  for  1997  to 
2000.  the  ratio  used  for  extrapolation  in  subsequent  years  was 
available  from  sampling  in  that  year  (Table  5).  Extrapolated  esti- 
mates of  effort  over  the  total  of  the  high  usage  reefs  increased  from 
1 1,336  fisher-hours  in  1997,  to  19,216  fisher-hours  in  2003  (Table 
6),  an  increase  of  70%  over  the  7  y. 

Effort — /,<>H'  Usage  '/.one 

The  mean  percent  of  the  effort  from  the  research  areas,  that  was 
attributed  to  each  10  or  15  min  count  period,  ranged  between 
22.1%  for  the  710  count  to  6.1%  for  the  count  at  S:20  am  (Table 
7).  The  relationship  was  used  to  estimate  the  proportion  of  the 
effort  for  a  fishing  day  that  was  described  by  each  instantaneous 
count  in  the  low  usage  zone.  The  estimates  of  effort  indicate  neg- 
ligible fishing  activity  in  sections  33,  34,  35  and  42.  Between  1997 
and  1999  the  effort  in  the  low  usage  zone  decreased  slightly  (88S- 
565  h),  before  beginning  a  rapid,  steady  rise  to  1 9 1 0  h  in  2003.  The 
increase  in  effort  in  the  low  usage  zone  has  been  most  notable  in 
sections  41  and  43  toward  the  southern  extent  of  the  fishery. 

The  total  effort  for  the  hieh  and  low  usace  zones  combined  is 


dominated  by  section  3S,  which  received  between  43'/r  (201)0)  and 
55%  ( 1998)  of  the  total  effort  during  the  study  period,  averaging 
49%.  Section  39  received  between  32%  (2003)  and  44%  (2000), 
averaging  38%.  Sections  38  and  39  combined  accounted  for  be- 
tween 85%  (2003)  and  90%  (1999)  averaging  87%.  The  high  usage 
zone  accounted  for  an  average  of  94%  of  the  effort  during  the 
7-year  study  period  (Table  6)  varying  fi-om  91 't  (2003)  to  97% 
(1999). 

Catch  Rate  and  Catch 

Analysis  of  variance  showed  that  year,  day,  section  and  fishing 
cotidition  were  significant  main  effects  influencing  catch  rate  be- 
tween 1997  and  1999.  Because  of  the  large  sample  size  (4,025) 
inany  of  the  factors  and  interactions  are  likely  to  be  significant. 
Fishing  condition  accounted  for  10.1%  and  day  accounted  for 
3. 1%  of  the  total  sum  of  squares.  Section  and  year  each  accounted 
for  less  than  1%  of  the  total  sum  of  squares.  When  the  most 
influential  interaction  terms  are  added  to  the  model  the  fit  to  the 
data  is  slightly  improved  (R~  =  0.190),  with  fishing  condition  x 
day  accounting  for  2.9%  of  the  total  sum  of  squares  (P  <  0.001), 
and  day  x  section  1.4%  of  the  total  sum  of  squares  (P  <  0.001). 
Given  the  minor  influence  of  10  nm  section  on  the  catch  rate,  and 
the  large  number  of  interviews,  the  respective  daily  mean  catch 
rate  was  considered  appropriate  for  estimating  catch  in  number  of 
abalone,  on  a  daily  basis,  from  the  estimates  of  effort.  The  average 
catch  rates  varied  between  16  and  32  abalone  per  hour  for  the  days 
fished  in  1997  to  2003. 

A  summary  of  the  weight  data  collected  between  1999  and 
2003  is  piovided  in  Table  8.  ANOVA  results  for  the  three  sites 
sampled  in  1999  and  2000  showed  that  fishing  condition  did  not 
have  a  significant  effect  on  mean  weight.  Site  and  year  were  both 
significant  as  main  effects  with  no  significant  interaction  between 
the  two.  The  model  of  site  and  year  as  main  effects  explains  28.8% 
of  the  observed  variation  with  S.l'/f  being  because  of  site  and 
23.8%  because  of  year. 

Results  for  ANOVA  o\  the  21)00  weight  data  indicate  that  fish- 
i)ig  condition  is  only  significant  in  its  interaction  with  site  {P  = 
0.034)  when  modeling  mean  abalone  weight  against  site,  fishing 
condition  and  the  interaction  of  site  x  fishing  condition.  In  this 
case  fishing  condition  accounts  for  only  1.2%  of  the  total  variation 
explained  (26.7%)  and  is  not  considered  important.  When  the 
model  of  day,  site  and  day  x  site  is  considered  all  terms  are 
significant.  The  model  explains  29.0%  of  the  observed  variation 
with  2.7%'  explained  by  the  interaction  of  site  and  day,  2.7% 
explained  by  day  alone  and  23.6%  explained  by  site.  Examination 
of  the  mean  abalone  weight  frotn  all  sites  measuied  per  day  indi- 
cates the  site  x  day  interaction  is  most  strongly  influenced  by  an 
unusually  low  mean  weight  from  Cottesloe  on  day  6,  a  mean  from 
a  relatively  small  sample  (9  catches),  which,  together  with  the 
small  percentage  of  error  explained,  suggest  that  the  interaction  is 
not  of  great  importance  and  that  the  mean  weight  o'i  abalone  is 
predominantly  influenced  by  site. 

To  account  for  the  few  sites  sampled  in  1 999,  the  ratio  of  the 
2000  value  for  the  3  sites  that  were  measured  in  both  years,  over 
the  value  for  all  sites  measured  in  2000,  has  been  used  to  derive  the 
value  that  would  have  been  expected  if  all  sites  were  measured 
during  the  1999  season.  These  seasonal  means  have  been  used  to 
convert  catch  in  number  of  abalone  to  catch  in  kilograms  whole 
weight  for  1999  to  2003  (Table  9).  As  no  mean  weight  information 
is  available  for  1997  and   1998  the  average  of  1999  and  2000 
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TABLE  6. 

Estimates  of  effort  (flsher  hours)  for  the  low  (LUZ)  and  high  (HUZ)  usage  zone  portion  of  each  10-nm  section  of  the  Perth  recreational 

ahalone  fishery.  Effort  is  from  the  aerial  survey  counts  on  the  days  indicated.  LUZ  %  is  the  mean  of  the  aerial  survey  effort  expressed  as  a 

percent  of  the  total  effort  for  the  HUZ  count  areas  for  that  day.  LUZ  effort  is  the  sum  of  the  two  effort  values  derived  from  aerial  surveys 

and  the  effort  for  the  remaining  4  days  estimated  as  a  proportion  (mean  %  I  of  the  total  effort  for  the  HUZ  count  areas  per  day.  HUZ  is  the 

total  extrapolated  HUZ  effort  per  section,  and  Total  is  the  sum  of  the  LlIZ  and  HUZ  effort. 


Year 
Section 

1997 

1998 

1999 

LUZ 

HUZ 

Total 

LUZ 

HUZ 

Total 

LUZ 

HUZ 

Total 

33 

32 

32 

0 

0 

0 

0 

34 

0 

0 

67 

67 

14 

14 

35 

66 

66 

0 

0 

0 

0 

36 

152 

152 

129 

129 

120 

120 

37 

175 

2.54 

429 

188 

523 

712 

55 

605 

660 

38 

40 

6,115 

6.155 

60 

8,498 

8.558 

107 

8.189 

8,296 

39 

0 

4.311 

4.3 1  1 

0 

5,187 

5.187 

0 

6.243 

6,243 

40 

37 

483 

520 

0 

504 

504 

49 

404 

453 

41 

165 

172 

337 

45 

173 

218 

98 

245 

343 

42 

55 

55 

7 

7 

6 

6 

43 

166 

166 

123 

123 

117 

117 

Total 

888 

11.336 

12.223 

619 

14.884 

15,.503 

565 

15.686 

16,251 

Year 
Section 

2(H)0 

2001 

2(102 

2003 

LUZ 

HUZ 

Total 

LUZ 

HUZ 

Total 

LUZ 

HUZ 

Total 

LUZ 

HUZ 

Total 

^^ 

14 

14 

0 

0 

0 

0 

1.34 

1.34 

34 

10 

10 

0 

0 

21 

21 

0 

0 

35 

0 

0 

0 

0 

84 

84 

0 

0 

36 

126 

126 

63 

63 

146 

146 

313 

313 

37 

107 

723 

830 

7 

1.037 

1 .044 

1.^0 

667 

797 

213 

1 .047 

1.260 

3S 

11. ^ 

6.693 

6.808 

25 

7.930 

7.955 

131 

8.316 

8,447 

162 

1  I.OOS 

11.170 

39 

0 

7,042 

7.042 

0 

7,.^92 

7.392 

0 

7,400 

7,400 

0 

6,804 

6.804 

40 

41 

316 

357 

37 

192 

229 

64 

61 

124 

77 

0 

77 

41 

24(1 

165 

405 

701 

118 

819 

584 

90 

674 

535 

.357 

892 

42 

27 

27 

20 

20 

45 

45 

18 

18 

43 

198 

198 

204 

204 

,WI 

391 

459 

459 

Tola) 

877 

14.9.39 

15. 

817 

1 .059 

16.668 

17.727 

1. 

594 

1 6,5-U 

18,127 

1.910 

19,216 

22,126 

(104.6  g)  has  been  assumed  for  the  conversion  of  the  recrea- 
tional catch  in  nuniher  of  abalone  to  whole  weight  for  1997  and 
1998. 

The  low  usage  zone  of  the  Perth  recreational  ahalone  fishery 
represents  a  minor  portion  of  the  total  recreational  catch  (Table  9), 
averaging  only  6.-3%,  of  the  total  number  of  abalone  taken  from 
1997  to  2003.  Total  recreational  catches  estimated  in  number  of 


abalone  increased  from  1997  to  2003  with  a  minor  decrease  in 
2000  because  of  a  decrease  in  the  estimated  catch  from  section  38 
of  over  50,000  abalone.  The  recreational  catch  is  taken  primarily 
from  two  sections,  38  and  39,  which  averaged  87.2%  of  the  catch 
over  the  7  years  (8.5.0%  to  89. .5%).  Catches  froni  both  sections  38 
and  39  showed  an  upward  trend  over  the  7-year  period,  with  sec- 
tion 38  averauinc  49.3%  and  section  39  averaging  37.9%  of  the 


TABLE  7. 

The  mean  percentage  of  effort  per  area  counted  per  day,  described 

by  each  time  interval  used  to  calculate  dally  effort  for  the  research 

areas  counted  from  1997  to  1999.* 


Time  Interval 


Mean  %  Effort 


7:0(J-7:15  AM 
7;  16-7:25  AM 
7:26-7:35  am 
7:36-7:45  am 
7:46-7:55  am 
7:56-8:05  am 
8:06-8:15  AM 
8:16-8:30  AM 


22.30 

16.10 

15.85 

13.62 

11.09 

8.54 

6.31 

6.17 


tSE 


0.91 
0.44 
0.37 
0.28 
0.33 
0.40 
0.37 
0.54 


TABLE  8. 

Summary  of  weigh  station  data  collected  from  the  Perth 
Recreational  Roe"s  abalone  fisherv  1999  to  2003. 


Mean 

Number 

Weight/ 

Areas 

Dav/Area 

Catches 

of 

Abalone 

Year 

Surveyed 

Combinations 

Weighed 

.Abalone 

(Weighted,  g I 

1999 

3 

3 

133 

2,320 

*  1  1 9.4 

2000 

10 

26 

762 

14,516 

89.8 

2001 

14 

47 

1,854 

35,838 

91.6 

2002 

11 

36 

1,702 

3 1 ,909 

89.7 

2003 

9 

29 

1,563 

29,760 

96.4 

'  Standard  error. 


41  (R  in  Table  3.2). 


*  Weighted  mean  from  3  sites  sampled,  adjusted  by  the  ratio  of  the  mean 
weifiht  for  those  3  sites  to  the  mean  from  the  10  sites  using  the  2000  data. 


TABLE  9. 

Estimates  of  recreational  catcli  (ky)  in  the  high  (Hl'Z)  and  low  (LlIZl  usane  /.ones  of  eacli  Id  nm  section,  with  combined  recreational  catch 

(Reel  commercial  catch  (Com.)  and  the  total  catch  from  the  Perth  ahalone  tlshery,  iyy7-2()().<.  Blanks  indicate  no  HL'Z,  or  thai  these 

sections  lie  bejond  the  northern  boundary  of  the  Perth  fishery  lor  the  connnercial  sector  (sections  33  to  35).  latch  weights  lor  1997  and 

1998  have  been  derived  nsins;  a  mean  Height  of  104.6  }■  obtained  for  1999-20(10. 


Year 
Section 

1997 

199S 

HUZ 

LUZ 

Rec. 

Com. 

Total 

HUZ 

LUZ 

Rec. 

Com. 

Total 

33 

84 

84 

84 

0 

0 

0 

34 

0 

0 

0 

166 

166 

166 

35 

178 

178 

178 

0 

0 

0 

36 

415 

415 

436 

851 

319 

319 

188 

507 

37 

702 

475 

1,177 

3.54 

1.531 

1,334 

467 

1.800 

0 

1,800 

38 

16.698 

108 

1 6,806 

14.184 

30,990 

20,973 

147 

21,121 

11.562 

32.683 

39 

1  1 .662 

0 

1 1 .662 

9.925 

2 1 ,587 

12,812 

0 

12,812 

5.878 

18.690 

40  Is. 

1,342 

101 

1,443 

207 

1650 

1.2-V5 

0 

1,235 

0 

1.235 

4! 

454 

454 

908 

1 1 .045 

11,953 

440 

111 

551 

6.563 

7,114 

42 

1.50 

150 

0 

L50 

17 

17 

0 

17 

43 

455 

455 

0 

455 

304 

304 

0 

304 

Total 

30,858 

2.421 

33.279 

.%.15l 

69,430 

36.794 

1 .532 

38,326 

24.190 

62.516 

Year 
Section 

1999 

2000 

HUZ 

LUZ 

Rec. 

Com. 

Total 

HUZ 

LUZ 

Rec. 

Com. 

Total 

33 

0 

0 

0 

26 

26 

26 

34 

40 

40 

40 

19 

19 

19 

35 

0 

0 

0 

0 

0 

0 

36 

341 

341 

17 

358 

236 

236 

-%3 

599 

37 

1 ,636 

159 

1,795 

269 

2,064 

1.362 

201 

1,563 

641 

2.204 

38 

22,934 

.Wl 

23,235 

12.242 

35,477 

12.573 

217 

12.790 

10,516 

23.305 

39 

17,282 

0 

17,282 

9.259 

26,-541 

13.178 

0 

13,178 

5,075 

18,254 

40  Is. 

1.112 

136 

248 

153 

289 

588 

77 

665 

0 

665 

41 

685 

276 

961 

13.924 

14.885 

309 

451 

760 

19.718 

20,478 

42 

16 

16 

0 

16 

52 

52 

0 

52 

43 

337 

337 

228 

565 

371 

371 

197 

568 

Total 

43.649 

1,607 

45,2.56 

36.091 

8  1  ,.347 

28.010 

1.649 

29.660 

36.509 

66,169 

Year 
Section 

2001 

2002 

HUZ 

LUZ 

Rec, 

Com, 

Total 

HUZ 

LUZ 

Rec. 

Com. 

Total 

33 

0 

0 

0 

0 

0 

0 

34 

0 

0 

0 

40 

40 

40 

35 

0 

0 

0 

160 

160 

160 

36 

158 

158 

0 

158 

280 

280 

280 

37 

2.625 

18 

2,644 

258 

2.902 

1,2,54 

258 

1,512 

491 

2,003 

38 

19.739 

63 

19.802 

15.4.30 

35,232 

16.768 

258 

17.026 

16.038 

33,064 

39 

18.342 

0 

18..342 

6.232 

24,574 

14.5.50 

0 

14.5.50 

4.,305 

18.855 

40  Is. 

478 

93 

571 

210 

781 

125 

125 

249 

761 

1.010 

41 

292 

1.745 

2.037 

13.277 

15.314 

177 

1.1,59 

1,337 

14.370 

15.707 

42 

51 

51 

51 

86 

86 

86 

43 

507 

507 

507 

774 

774 

774 

Total 

41.476 

2.6.36 

44.112 

35,406 

79.5 1 8 

32.875 

3.141 

36,016 

35,965 

71.981 

Year 

Section 

2003 

HUZ 

LUZ 

Rec, 

Com. 

Total 

33 

320 

320 

320 

34 

0 

0 

0 

35 

0 

0 

0 

36 

749 

749 

74 

823 

37 

2,521 

511 

3,032 

266 

3.298 

38 

26.262 

387 

26.649 

15.668 

42,317 

39 

16.347 

0 

16,347 

6.054 

22,401 

40  Is. 

0 

185 

185 

1.198 

1,383 

41 

860 

1,280 

2.140 

12.601 

14,741 

42 

42 

42 

42 

43 

1.099 

1 .099 

145 

1,244 

Total 

45.990 

4.574 

50.564 

36.007 

86.571 
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total  recreational  cateh  from  the  Perth  fishery  measured  as  the 
number  of  abalone  taken. 

The  effect  of  the  variation  in  mean  abalone  weight,  on  the  catch 
estimates  in  whole  weight,  is  to  accentuate  increases  in  catch  be- 
tween 1997  and  1999  and  to  accentuate  decreases  between  1999 
and  2000  (Table  9).  The  total  recreational  catch  estimate  increased 
by  36.0%  between  1997  and  1999.  then  decreased  by  34.5%  be- 
tween 1999  and  2000.  This  was  driven  by  an  increase  in  catch  of 
39.1%  for  section  38  and  48.0%  for  section  39  between  1997  and 
1999.  and  a  subsequent  decrease  in  catch  of  45.0%  for  section  38 
and  23.8%  for  section  39  between  1999  and  2000.  The  total  rec- 
reational catch  increased  by  51.9%  between  1997  and  2003. 

The  telephone  survey  that  began  in  1999  (Hancock  et  al.  2003) 
provides  an  independent  estimate  of  the  recreational  Roe's  abalone 
catches  from  the  Perth  fishery  as  a  whole.  These  estimates  com- 
pare favorably  with  the  results  of  the  present  field  survey,  with 
field  survey  results  falling  within  the  95%  confidence  intervals  of 
the  telephone  survey  estimates  (Fig.  4).  The  independent  estimates 
corroborate  the  increasing  trend  in  the  recreational  catch  of  Roe's 
abalone  from  the  Perth  fishery. 

Combined  Commercial  and  Recreational  C  atcli 

The  commercial  sector  has  caught  its  quota  from  the  Perth 
fishery  in  recent  years,  the  majority  of  the  catch  (97%  to  99%) 
coming  from  the  10  nm  sections  38,  39  and  41  during  this  study 
(Table  9).  Catches  from  sections  38,  39  and  41  averaged  40%.  20% 
and  38%  of  the  total  commercial  catch  from  the  Perth  fishery  over 
the  seven  years.  Nearly  all  of  the  commercial  catch  from  section  41 
comes  from  the  low  usage  portion,  an  area  of  very  low  recreational 
catch. 

The  commercial  catches  are  atypical  for  1998  because  of  a 
one-off  reduction  of  the  commercial  quota  to  24  t  for  the  6-month 
period  from  October  1998  to  March  1999  inclusive.  The  commer- 
cial catch  from  section  38  increased  during  2001  to  2(X)3.  whereas 
the  catch  from  section  39  decreased  during  2000  to  2003.  with  any 
difference  being  made  up  from  section  4 1 . 

The  commercial  and  recreational  catches  are  not  comparable 
for  1 998  because  of  the  shortened  commercial  season.  Combined 
commercial  and  recreational  catches  ha\e  increased  25%  between 


Year 
Figure  4.  Comparison  of  recreutional  catch  tstiniates  in  number  of 
abalone  from  the  field  surveys  and  the  telephone  surveys  (±95%  con- 
fidence intervals)  for  the  Perth  recreational  Roe's  abalone  fishery. 
Phone  survey  data  provided  by  T.  Baharthah  and  N.  .Sumner  (unpub- 
lished data). 


1997  and  2003.  going  from  69.5  to  86.6  t  respectively  (Table  9). 
The  recreational  catch  from  the  Perth  fishery  has  increased  from 
47.9%  to  58.4%  of  the  combined  recreational  and  commercial 
catch  between  1997  and  2003.  although  the  proportion  has  varied 
during  that  period.  Section  38  is  the  most  productive  of  the  o\  erall 
fishery,  producing  an  average  of  45%  of  the  annual  catch,  with 
section  39  producing  an  average  of  29%  and  section  41  producing 
an  average  of  18%. 

DISCUSSION 

The  cost  of  survey  personnel  has  commonly  been  a  major  limi- 
tation on  the  design  of  creel  surveys  to  estimate  catch  and  effort  in 
recreational  fisheries  (e.g.,  Jones  et  al.  1990,  Newman  et  al.  1997). 
In  this  survey  the  use  of  numerous  volunteers  has  largely  over- 
come this  limitation.  The  use  of  volunteers  introduces  other  limi- 
tations, the  primary  one  being  a  reduced  ability  to  prescribe  the 
areas  surveyed  on  a  daily  basis.  This  limitation  has  been  addressed 
largely  by  the  use  of  predictive  GLM  models  to  estimate  the  miss- 
ing effort  values.  The  use  of  these  estimation  techniques  was  made 
practical  by  the  highly  predictable  patterns  of  recreational  fishing 
effort  within  the  high  usage  zone  areas  counted,  with  the  7 10  count 
proving  to  be  an  effective  indicator  of  effort  (/?"  =  0.951,  Table 
3).  The  estimation  of  effort  in  areas  for  which  no  counts  were 
available  was  also  achieved  with  a  high  degree  of  confidence,  with 
R~  values  of  0.929  and  0.877  for  the  two  models  used  to  estimate 
missing  effort  values  (Table  4). 

Creel  surveys  have  been  conducted  previously  using  roving  or 
access  point  methods,  requiring  stratification  of  the  fishery  by  time 
and  space  (Malvestuto  &  Knight  1991).  The  structure  of  the  Perth 
abalone  fishery  makes  it  possible  to  sample  the  entire  fishing  area 
of  the  low  usage  zone  for  one  third  of  the  fishing  days,  requiring 
the  assumption  that  the  percent  of  effort  observed  during  this  pe- 
riod in  the  low  usage  zone  is  representative  of  the  remaining  4  of 
the  6  fishing  days.  It  is  possible  to  obtain  measures  of  effort  from 
the  whole  fishing  period  for  the  high  usage  zone,  leaving  space  as 
the  dimension  requiring  stratification.  This  study  uses  direct  ob- 
servation of  effort  from  60%  of  the  high  usage  zone.  Extrapolating 
effort  from  count  areas  to  total  high  usage  zone  per  section,  using 
the  ratio  of  the  total  number  of  fishers  in  the  high  usage  zone,  to 
the  number  within  the  combined  count  areas  from  only  I  day 
assumes  that  the  ratio  for  that  day  is  representative  of  all  fishing 
days  considered.  This  assumption  deserves  further  examination  in 
the  future. 

The  method  of  estimating  effoiT  also  assumes  thai  all  Hidi\idu- 
als  on  the  reef  were  participating  in  the  abalone  fishery.  Effort  may 
be  over  estimated  if  there  were  a  significant  number  of  people  that 
were  present  on  the  reef  that  were  not  intending  to  collect  abalone, 
and  subsequently  not  interviewed  later.  Evidence  that  this  was  not 
the  case  is  that  very  few  people  refused  an  interview,  and  that  on 
each  day  there  were  interviews  of  people  that  had  caught  zero 
abalone.  Because  Roe's  abalone  tend  to  occupy  the  surf  zone,  it  is 
unlikely  that  large  numbers  of  people  would  venture  into  this 
environment  w  ithout  reason.  The  occasional  angler  present  on  the 
reef  was  easily  identified,  and  not  included  in  the  count  of  abalone 
fishers. 

An  advantage  of  this  method  of  catch  estimation,  over  tele- 
phone or  mail  surveys,  is  that  the  estimate  takes  into  account 
catches  by  unlicensed  fishers  on  the  reef,  or  by  fishers  who  have 
returned  to  fish  a  second  quota  for  the  day.  This  component  of 
illegal  fishing  is  captured  by  the  direct  observation  of  effort.  Much 
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of  the  illegal  lake  of  more  than  the  prescribed  bag  limit  is  also 
accounted  for  by  using  direct  observations  of  catches.  Other  illegal 
activity  such  as  out  of  season  poaching  remains  unaccounted  for  in 
this  stud) . 

The  low  usage  zone  contributed  between  .'?.5%  and  9.0'/(-  of  the 
recreational  effort,  and  aerial  surveys  provide  a  cost  effective  tech- 
nique for  estimating  this  proportion.  For  the  low  usage  zone,  con- 
version of  instantaneous  counts  to  effort  assumes  that  the  distri- 
bution of  Fishing  effort  throughout  the  fishing  period  in  this  zone 
is  similar  to  the  average  distribution  of  effort  in  the  research  areas 
counted  in  the  high  usage  zone.  Fishing  is  allowed  throughout  the 
fishing  day  in  areas  more  than  800  m  offshore.  Although  the 
amount  of  fishing  that  is  conducted  outside  the  core  fishing  time  in 
offshore  areas  of  the  low  usage  zone  is  known  to  be  low.  this 
provides  scope  for  an  underestimation  of  effort.  Areas  affected  are 
the  low  usage  reefs  of  section  40.  42  and  section  41  for  1997  only. 
The  offshore  areas  of  section  41  were  brought  under  the  mainland 
regulations  in  1998.  This  change  did  not  produce  any  discernible 
impact  on  the  estimates  of  effort  for  this  area,  so  any  effects  on 
estimates  of  total  effort  are  likely  to  be  minor. 

Within  the  recreational  sector  the  fishing  competence  and  the 
confidence  of  individuals  in  the  water  vary  considerably.  This  is 
reflected  in  the  range  of  individual  catch  rates  on  any  day.  with 
some  fishers  returning  to  the  beach  with  few  abalone  for  all  but  the 
best  fishing  conditions  and  some  fishers  taking  their  bag  limit  of 
20  abalone  in  as  little  as  5  min.  It  is  therefore  necessary  to  calculate 
mean  catch  rates  from  a  large  number  of  interviews.  For  this  study 
catch  rates  have  been  calculated  from  between  98  and  414  inter- 
views per  day.  Catch  rates  for  the  Perth  recreational  Roe's  abalone 
fishery  are  high  compared  with  other  abalone  fisheries  (e.g..  Lyie 
&  Smith  1998.  Worthington  et  al.  1998).  and  fishing  times  are  low. 
reflecting  the  high  densities  of  this  species. 

The  recreational  catches  have  been  converted  to  estimates  of 
whole  weight  for  comparison  with  commercial  catches.  The  con- 
sistent and  highly  significant  change  in  the  mean  weight  of  abalone 
taken  in  the  recreational  fishery  between  1999  and  2000  highlights 
the  possibility  that  assuming  a  mean  weight  for  the  1997  and  1998 
seasons,  on  the  basis  of  measurements  made  in  1999  and  2000. 
may  introduce  an  appreciable  bias  in  the  estimation  of  catch 
weight  for  these  years.  Trends  in  catch  indicated  by  number  of 
abalone  taken  would  be  more  reliable  for  these  years,  and  com- 
parisons with  the  commercial  catch  for  1997  and  1998  should  be 
interpreted  with  added  caution.  The  mean  weights  for  2000  to 
2003,  which  have  been  sampled  from  at  least  9  sites  have  been 
relatively  consistent  varying  from  90  to  96  g.  The  high  mean 
weight  in  1999  may  have  been  affected  by  the  low  level  of  sam- 
pling in  the  first  year  when  mean  weights  were  sampled. 

The  recreational  catch  from  the  high  usage  zone  is  highly  domi- 
nated by  sections  38  and  39,  and  there  was  a  substantial  decrease 
in  fishing  effort  in  2000  (Table  6).  particularly  evident  in  section 
38.  Reasons  for  this  decrease  in  effort  are  likely  to  include  fishing 
conditions  that  were  more  challenging. 

The  nature  of  recreational  catch  estimates  means  that  they  are 
generally  based  on  a  set  of  assumptions  that  are  difficult  to  test. 
This  led  Pollock  et  al.  (1994)  to  conclude  that  the  only  real  test  of 
the  accuracy  of  these  estimates  is  corroboration  from  two  or  more 
independent  estimates.  Given  the  time  and  cost  involved  in  esti- 
mating recreational  catches,  the  availability  of  two  independent 
estimates  is  unusual.  The  telephone  survey  was  used  to  estimate 
recreational  abalone  participation  rates,  fishing  effort  and  catch  for 
the  three  exploited  species  of  abalone  in  Western  Australia.  A 


stratified  random  sample  comprising  about  80(1  of  the  up  to  21.000 
abalone  license  holders  were  contacted  by  phone  (Hancock  et  al. 
2003).  The  close  agreement  between  the  two  independent  esti- 
mates of  the  recreational  Roe's  abalone  catch  (Fig.  4)  greatly 
increases  the  confidence  that  each  represents  a  valid  estimate  of 
the  catch  for  this  fishery. 

In  no  other  abalone  fishery  in  the  world  is  there  such  a  focus  of 
fishing  activity  adjoining  the  suburban  area  of  a  major  city.  Also, 
most  abalone  species  throughout  the  worid  are  predominantly  sub- 
tidal  and  occur  in  lower  densities,  meaning  that  fishers  require  a 
higher  level  of  expertise  and  equipment  to  access  them.  The  more 
diffuse  nature  of  most  abalone  fisheries  tends  to  favor  mail  or 
telephone  surveys  as  a  means  of  estimating  the  recreational  catch 
and  effort  (Weithman  1991)  where  recreational  fishing  license 
information  can  be  used  to  target  fishers. 

Abalone  fisheries  throughout  the  world  are  exploited  to  differ- 
ent extents  by  the  commercial  and  recreational  sectors,  but  the 
recreational  catch,  where  it  has  been  estimated,  is  generally  an 
important  component  of  the  legal  catch,  with  recreational  fishing 
effort  tending  to  increase  (Teirney  et  al.  1997.  Anon.  1998.  1999, 
Bradford  1998.  LyIe  &  Smith  1998.  Worthington  et  al.  1998).  The 
combination  of  their  high  value  and  accessibility  makes  it  impor- 
tant to  monitor  catch  trends  in  these  fisheries. 

In  the  Perth  fishery  the  Roe's  abalone  catch  is  high,  reaching 
42t  for  a  10  nm  section  of  coast,  and  concentrated  in  just  30  nm 
(sections  38.  39  and  41).  Of  these,  section  41  is  nearly  exclusively 
fished  by  the  commercial  sector.  Sections  38  and  39  are  the  most 
heavily  exploited,  with  the  recreational  sector  taking  between  54% 
and  729f  of  the  catch  from  these  sections  during  the  7-year  period 
of  this  study.  Examination  of  the  population  structure  of  Roe's 
abalone  has  demonstrated  that  individual  stocks  are  separated  by 
less  than  13  km  of  coast  (Hancock  2000).  This  scale  is  well  rep- 
resented by  the  patches  of  semicontinuous  reef  within  each  10  nm 
section  of  the  Perth  fishery.  The  present  results  provide  catch  and 
effort  information  on  a  scale  of  the  individual  biological  stocks 
within  the  fishery.  Any  stock  assessment  for  this  fishery  should  be 
conducted  on  the  same  spatial  scale. 

The  recreational  catch  increased  65<^'^  during  the  period  of  the 
study,  and  now  exceeds  the  commercial  catch,  whereas  the  com- 
mercial catch  is  fixed  via  quotas.  This  study  provides  the  catch  and 
effort  information  required  to  manage  this  intensively  used  fishery 
on  the  scale  of  the  biological  stocks  that  make  up  the  fishery.  This 
has  been  achieved  despite  the  fine  scale  spatial  subdivision  of 
individual  .stocks. 
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ABSTRACT  Silver-lip  pearl  oyster  [PinekuUi  imixiimi)  spat  surveyed  in  tlie  Eighty  Mile  Beach  section  of  the  North  West  Shelf  have 
been  used  in  conjunction  with  outputs  from  a  particle  dispersion  model  to  identify  likely  spawning  grounds.  The  dispersion  model 
consisted  of  a  3-dimensional  regional  circulation  model  in  which  large  numbers  of  individual  particles  were  tracked  over  the  period 
1994  to  1999.  From  the  settlement  areas  defmed  by  the  spat  data,  larvae  were  tracked  back  in  time  over  their  estimated  pelagic  phase 
of  24-31  days  within  the  main  .spawning  period  of  mid  October  to  late  December.  The  reverse  calculation  was  also  undertaken  looking 
at  larval  dispersion  from  known  broodstock  populations.  Results  demonstrate  that  large  tidal  currents  in  the  region  move  larvae  back 
and  forth  across  the  shelf,  whereas  lower  frequency  currents  influence  their  net  transport.  Whereas  some  model  larvae  traveled  more 
than  60  km.  most  were  transported  less  than  30  km.  The  model  results  suggest  that  spawning  in  the  Eighty  Mile  Beach  region  is 
concentrated  around  the  recently  surveyed  broodstock  distribution  between  8  and  15  m  depth,  with  potential  smaller  contributions  from 
the  northeast.  These  spawning  events  are  likely  to  lead  to  successful  recruitment  locally  and  alongshore  to  the  southwest.  They  also 
feed  larvae  into  neighboring  shallow  coastal  environments  (through  tidal  oscillations)  and  deeper  waters  to  the  west  (-20  m).  However, 
spat  abundances  seem  to  he  low  in  these  areas,  suggesting  that  recruitment  is  strongly  limited  by  habitat  availability  and  possibly  high 
mortality  rates  in  shallow  water.  High  local  abundances  of  broodstock  and  spat  observed  occasionally  in  deeper  water  (-30  m)  seem 
to  be  supported  by  intermittent  larval  transport  from  mshore  populations.  However,  spawning  in  this  area  seems  to  contribute  little  to 
recruitment  in  the  inshore  populations. 

KEY  WORDS:     PinciaJa  maxima,  oysters,  larvae,  larval  transport,  recruitment 


INTRODUCTION 

The  pearling  industry  on  Australia's  North  West  Shelf  (NWS) 
relies  substantially  on  shell  caught  from  the  inshore  waters  of 
Eighty  Mile  Beach  (Fig.  1).  The  most  sought  after  species  is  the 
silver-lip  pearl  oyster,  Pinctada  ma.xima  (Jameson)  that  produces 
the  silver-white  South  Sea  pearl.  Oyster  beds  on  the  NWS  provide 
"wild  shell,"  which  is  collected  by  divers,  before  being  seeded  and 
placed  back  on  the  seabed  in  framed  net  enclosures  or  "panels." 
After  recovering  for  a  few  months,  they  are  transported  to  farms 
where  the  pearls  can  develop.  These  activities  are  managed  as  a 
gauntlet  fishery,  where  oysters  are  caught  at  the  optimum  size  for 
seeding  (120-160  mm)  leaving  the  larger  mother-of-pearl  (MOP, 
>I75  mm)  as  breeding  stock. 

Recently  surveyed  MOP  distributions  show  increasing  abun- 
dance with  water  depth,  whereas  the  abundance  of  recruits  ( 120- 
160  mm)  tends  to  decrease  (Hart  &  Friedman  2004).  This  decou- 
pling of  broodstock  and  recruitment  might  be  explained  by  net 
onshore  transport  of  larvae  spawned  in  deeper  waters  being  offset 
by  high  rates  of  fishing  and  natural  mortality  in  shallow  waters. 
This  is  the  basis  for  the  long-standing  belief  within  the  pearling 
industry  that  deep  "unfished"  stocks  could  be  broodstock  .source 
for  the  commercially  fished  inshore  stock.  However,  prior  to  this 
study,  such  a  hypothesis  had  not  been  tested. 

It  is  clearly  critical  to  the  management  of  the  fishery  to  under- 
stand the  P.  maxima  reproductive  cycle  (Rose  et  al.  1990)  and 
establish  the  geographical  extent  of  the  spawning  stock  supporting 
the  fishery.  The  objective  of  this  study  is  to  use  a  particle  disper- 
sion model  in  combination  with  results  from  pearl  oyster  surveys 
to  investigate  larval  transport  and  settlement.  Specifically,  poten- 


*Correspondiiig  author:  E-mail:  ScoU.Condie@csiro.au 


tial  settlement  distributions  have  been  estimated  based  on  surveyed 
MOP  spawning  populations  and  compared  with  results  from  spat 
abundance  surveys.  The  reverse  calculation  has  also  been  made, 
estimating  potential  spawning  distributions  based  on  spat  abun- 
dance data  and  comparing  these  with  the  MOP  distribution  data. 
This  has  allowed  us  to  test  the  hypothesis  that  deep-water  MOP 
stocks  support  inshore  recruitment,  and  population  connectivity 
relationships  more  generally,  within  P.  maxima  stocks. 

MATERIALS  AND  METHODS 

Larval  dispersion  patterns  were  modeled  by  tracking  particles 
transported  by  ocean  currents  estimated  from  a  circulation  model 
for  the  North  West  Shelf  Particle  trajectories  were  used  to  esti- 
mate both  potential  settlement  sites  and  potential  spawning  sites. 
Spawning  distributions  were  based  on  a  MOP  survey  conducted  in 
September  2001,  whereas  settlement  distributions  were  based  on  3 
years  (2001  to  2003)  of  spat  surveys.  These  surveys  were  focused 
off  Eighty  Mile  Beach,  where  most  of  the  fishery  is  concentrated. 

Circiilalioii  Model 

The  circulation  model  was  developed  as  part  of  the  North  West 
Shelf  Joint  Environmental  Management  Study  (NWSJEMS  2002, 
Condie  et  al.  2003)  and  was  based  on  code  referred  to  as  MECO 
(Model  for  Estuaries  and  Coastal  Oceans).  MECO  is  a  general- 
purpose  finite-difference  hydrodynamic  model  applicable  to  scales 
ranging  from  estuaries  to  ocean  basins.  It  uses  a  curvilinear  or- 
thogonal grid  in  the  horizontal  and  fixed  "z"  coordinates  in  the 
vertical.  A  comprehensive  description  of  the  underlying  theory  is 
provided  in  the  MECO  Scientific  Manual  (Herzfeld  et  al.  2002). 
MECO  has  found  previous  applications  in  systems  such  as  the  Port 
Phillip  Bay  (Walker  1999),  Bass  Strait,  the  Great  Australian  Bight 
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Figure  1.  Map  of  the  model  grid  region,  batliymetry  and  key  locations. 

and  Southeastern  Australia  (Bruce  et  al.  2001)  and  the  Gulf  of 
Carpentaria  (Condie  et  al.  1999). 

MECO  was  implemented  for  the  NWS  on  a  rotated  latitude- 
longitude  grid  with  horizontal  resolution  of  approximately  10  km 
(Condie  et  al.  2005a).  This  grid  extended  from  Cape  Cuvier  in  the 
southwest  to  the  Bonaparte  Archipelago  in  the  northeast  and  well 
beyond  the  shelf  break  (Fig.  1).  The  vertical  resolution  expanded 
from  3  m  near  the  surface  to  a  maximum  of  200  m  at  its  maximum 
depth  of  1200  m.  Truncating  the  depth  at  this  le\el  had  little  effect 
on  the  circulation,  but  significanlly  improsed  computational  times. 
The  bathymetry  was  prescribed  by  spatially  averaging  a  30  sec  (0.9 
km)  product  provided  by  Geosciences  Australia  onto  the  model 
grid. 

Inputs  required  by  the  model  included  forcing  caused  by  wind, 
atmospheric  pressure  gradients,  and  open  boundary  conditions 
such  as  temperature,  salinity,  and  sea  level.  Wind  fields  were  taken 
from  the  NCEP-NCAR  40-y  reanalysis  dataset  (Kalnay  et  al. 
1996).  These  fields  had  a  12  hourly  time-step  and  a  spatial  reso- 
lution of  1.8°.  which  were  linearly  interpolated  onto  the  model 
time-step  and  model  grid.  The  interpolated  product  generally 
showed  good  agreement  with  locally  measured  winds  at  subdiumal 
frequencies  (Fig.  2a).  However,  smaller  scale  processes,  such  as 
the  daily  sea  breeze  and  occasional  tropical  cyclones,  were  less 
adequately  resohed.  Winds  during  the  major  spawning  period  of 
mid  October  to  December  were  predominantly  from  the  west. 

Temperature  and  salinity  fields  around  the  lateral  boundaries  of 
the  model  were  interpolated  from  a  global  circulation  model 
known  as  the  Australian  Community  Ocean  Model  or  ACOM 
(Schiller  et  al.  2000).  In  the  absence  of  reliable  surface  fluxes, 
interior  temperatures  and  salinities  were  modified  by  relaxing 
them  towards  ACOM  values  with  a  10-day  relaxation  timescale. 
Sea  levels  on  the  boundaries  were  also  taken  from  ACOM  output, 
with  the  addition  of  tidal  constituents  derived  from  tide  gauge 
observations  around  the  Cape  Cuvier  and  Bonaparte  Archipelago 
areas  in  combination  with  global  tidal  model  estimates  along  the 
offshore  boundaries  (Eanes  &  Bettadpur  1995). 


Particle  Oispersion  and  Tracking 

The  modeled  currents  prosided  an  mdication  of  the  instanta- 
neous movements  of  larvae  in  the  water  column.  However,  addi- 
tional information  was  required  to  estimate  adxection  and  disper- 
sion patterns.  Individual-based  particle-tracking  techniques  were 
adopted  for  this  purpose.  In  the  absence  of  any  detailed  informa- 
tion on  larval  swimming  behavior,  all  particles  were  assumed  to  be 
nonmotile  and  neutrally  buoyant.  These  assumptions  are  relatively 
easy  to  justify  in  the  extremely  energetic  environment  of  Eighty 
Mile  Beach,  where  tidal  cuirents  and  turbulent  mixing  velocities 
would  normally  be  expected  to  far  exceed  realistic  lar\al  swim- 
ming speeds  (e.g..  Condie  1999). 

A  large  number  (-lO*^)  of  neutrally  buoyant  particles  were  ini- 
tially seeded  randomly  through  the  water  column  across  the  model 
domain,  with  highest  concentrations  on  the  inner  shelf.  The  circu- 
lation and  particle  movement  calculations  were  then  conducted 
simultaneously,  w  ith  particle  positions  being  updated  every  10  min 
by  the  interpolated  model  cuirent  velocities,  k  random  walk  com- 
ponent was  also  added  to  the  trajectory  to  represent  the  dispersive 
infiuence  of  turbulent  motions  not  resolved  by  the  circulation 
model.  Each  particle  was  individually  tracked  and  its  location 
recorded  every  3  hours. 

Particles  followed  complex  paths  that  were  sensitive  to  their 
initial  location.  Individual  trajectories  therefore  provided  a  limited 
view  of  likely  dispersion  patterns  associated  with  large  numbers  of 
larvae.  A  statistical  description  of  the  dispersion  results  was  there- 
fore developed  from  large  numbers  of  trajectories  (Condie  et  al. 
2005b).  From  the  spawning  areas  defined  by  the  MOP  data,  larvae 
were  tracked  over  their  estimated  pelagic  phase  of  24—31  days 
within  the  main  spawning  period  of  mid  October  to  late  December 
(Rose  et  al.  1990).  More  specifically,  particles  within  the  spawning 
areas  (defined  later)  al  midnight  on  October  15  were  tracked  for  24 
days,  after  which  their  locations  were  recorded  every  3  hours  over 
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Figure  2.  (a)  Comparison  hetween  local  observed  winds  at  Port  Hed- 
land and  the  NCEP-NCAR  winds  used  to  force  the  model  for  June 
1994.  (b)  Comparisons  of  observed  and  modeled  low-frequency  sea- 
level  difference  hetween  Broome  and  Port  Hedland.  based  on  a  28  day 
running  mean. 
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tiK-  tollouiiig  7  days.  The  process  was  then  repeated  starting  3  h 
later  (i.e..  3:00  am  on  October  15)  and  then  at  all  subse- 
quent 3  hourly  steps  until  the  end  of  the  31 -day  pelagic  phase 
corre.sponded  to  December  31.  To  ensure  that  the  results  were 
not  unduly  dominated  by  those  particles  reinaining  within 
spawning  areas  for  extended  periods,  each  particle  w  as  only  per- 
mitted to  initiate  a  new  trajectory  7  days  after  it  had  initiated  the 
last  one. 

The  combination  of  all  recorded  locations  provided  the  final 
estimate  of  potential  settlement  distribution.  This  differs  from  an 
estimate  of  actual  settlement,  which  would  require  additional  fac- 
tors such  as  habitat  distribution,  habitat  preference,  and  larval  mor- 
tality to  be  taken  into  account.  The  approach  taken  to  estimate 
spawning  areas  defined  by  the  spat  data  was  the  same  as  that 
described  above,  except  that  trajectories  were  tracked  back  in  time. 
Results  were  obtained  for  all  modeled  years  (1994  to  1999).  which 
were  further  amalgamated  into  an  average  distribution  o\er  the 
entire  ."S-year  modeling  period. 

Biological  Surveys 

A  pearl  ovster  stock  survey  conducted  in  September  2001  re- 
vealed that  distributions  are  largely  limited  by  habitat  availability 
(Hart  &  Friedman  2004).  This  finding,  combined  with  the  longev- 
ity of  the  large  broodstock  (or  MOP)  (Rose  et  al.  1990).  suggests 
that  distributions  are  likely  to  be  relatively  stable  and  hence  that 
the  2001  MOP  distributions  represented  an  acceptable  proxy  for 
the  modeling  period  ( 1994—1999).  A  measure  of  the  relative  abun- 
dance of  MOP  was  based  on  the  average  number  of  shell  collected 
for  each  hour  the  vessel  drifted  within  the  target  populations  (Hart 
&  Friedman  2004). 

Spat  surveys  (measuring  O-i-  and  l-i-  age  classes)  were  under- 
taken over  the  3-year  period  from  2001  to  2003  using  the  method 
described  in  (Hart  &  Joll  2005).  Because  only  partial  coverage  was 
provided  bv  each  survey,  the  three  were  combined  here  into  a 
single  estimate  of  settlement  distribution.  In  brief,  the  spat  meth- 
odology involved  examining  adult  shell  collected  by  commercial 
divers,  and  counting  any  attached  spat  (Hart  &  Joll  2005).  These 
counts  were  assumed  to  be  representative  of  relative  spat  densities 
across  all  suitable  habitats  available  in  the  area.  The  average  num- 
ber of  spat  per  shell  within  a  lO-nm  grid  cell  therefore  provided  a 
measure  of  spat  relative  abundance.  Information  on  the  spat  year 
classes  were  not  required  for  the  current  analysis,  however  were 
useful  for  evaluating  year-to-year  trends  in  settlement. 

RESULTS 

Modeled  Currents  and  Sea  Levels 

Instantaneous  current  patterns  on  the  NWS  were  dominated  by 
strong  tides,  with  speeds  approaching  2  m  s"'  during  the  spring 
tide  (Fig.  3a).  In  the  main  fishing  areas  around  Eighty  Mile  Beach, 
the  tidal  movements  were  predominantly  in  the  cross-shore  direc- 
tion and  diminished  with  distance  offshore.  The  model  currents 
have  been  shown  to  compare  favorably  with  observations  around 
the  Dampier  region  to  the  west  (Condie  et  al.  2005a).  However,  no 
direct  current  observations  have  been  taken  in  the  Eighty  Mile 
Beach  region  (Godfrey  &  Mansbridge  2000).  The  best  indication 
of  model  performance  in  the  local  region  v\as  therefore  provided 
through  comparisons  of  sea  level  variability. 

Sea  level  was  strongly  dominated  by  the  very  large  tidal  signal, 
with  ranges  up  to   10  ni  in  King  Sound.  The  model  generally 


reproduced  the  tidal  sea-level  signal  quite  accurately,  with  corre- 
lation coefficients  increasing  from  /■  =  0.87  at  Broome  to  r  =  0.96 
at  Port  Hedland  (Condie  et  al.  2005a).  However,  it  is  the  lower 
frequency  component  that  largely  controls  net  transport  over  the 
pelagic  larval  phase  (24-31  days).  Because  subtidal  currents  are 
generally  highly  correlated  with  subtidal  sea-level  differences, 
model  performance  in  the  Eighty  Mile  Beach  region  was  examined 
in  terms  of  sea-level  differences  between  Broome  and  Port 
Hedland.  This  analysis  revealed  a  strong  coastally  trapped 
wave  signal  in  the  model  and  observations,  with  a  period  of  ap- 
proximately 14  days  in  both  instances.  However,  it  is  the  variabil- 
ity over  the  typical  larval  phase  that  is  of  most  immediate  interest. 
For  example,  comparisons  of  the  running  mean  of  the  sea- 
level  difference  over  28  days  produced  a  correlation  of  /■  =  0.89 
(Fig.  2b). 

Monthly  averaged  surface  currents  during  the  period  October  to 
December  (main  spawning  period)  were  typically  northeastward  at 
a  few  centimeters  per  second  (Fig.  3b).  However,  close  to  Eighty 
Mile  Beach  the  surface  flow  was  directed  offshore,  suggesting  a 
net  upwelling  over  the  monthly  timescale.  These  currents  patterns 
were  a  response  to  the  prevailing  westerly  winds  and  are  consistent 
with  the  few  satellite  tracked  ocean  drifters  observed  in  the  area  at 
this  time  of  the  year  (Cresswell  et  al.  1993).  The  depth-averaged 
currents  were  weaker  and  tended  to  form  a  clockwise  gyre  off 
Eighty  Mile  Beach  (Fig.  3c).  The  resulting  flow  close  to  the  coast 
was  predominantly  westward,  counter  to  the  prevailing  winds. 
This  monthly  averaged  pattern  persisted  throughout  the  spawning 
period  (Fig.  3d). 

Estimates  of  Settlement  Distribution 

The  surveyed  MOP  distribution  (Fig.  4a)  showed  low  to  mod- 
erate relative  abundances  (0-60  h  ' )  around  the  10  m  depth  con- 
tour, with  a  tendency  towards  higher  values  at  the  northern  ex- 
tremity of  the  sampling  area  (60-120  h"').  However,  the  largest 
abundances  ( 1 10-160  h"')  were  found  in  a  patch  further  offshore 
around  the  30-m  depth  contour.  Potential  larval  settlement  distri- 
butions were  estimated  by  assuming  that  MOP  survey  abundances 
were  proportional  to  the  spawning  population  (although  results 
were  qualitatively  similar  when  all  cells  with  surveyed  MOP  were 
given  equal  weighting). 

Results  averaged  across  the  model  runs  (1994  to  1999)  indi- 
cated two  main  potential  settlement  areas  (Fig.  4b).  The  larger 
was  centered  just  inshore  of  the  10  m  depth  contour  (121"24'E, 
19°6'S),  with  the  smaller  centered  just  inshore  of  the  20  m  depth 
contour  (12r7'E,  l9°irS).  Because  larvae  could  poten- 
tially settle  at  any  time  during  the  tidal  cycle,  the  size  of  these 
areas  was  largely  determined  by  the  dimensions  of  the  tidal  ellipse. 
The  relative  settlement  rate  in  the  two  areas  varied  from  year  to 
year  and  in  1994  the  model  results  showed  more  settlement  off- 
shore than  onshore  (not  shown).  However,  the  predicted  settle- 
ment areas  were  not  associated  with  the  two  distinct  spawning 
areas.  Rather,  most  MOP  regions  contributed  to  both  settle- 
ment areas  (C  to  F  in  Fig.  4a  and  Fig.  5a)  reflecting  temporal  and 
spatial  variability  in  flow  patterns  within  the  2.5-month  spawning 
period.  The  main  exception  to  these  trends  was  the  surveyed  area 
near  the  30  m  depth  contour,  whose  modeled  larvae  tended  to 
move  into  deeper  water  (s4()  m)  to  the  southwest  without  con- 
tributing to  either  of  the  main  settlement  areas  (A  in  Fig.  4a  and 
Fis.  5a). 
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Figure  3.  (a)  Example  of  nood-tide  currents  under  spring-tide  conditions.  Ibl  Monthly  mean  surface  currents  (deptli  =  1.5  m)  for  November 
based  on  6  years  of  model  runs  (1994-1999).  (c)  Monthly  mean  depth-averaged  currents  for  November  based  on  6  years  of  model  runs 
(1994-1999).  (d)  As  in  (c)  for  December. 


The  model  predicted  settlement  legioii  covers  nearly  all  the 
areas  surveyed  for  spat,  with  predicted  high  settling  rates  corre- 
sponding with  the  main  survey  area  (cf.  Fig.  4b  and  4c).  However, 
spat  surveyed  further  offshore  and  to  the  north  (Fig.  4c)  corre- 
sponded to  low  settlement  rates  and  may  have  originated  from 
MOP  outside  the  MOP  survey  area.  There  were  also  large  areas  of 
predicted  settlement,  both  near-shore  and  offshore,  that  were  not  in 
the  area  of  the  spat  surveys.  Whereas  spat  may  have  existed  in 
some  of  the.se  areas,  the  limited  availability  of  suitable  habitat 
would  likely  have  resulted  in  low  abundances. 

Estimates  of  Spawning  Distribution 

The  surveyed  spat  distribution,  as  described  by  Hart  and  Joll 
(2005).  tended  to  follow  the  10-m  depth  contour  along  Eighty  Mile 
Beach  at  low  to  medium  relative  abundances  (0-20  per  thousand 
shells)  with  a  bias  towards  deeper  water  to  the  north  (Fig.  4c). 
There  were  a  few  high  abundance  of  cells  (20-.'i0  per  thousand 


shells)  in  this  zone,  with  more  in  habitats  further  offshore  around 
the  15-m  and  30-m  depth  contours  (Fig.  4c).  Potential  spawning 
distributions  were  estimated  by  assuming  that  the  spat  survey 
abundances  were  proportional  to  the  settling  population  (although 
results  were  qualitatively  very  similar  when  all  cells  with  surveyed 
spat  were  given  equal  weighting). 

Estimated  spawning  areas  associated  with  the  surveyed  spat 
distributions  were  centered  just  inshore  of  the  10-m  depth  contour 
(I21°24'E,  19°6'S).  but  relatively  high  values  extended  offshore 
almost  to  the  20-m  depth  contour  and  onshore  almost  to  the  coast 
(Fig.  4d).  The  size  of  these  areas  was  again  a  function  of  the  tidal 
ellipse  and  there  was  very  limited  interannual  variability  (not 
shown).  Spat  counted  in  the  main  survey  area  along  the  10-m  depth 
contour  were  mainly  spawned  in  this  area  (C,  D  and  E  in  Fig.  4c 
and  ."ib),  although  cell  E  also  received  model  larvae  from  further  to 
the  northeast.  The  model  indicated  that  spat  surveyed  further  south 
(B)  and  north  (F)  would  have  come  from  spawning  in  deeper 
water,  whereas  those  offshore  around  the  30-ni  depth  contour  (A) 
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Figure  4.  (a)  Relative  abundance  of  MOP  off  Eighty  Mile  Beach  expressed  in  terms  of  the  number  collecled  per  hour  of  vessel  drift  during  the 
survey  (Hart  &  Friedman  2004)  overlain  by  a  schematic  summary  of  modeled  downstream  settlement  areas  from  selected  cells  A  to  F 
(corresponding  quantitative  predicticms  for  A  to  F  are  shown  in  Fig.  5a).  (b)  Estimated  settlement  distribution  (ignoring  habitat  availability) 
averaged  across  all  model  years  (arbitrary  units  with  maximum  =  I),  (c)  Relative  abundance  of  spat  off  Eighty  Mile  Beach  expressed  in  terms 
of  average  number  of  spats  found  per  1.000  shells  checked  (Hart  &  .loll  2005)  overlain  by  a  schematic  sunmiary  of  modeled  upstream  spawning 
areas  from  selected  cells  A  to  F  (corresponding  (piantitative  predictions  for  A  to  F  are  shown  in  Fig.  5b).  (d)  Estimated  spawning  distribution 
averaged  across  all  model  years  (arbitrary  units  v\ith  maximum  =  1). 


would  have  come  from  marginally  shallower  deplhs  to  the  north- 
east (Fig.  4c  and  5b). 

Apart  from  extending  into  very  shallow  water,  the  spawn- 
ing area  estimated  from  the  surveyed  spat  (Fig.  4d)  was  consis- 


tent with  the  surveyed  MOP  distribution  (Fig.  4a).  The  main  ex- 
ception was  the  offshore  MOP  (A  in  Fig.  4a).  which  the  model 
suggests  spawn  into  deeper  water  outside  of  the  spat  survey  region 
(Fig.  5a). 
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Figure  5.  (a)  Relative  likellliood  of  seltlenient  after  spawning  at  the  cell  marked  by  the  cro.s.s-hairs.  (b)  Relative  likelihood  of  spawning 
contributing  to  settlement  at  the  cell  marked  In  the  cross-hairs.  In  both  (a)  and  (b)  results  are  a\eraged  across  all  model  years  ( 1W4-I W9),  the 
color-bars  indicate  the  number  of  trajectories  connecting  a  given  cell  with  the  cell  marked  by  the  cross-hairs,  and  depth  contours  are  at  l(l-m 
intervals. 


DISCUSSION  potential   smaller  contributions  from  further  northeast.  These 

spawning  events  are  likely  to  lead  to  successful  recruitment  locally 

The  overall  picture  emerging  from  the  model  results  is  that      and  alongshore  to  the  southwest  so  that  the  main  pearl  oyster 

spawning  in  the  Eighty  Mile  Beach  region  is  concentrated  around      producing  populations  are  likely  to  be  self  seeding.  These  spawn- 

the  surveyed  MOP  distiibution  between  8-  and  15-m  depth,  with      ing  events  also  feed  larvae  into  neighboring  shallow  coastal  envi- 
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roniiieiits  UliRuiyli  lid;il  oscillatii)iis)  and  deeper  waters  to  the  west 
(-20  m).  However,  spat  abundances  appear  to  be  lower  in  these 
areas,  suggesting  that  recruitment  is  either  limited  by  habitat  avail- 
ability and  possibly  increased  mortality  in  shallow  water,  or  else 
spat  larvae  preferentially  select  other  settlement  habitats  (as  op- 
posed to  live  adult  shell).  High  local  abundances  of  MOP  and  spat 
observed  in  deeper  water  (-30  in)  appear  to  be  supported  by  in- 
termittent larval  transport  from  inshore  populations  and  may  be 
further  assisted  by  high  quality  habitat  and  low  mortality  rates. 
However,  spawning  in  this  area  seems  to  contribute  little  to  re- 
cruitment in  the  inshore  populations. 

The  validity  of  the  settlement  and  spawning  estimates  is  de- 
pendent on  a  number  of  factors.  The  first  is  the  accuracy  of  the 
predicted  circulation.  Whereas  the  model  has  been  shown  to  per- 
form relatively  well  in  the  Dampier  region  (Condie  et  al.  200,*ial. 
the  data  available  for  validation  near  the  fishing  grounds  was  lim- 
ited to  sea-level  information.  The  second  factor  is  the  comprehen- 
siveness of  the  MOP  and  spat  surveys.  For  example,  some  habitats 
may  have  been  under  sampled  and  others  may  still  be  undiscov- 
ered. 

A  third  source  of  model  uncertainty  is  associated  with  larval 
behavior.  For  example,  larvae  remaining  close  to  the  surface 
would  tend  to  follow  the  wind  dominated  circulation  to  the  north- 
east (Fig.  3b).  rather  than  the  depth  averaged  circulation  (Fig.  3c). 
This  seems  unlikely  in  this  region  given  that  tidal  motions  drive 
energetic  vertical  mixing  out  to  at  least  the  3()-m  depth  contour  and 
that  the  MOP  and  spat  surveys  suggest  transport  to  the  southwest. 
A  potentially  more  significant  behavioral  characteristic  would  he 


any  ability  of  larvae  to  select  settlement  sites.  During  the  week 
long  period  in  which  settlement  can  occur  (Rose  et  al.  1990).  tidal 
motions  carry  individual  larvae  back  and  forward  up  to  20  km  in 
the  cross-shore  direction.  If  larvae  encountered  preferred  habitats 
over  depths  from  around  8-15  m  deep  during  this  period,  then 
the  estimated  settlement  distribution  based  on  the  observed  MOP 
(Fig.  4b)  would  be  very  similar  to  the  ohser\ed  spat  distribution 
(Fig.  4c). 

The  results  of  the  model  suggest  that  the  long-standmg  h_\  poth- 
esis  within  the  pearling  industry,  namely  that  deeper  "unfished" 
stocks  are  a  bloodstock  source  for  the  commercially  fished  inshore 
stock,  is  not  likely  to  be  true.  The  inshore  stocks  appear  U)  be 
self-sustaining,  and  may  even  be  providing  larvae  to  deeper  stocks 
in  irregular  recruitment  events.  These  findings  have  important 
management  implications,  particularly  if  fishing  for  MOP  were  to 
recommence  at  some  time  in  the  future.  However,  current  man- 
agement and  fishing  strategies  seem  to  protect  the  critical  brood- 
stock  that  support  the  long-term  sustainabilitv  of  the  existing 
"gauntlet"  fishery. 
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EFFECTS  OF  SEASON,  TEMPERATURE  CONTROL,  BROODSTOCK  CONDITIONING  PERIOD 

AND  HANDLING  ON  INCIDENCE  OF  CONTROLLED  AND  UNCONTROLLED  SPAWNING  OF 

GREENLIP  ABALONE  (HALIOTIS  LAEVIGATA  DONOVAN)  IN  WESTERN  AUSTRALIA 

KYLIE  FREEMAN,'*  SABINE  DAUME,'  MATTHEW  ROWE,' "  STEVE  FARSONS," 
RIC  LAMBERT-  AND  GREG  B.  MAGUIRE' 

^Research  Division.  Department  of  Fislwries  Western  Australia.  PO  Box  20.  North  Beacli  WA  6920: 
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ABSTRACT  Maniiging  the  brciodslcick  ccinditioning  process  is  important  to  the  successful  estabhshiiieiit  of  an  abalone  industry  that 
can  rehably  produce  juveniles  from  captive  stock  and  pursue  selective  breeding.  Four  conditioning  periods  of  6.  8,  10  and  12  wk 
intervals  were  tested  with  captive  greenlip  abalone  {Hallorl.s  Icievigara),  using  a  constant  conditioning  temperature  and  ambient 
temperature  as  a  control.  The  conditioning  periods  of  6.  8.  10  and  12  wks  are  equivalent  to  -420.  .560.  700  and  840  EAT  (effective 
accumulative  temperature),  based  on  a  biological  zero  point  (BZP)  of  6.9°C  for  gonad  development.  Greenlip  abalone  broodstock 
collected  from  the  wild  (87.5-142.1  mm  in  shell  length  and  108.2^82.8  g  in  whole  weight)  were  spawned  in  all  seasons  including 
numerous  induced  spawnings  outside  of  the  normal  breeding  period  with  conditioned  stock.  Over  the  whole  trial  period,  greater  egg 
production  from  prescheduled  spawnings  occurred  in  the  conditioned  group  with  an  average  of  1.70  x  10*  eggs  per  tub  of  5  female 
abalone  per  planned  spawning,  compared  with  abalone  held  in  ambient  control  tubs  that  only  produced  an  average  of  0.40  x  lO*"  eggs 
per  tub.  Animals  that  were  spawned  every  8  wks  produced  the  largest  average  number  of  eggs  per  holding  tub.  however,  there  was  very 
little  difference  between  conditioning  penods  in  terms  of  number  of  successful  spawnings  per  spawning  round.  The  egg  production  for 
all  planned  spawnings  was  highest  before  the  "natural  spawning  season"  for  greenlip  abalone.  In  comparison,  the  highest  numbers  ot 
unplanned  spawnings  occurred  around  the  natural  spawning  period  for  the  conditioned  and  control  groups.  Handling  abalone  did  reduce 
egg  production  withm  the  trial,  but  this  was  not  statistically  significant.  Histological  examination  showed  that  using  the  visual  gonad 
index  is  not  a  good  indication  of  maturation  of  the  ahalone  and  confirmed  that  abalone  can  be  conditioned  out  of  season. 

KEY  WORDS:     Haliniis  laevifiutu.  hriiodstock  conditioning,  abalone.  handling,  conditioning  penods.  gonad  histology. 


INTRODUCTION 

Aquaciilture  of  abalone  is  practiced  in  iiiuny  countries  world- 
wide and  in  Australia  is  an  emerging  industry  across  the  southern 
mainland  slates  and  Tasmania  (Fleming  2000).  However,  little 
research  has  been  carried  out  in  Australia  on  conditioning  of  ma- 
ture abalone  for  use  as  broodstock.  Understanding  the  broodstock 
conditioning  process  is  important  to  the  successful  establishment 
of  this  industry  by  ensuring  reliable  and  cost  effective  production 
of  juveniles  and  for  selective  breeding  (Li  2001).  The  ability  to 
have  ripe  individuals  year-around  or  at  predictable  times  in  the 
year  allows  the  culturist  to  schedule  the  hatchery  process  to  occur 
at  the  most  favorable  time  of  the  year  for  growth  and  survival 
(Hahn  1989).  The  use  of  conditioned  abalone  overcomes  problems 
relating  to  the  use  of  wild-caught  adult  abalone  for  broodstock 
including  access  to  stock  (through  state  regulations),  variability  in 
the  condition  of  stock  and  the  reliability  of  successful  spawnings 
(Fleming  2001). 

The  major  species  being  farmed  in  Western  Australia  is  the 
greenlip  abalone  Haliotis  laevigata  Donovan.  This  species  is  dis- 
tributed along  the  southern  coastline  from  western  Victoria  to 
Cape  Naturaliste  in  Western  Australia  and  around  islands  near 
Tasmania  (Freeman  2001).  Broodstock  conditioning  research  has 
been  conducted  on  this  species  in  that  state  (Daume  &  Ryan  2004) 
and  on  the  genetically  distinct  population  (Elliot  el  al.  2001)  in 
Tasmania,  where  ambient  temperatures  are  much  lower  than  in 
Western  Australia  and  exhibit  greater  seasonal  variation  (Lleonart 
1992,  Grubert  &  Ritar  2002,  200.^,  Freeman  2001).  One  of  the 
major  problems  in  investigating  abalone  reproduction  is  the  short 
period  of  natural  spawning  (Hahn  1989).  The  natural  spawning 
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season  for  greenlip  abalone  on  the  south  coast  of  Western  Austra- 
lia is  from  late  September/early  October  through  to  December 
(Wells  &  Mulvay  1992). 

Several  biological  processes  are  involved  when  conditioning 
abalone,  for  example,  gametogenesis  for  females  and  males,  syn- 
thesis of  hormones  controlling  gametogenesis  and  spawning,  and 
for  the  female  only,  vitellogenesis  and  synthesis  of  hormones  con- 
trolling vitellogenesis.  In  addition  to  the  gonad  being  ripe,  the 
animal  must  be  in  the  proper  physiological  state  and  in  appropriate 
environmental  conditions  to  promote  spawning  (Hahn  1989). 
Many  factors  have  been  found  to  influence  conditioning  in  differ- 
ent species  of  abalone  including  water  temperature,  food,  photo- 
period  or  a  combination  of  these  variables  (Hahn  1989),  Uki  and 
Kikuchi  (1982)  considered  nutrition  as  an  important  factor  for 
gonad  development  in  abalone  and  Webber  (1970)  found  that  wa- 
ter temperature  controls  the  reproductive  cycle  for  many  marine 
gastropods.  In  most  species  of  abalone,  temperature  strongly  in- 
fluences rates  of  gonad  developinent:  its  effect  is  cumulative  above 
a  certain  threshold  temperature  and  is  known  to  vary  between 
species  (Grubert  &  Ritar  2003).  The  threshold  temperature,  better 
referred  to  as  the  "biological  zero  point"  (BZP)  was  first  identified 
by  Kikuchi  and  Uki  (1974).  They  determined  the  effective  accu- 
mulative temperature  in  degree-days  (EAT"C-days)  for  gonad  con- 
ditioning of  Haliotis  iliscus  haniuii  Ino  and  Haliotis  iHscks  Reeve 
by  subtracting  the  BZP  from  the  daily  water  temperature  and  add- 
ing this  figure  over  the  conditioning  period  (in  days).  H.  discus 
lumnai  was  found  to  have  a  BZP  of  7.6°C  (Uki  &  Kikuchi  1984), 
Grubert  and  Ritar  (2003)  studied  the  effect  of  temperature  and 
conditioning  interval  on  the  spawning  success  of  wild-caught 
blacklip  (Haliotis  rubra  Leach)  and  greenlip  abalone  fed  an  arti- 
ficial diet.  They  found  that  unlike  H.  rubra,  male  and  female  H. 
laevigata  have  a  higher  spawning  rate  and  gamete  production 
when  conditioned  at  16  C  compared  with  18°C.  In  a  preceding 
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experiment.  Grubert  and  Ritar  (2002)  estimated  BZP  values  for 
gonadal  and  larval  development  for  H.  rubra  as  7.8°C  and  7.9°C 
respectively  and  for  H.  laevigata  6.9°C  and  7.2°C  respectively.  In 
Lleonart's  ( 1992)  research  into  bloodstock  conditioning  of  green- 
lip  abalone.  the  mean  temperature  during  conditioning  was  16°C 
and  the  number  of  elapsed  degree-days  was  recorded  as  1.750. 
which  when  corrected  using  a  BZP  of  6.9°C  gives  an  EAT  of  995 
degree  days.  After  this  time,  the  abalone  were  only  just  coming 
into  condition.  For  this  study  on  broodstock  conditioning  in  green- 
lip  abalone.  a  BZP  of  6.9°C  was  assumed. 

The  aim  of  this  study  is  to  develop  a  sound  protocol  for  con- 
ditioning broodstock  abalone  for  commercial  puiposes  by  deter- 
mining the  most  favorable  conditioning  period  (e.g..  6.  8.  10  or  12 
wks)  as  indicated  by  a  visual  condition  index,  histological  assess- 
ment, spawning  success  rate  (as  a  %  of  the  group  subjected  to 
spawning  induction),  fertilization  rate  and  hatch  rate.  Seasonal 
patterns  for  controlled  and  uncontrolled  ("'wildcat")  spawnings  and 
whether  handling  stress  influences  the  success  of  broodstock  con- 
ditioning and  initial  spawning  success  were  also  investigated.  Go- 
nad histology  and  macroscopic  observation  of  the  gonad  were 
assessed  as  relative  guides  to  the  likelihood  of  spawning  success. 

METHODS 

The  term  "conditioning"  is  used  here  for  the  process  adopted  to 
induce  gonad  ripeness  and  ability  to  spawn  in  captive  adult  aba- 
lone. usually  outside  of  the  normal  spawning  season  but  also  to 
allow  multiple  spawnings  within  that  season. 

Experimental  Set-up 

The  research  was  conducted  at  a  commercial  hatchery.  Great 
Southern  Marine  Hatcheries  (GSMH).  Albany  ( 1 17°57'38"E. 
35°5'52"S).  Western  Australia.  Wild  abalone  were  collected  from 
Bremer  Bay.  appro.ximately  200  km  east  of  Albany,  and  held  in  the 
conditioning  system  for  up  to  7  mo  before  the  trial  commenced, 
where  broodstock  were  acclimatized  and  temperature  control  was 
refined.  The  trial  ran  for  .36  wks  from  April  2001  to  December 
200 1 .  The  culture  system  consisted  of  60.  30-L  round  plastic  tubs, 
with  8  male  tubs  and  24  female  tubs  at  17.0°C  ±  0.4°C  in  the 
conditioning  room,  and  8  male  and  8  female  control  tubs  in  an 
outdoor  grow-out  area  to  provide  ambient  conditions  (e.g..  natural 
photoperiod  and  temperature  with  unfiltered  sea-water).  The  re- 
maining 14  tubs  of  females  were  used  for  histology  and  were  also 
held  in  the  conditioning  room  at  17.0°C  ±  0.4"C.  Each  tub  con- 
tained 5  abalone  and  males  and  females  were  held  in  separate  tubs. 
The  abalone  used  in  this  experiment  were  of  mean  shell  length 
1 18.1  mm  mean  size  (range  87.5-142.1  mm  total  shell  length)  and 
250.4  g  whole  weight  ( 108.2-482.8  g). 

The  continuously  aerated  tubs  had  a  flow  rate  of  1-1.5  L/min 
(=  2-3  water  exchanges  per  hour)  and  a  central  standpipe.  Water 
supplied  to  the  reservoir  (5,000  L)  and  heater/chiller  unit  was 
filtered  down  to  10  (im  using  a  bag  filter.  A  photoperiod  of  12  h 
low  light  and  12  h  darkness  was  used  for  animals  that  were  kept 
indoors. 

Spawning  Groups 

All  of  the  tubs  except  those  set  aside  for  histological  examina- 
tion were  randomly  assigned  into  4  groups  (6,  8,  10  and  12  wk 
spawning  intervals).  This  is  equivalent  to  -420.  560.  700  and  840 
EAT  based  on  a  BZP  of  6.9°C.  Over  a  36-wk  period,  groups  were 
spawned  at  6,  8,  10  and  12  wk  intervals  respectively  (Table  1). 


Group 


TABLE  1. 
Spawning  schedule  for  each  group  of  abalone. 

Spawning  weelis  (from  day  ((*) 


6  Week  6  (May)  12  (July)  IS  (Aug)  24  (Sept)  30  (Nov) 

8  Week  8  (June)  16  (July)  24  (Sept)  32  (Nov)  — 

10  Week  10  (June)  20  (Aug)  30  (Nov)  —  — 

12  Week  12  (July)  24  (Sept)  36  (Dec)  —  — 

*  Day  0  was  the  tlay  when  an  attempt  was  made  to  spawn  out  all  abalone 
after  collection. 


Each  spawning  group  consisted  of  6  female  tubs  and  2  male  tubs 
from  the  conditioning  rootii  and  2  female  tubs  and  2  male  tubs 
under  ambient  conditions  (controls). 

All  animals  were  induced  to  spawn  following  commercial 
spawning  protocols  without  being  removed  from  their  holding 
tubs.  This  strategy  was  aimed  at  minimizing  handling  of  the  aba- 
lone. Therefore  for  all  spawnings,  egg  production  was  recorded  per 
tub  of  5  female  abalone  not  per  individual  female.  Animals  from 
the  histological  examination  group  were  not  deliberately  induced 
to  spawn  during  the  trial.  Two  tubs  of  females  from  this  group 
were  sacrificed  every  4  wk  for  analysis  by  histology  (see  below). 

Spawning  success  {%)  was  calculated  for  each  planned  spawn- 
ing by: 

Number  of  ttibs  of  ahaloiic  that  spawned  x  100  H-  Total  number 
of  tubs  of  abalone  that  were  subjected  to  spawning  induction 
stimuli 

Unplanned  ("wildcat")  spawnings  also  took  place.  As  with  data 
for  planned  spawnings  in  which  the  number  of  spawning  induc- 
tions depended  on  the  conditioning  interval  (6-12  wk),  estimates 
of  incidences  of  spawning  and  egg  production  had  to  take  into 
account  the  number  of  tubs  for  each  treatment  (conditioned  or 
control).  Similarly  data  analysis  by  season  also  was  coirected  for 
the  number  of  days  of  each  season  (Spring,  Sumtner,  Autumn. 
Winter)  encompassed  within  the  36-wk  trial. 

Wildcat  spawnings  (%)  for  each  month  was  calculated  by: 

Number  of  tub  x  day  combinations  per  month  with  evidence  of 
wildcat  spawnings  x  100  -=-  Number  of  days  in  month  x  Number 
of  tubs  for  control  (  =  16)  or  conditioned  (  =32) 

Similarly,  wildcat  spawnings  ('/r)  per  season  for  each  condition- 
ing period  and  controls  was  calculated  by: 

Number  of  tub  x  day  combinations  per  month  with  evidence  of 
wildcat  spawnings  x  100  -:-  No  of  days  in  season  x  Number  of 
tubs  for  conditioning  group  (  =8)  or  controls  (  =  4| 

Feeding  and  Cleaning 

All  individuals  were  fed  daily  ad  libitum  with  a  commercial 
formulated,  extruded  conditioning  diet  (Adam  and  Amos  Feeds, 
South  Australia).  Feed  was  given  as  a  rate  of  1%  to  2%  body 
weight  per  day. 

Each  tub  of  abalone  were  cleaned  daily  (morning)  with  as  little 
disturbance  as  possible.  Complete  drainage  of  each  tub  occurred 
three  times  a  week.  Every  other  day,  tubs  were  just  siphoned  clean 
to  minimize  stress  lelated  to  cleaning  procedures.  Rinsing  water 
for  the  tubs  was  maintained  at  the  same  temperature  as  the  culture 
vessels  to  eliminate  possible  spawnings  from  temperature  shock. 
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Histology 

Histological  assessment  was  carried  out  on  leniale  yrcenlip 
abalone  to  determine  progress  with  conditioning.  Egg  development 
was  assessed  every  4  wks,  over  a  period  of  24  wks.  commencing 
April  1 1.  2001  by  sacrificing  two  tubs  of  female  abalone  from  the 
histological  examination  group  and  fixing  them  whole  in  10% 
neutral  buffered  formalin.  Gonad  samples  from  the  fixed  samples 
for  histology  were  cut  from  the  abalone.  dehydrated,  embedded  in 
paraffin  wax.  sectioned  at  5  iJim  and  stained  with  hematoxylin  and 
eosin  using  standard  techniques.  The  gonads  were  examined  and 
classified  using  the  stages  described  in  the  abalone  atlas  produced 
by  Handlinger  et  al.  (2001).  The  stages  they  describe  are  1  = 
Recovery  phase  gonads;  2  =  Growing  phase  gonads:  3  =  Mature 
ovaries:  4  =  Atretic  ovaries  and  5  =  Resting  phase  ovaries. 

Handling  to  Assess  Gonad  Index 

Throughout  this  experiment,  abalone  in  the  conditioning  room, 
except  those  used  for  visual  gonad  index  (below)  and  histology 
assessment,  were  never  remo\ed  from  their  tubs.  These  tubs  were 
used  as  the  nonhandled  control  group  for  the  assessment  on  han- 
dling versus  nonhandling. 

Every  14  days  after  the  start  of  the  experiment,  two  female  tubs 
from  each  spawning  group  (6.  8.  10,  12  wk)  were  weighed,  mea- 
sured and  visually  assessed  to  determine  the  level  of  gonad  ripe- 
ness. The  same  two  tubs  of  animals  were  chosen  each  time  to 
assess  gonad  ripeness,  growth  data  over  time  and  for  the  effects  of 
handling.  Abalone  were  removed  by  lifting  them  off  the  bottom 
with  a  spatula-like  tool.  The  progression  of  gonad  development 
was  determined  for  each  individual  using  a  visual  scoring  system 
of  0-3  and  was  referred  to  as  the  visual  Gonad  Index  (GI).  A  score 
of  0  =  cannot  determine  the  sex.  1  =  the  upper  edge  of  the  gonad 
was  below  the  rim  of  the  shell.  2  =  the  upper  edge  of  the  gonad 
was  even  with  the  rim  of  the  shell,  and  3  =  the  upper  edge  of  the 
gonad  was  above  the  rim  of  the  shell.  This  means  that  at  a  score  of 
1  the  sex  of  the  abalone  can  be  determined,  at  a  score  of  2  there  is 
a  possibility  the  abalone  may  spawn  and  at  a  score  of  3  it  is 
assumed  the  abalone  is  highly  likely  to  spawn.  The  egg  production 
results  were  used  to  assess  the  influence  of  handling  on  spawning 
success,  in  comparison  with  the  remaining  4  tubs  of  females  trom 
the  conditioning  room  for  each  spawning  group. 

Kxperiment  Initiation 

All  broodstock  abalone  used  in  the  experiment  were  tagged  and 
initial  weight  and  shell  length  data  were  recorded.  To  initiate  the 
experiment  commercial  spawning  methods  were  used  to  induce 
spawning.  All  abalone  were  exposed  to  1 8.5''C  water  temperature 
for  1 2  h,  then  desiccated  for  45  min  followed  by  an  ultra  violet 
(UV)  treated  water  temperature  shock  of  2r'C,  which  was  slowly 
decreased  back  to  17°C  over  a  period  of  8  h.  Animals  were  held  in 
the  UV  treated  water  for  a  maximum  of  24  h  to  induce  spawning. 
After  this  time  they  were  returned  to  their  normal  experimental 
conditions  in  the  conditioning  room  or  control  area.  The  Gl  for 
each  abalone  were  assessed  and  recorded  during  the  desiccation 
time. 

Data  Rcionling 

A  temperature  data  logger  was  placed  into  the  reservoir.  Daily 
temperatures  were  also  recorded  manually.  Water  quality  was 
checked  weekly  (DO.  pH.  ammonia  and  salinity).  Atmospheric 
pressure  readings  were  recorded  on  a  daily  basis. 


Throughout  the  experiment  any  spawnings  that  occun'ed  were 
recorded,  including  "wildcat"  spawnings,  which  are  spawnings 
that  occurred  unexpectedly  throughout  the  trial.  All  results  using 
data  from  "wildcat"  spawning  events  excludes  "wildcat"  spawning 
data  from  the  histology  tubs.  The  natural  spawning  season  for 
greenlip  abalone  was  considered  to  be  September  to  December. 
Where  possible,  numbers  of  eggs  per  tub  and  per  group  were 
recorded.  Total  number  of  eggs  per  batch  was  estimated  from  3 
sub-samples  as: 

Average  number  of  eggs  in    l-niL  samples  x  Total  volume  of 
the  sample. 

Data  Analyses 

Statistical  analyses  were  carried  out  using  the  STATISTICA 
6.1  (Stat  Soft,  Inc.  2002)  computer  package.  The  assumptions  of 
normality  and  homogeneity  of  variance  were  confirmed  graphi- 
cally for  each  data  set  using  box  plots.  Egg  production  data  be- 
tween conditioned  and  control  tubs,  and  handled  and  non-handled 
tubs  were  compared  with  f-tests.  Spawning  success  was  also  com- 
pared with  ?-tests  between  males  and  females.  Spawning  success, 
egg  production  and  histological  egg  stages  between  conditioning 
intervals  were  analyzed  using  1-way  ANOVA.  Relationships  be- 
tween the  wildcat  spawning  and  daily  barometric  pressure  were 
explored  using  simple  regression  analyses. 

RESULTS 


Water  Temperature  and  Quality 

Water  temperatures  in  the  conditioning  room  were  usually  con- 
stant between  16.6°C  to  17.2°C,  whereas  temperatures  in  the  con- 
trol tubs  ranged  from  14.0°C  to  20.2°C  (Fig.  1).  Dissolved  Oxygen 
ranged  from  76.9%  to  105.0%  (mean  90.0%):  pH  was  within  the 
range  of  7.78-8.29  (mean  8.17).  whereas  salinity  was  recorded 
between  35.2  ppt  and  36.0  ppt  with  a  mean  of  35.5  ppt.  Free 
ammonia  concentrations  were  less  than  0.1  mg  NH^-N/l. 

Survival  and  Growth 

Excluding  abalone  tor  histological  assessment,  high  survival 
(>97%)  was  observed  throughout  the  trial  for  all  greenlip  abalone 
held  in  the  conditioning  room  and  control  area. 

Mean  average  shell  length  for  the  conditioned  and  control  tubs 
of  abalone  over  the  whole  trial  period  of  36  wks  was  calculated  at 
6.03  jjim/day  and  5.07  [jim/day  respectively,  whereas  the  mean 
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Figure  1.  Average  water  temperatures  in  broodstock  tanks  in  the  con- 
ditioning room  and  in  the  ambient  control  area  throughout  the  trial. 
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average  weight  gain  per  abalone  for  the  conditioned  and  control 
tubs  of  abalone.  were  30.80  jxg/day  and  3 1 .82  (a.g/day  respectively. 

Spawning 

In  initiating  the  experiment  no  abalone  actually  spawned.  How- 
ever, wildcat  spawnings  (unplanned  spawnings)  had  occurred  in 
the  majority  of  tubs  within  the  2  wks  before  initiating  the  experi- 
ment. 

Wildcat  spawning  data  for  abalone  held  in  the  control  groups 
showed  that  in  April,  outside  of  the  natural  spawning  season,  there 
were  some  wildcat  spawning  events  occuiTing.  whereas  in  May 
through  to  August,  again  outside  the  natural  spawning  season, 
there  were  very  few  wildcat  spawning  events  (Fig.  2).  However,  in 
September  through  to  December,  during  the  natural  spawning  sea- 
son, many  more  wildcat  spawnings  were  recorded  in  both  condi- 
tioned and  control  animals.  For  the  planned  spawning  groups  (ev- 
ery 6.  8.  10  and  12  wks).  all  wildcat  spawning  data  showed  similar 
patterns  (Fig.  3).  However,  it  was  evident  that  more  wildcat 
spawning  events  occurred  in  summer,  within  the  natural  spawning 
season  in  the  controls  (Fig.  3)  despite  the  trial  covering  only  I 
month  in  summer. 

Planned  spawning  results  showed  that,  over  the  whole  trial 
period,  egg  production  in  the  conditioned  abalone  was  signifi- 
cantly greater  than  egg  production  in  the  controls  (df  =  28.  t  = 
2.299.  P  =  0.029).  Conditioned  abalone  produced  1.70  million 
eggs  per  female  tub  per  planned  spawning  compared  with  abalone 
held  in  the  control  tubs  that  only  produced  an  average  of  0.40 
million  eggs  per  female  tub  (Fig.  4).  Highest  egg  production  was 
recorded  within  the  winter  months,  outside  the  natural  spawning 
season  for  abalone  held  in  the  conditioning  room  with  an  average 
of  3.16  million  eggs  per  tub  of  3  female  abalone  per  planned 
spawning  (Fig.  5).  In  comparison,  for  abalone  held  in  the  control 
tubs,  the  highest  average  egg  production  of  0.87  inillion  eggs  per 
tub  of  female  abalone  was  recorded  during  spring  (Fig.  5).  Egg 
production  from  planned  spawnings  was  lowest  from  abalone  held 
in  the  conditioning  room  during  the  summer  months  (Fig.  5). 

Results  for  the  spawning  intervals  of  6-.  8-.  10-  and  12-wk 
periods  showed  that  abalone  from  the  week  8  spawning  interval 
had  the  highest  egg  production  during  the  second  spawning  induc- 
tion (week  16)  of  44.23  million  per  tub  of  female  abalone  (Fig.  6). 
Egg  production  was  very  low  in  the  first  planned  spawning  attempt 
for  spawning  intervals  of  6  and  8  wk  of  2.5  million  and  1  million 
respectively.  However,  spawning  occurred  in  only  about  13%  of 
female  tubs  of  abalone  spawned  during  both   inductions.   For 
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Figure  2.  Incidence  of  unplanned  ("wildcat")  spawning  events  that 
occurred  in  the  conditioning  and  control  tubs  of  greenlip  abalone  for 
each  month  of  the  trial. 
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Figure  3.  Percentage  of  unplanned  ("Hildcafl  spawning  events  that 
occurred  in  each  spawning  interval  (6.  S.  Id  or  12  wkl  and  control  tubs 
of  greenlip  abalone  for  each  season  throughout  the  trial 

spawning  intervals  of  10  and  12  wks  the  opposite  was  observed, 
with  highest  egg  production  of  23  million  and  19  million  occuiring 
within  their  first  planned  spawning  atteinpt  and  a  decline  in  egg 
pioduction  for  the  following  planned  spawning  attempts  (Fig.  6). 
During  the  first  planned  spawnings,  the  percentage  of  female  tubs 
in  which  abalone  spawned  were  159r  and  389r  for  spav\ning  in- 
tervals 10  and  12  wks  respectively.  For  the  latter  inductions  for 
these  spawning  intervals,  where  egg  production  declined,  the  per- 
centage of  actual  spawnings  also  declined  to  38%  and  25%  in  both 
spawning  intervals  for  the  second  and  third  spawning  attempts. 

Overall,  the  6  wk  spawning  interval  had  the  highest  average 
percentage  spawning  success  of  60%,  whereas  the  12-wk  spawn- 
ing interval  had  the  lowest  of  33%  (Fig.  7).  However,  there  was  no 
significant  difference  between  spawning  intervals  for  spawning 
success  (df  =  3.  F  =  0.164.  P  =  0.917). 

Average  numbers  of  eggs  produced  for  each  interval  showed 
week  8  to  be  slightly  higher  than  intervals  of  6.  1 0  and  1 2  wks  with 
an  average  egg  production  of  12  million  eggs  produced  per  tub  of 
5  female  abalone  (Fig.  8).  However,  overall  there  was  no  signifi- 
cant difference  between  spawning  intervals  in  terms  of  eggs  pro- 
duced per  tub  of  female  abalone  (df  =  3.  F  =  0.150.  P  =  0.928). 

There  was  no  significant  difference  (t  =  1.18.  df  =  38.  P  = 
0.25)  between  the  percentages  of  males  and  females  that  spawned 
in  each  planned  spawning  induction. 

No  relationship  was  observed  between  wildcat  spawning  events 
and  average  daily  barometric  pressure  (r  =  0.06)  or  between  wild- 
cat spawning  events  and  change  in  daily  pressure  (r  =  0.01). 

Fertilization  and  hatch  rates  were  consistent  between  each 
spawning  group  throughout  the  trial.  In  general,  all  lines  produced 
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Figure  7.  Average  percentage  of  tubs  of  greenlip  abalone,  per  planned 
spawning  (mean  ±  SKl,  in  v\hich  spawning  occurred  for  each  condi- 
tioning period  (6,  8,  10  or  12  wkl. 


from  conditioned  and  control  stock  displayed  very  high  fertiliza- 
tion (90%  to  100%)  and  hatch  rates  (80%  to  100%). 

Histology 

Egg  stages  expressed  as  percentage  of  mature  (stage  3)  gonads 
from  the  histological  examination  results  were  not  comparable  to 
the  results  obtained  for  GI  (Table  2).  However,  egg  stages  over 
time  showed  a  significant  difference  (df  =  6,  f  =  4.654,  P  < 
0.001 ).  A  significant  drop  was  observed  for  the  average  egg  stage 
between  0  and  4  wks  {P  =  0.005).  whereas  a  significant  increase 
for  the  average  egg  stage  was  evident  between  4  and  16  wks  iP  = 
0.019)  as  well  as  between  4  and  20  wks  (P  <  0.001 ). 

Handling 

Overall  averages  for  egg  production  for  the  whole  trial  showed 
that  nonhandled  abalone  produced  more  eggs  (2.06  ±  0.68  million 
per  tub  of  female  abalone  per  planned  spawning)  than  abalone 
from  the  handled  group  (0.98  ±  0.29  million)  (Fig.  9).  However, 
this  difference  was  not  significant  (df  =  28,  t  =  1.459,  P  = 
0.156).  Percentage  spawning  success  rates  for  nonhandled  and 
handled  abalone  were  very  similar  and  not  significantly  different, 
with  values  of  55%  and  57%  (df  =  28.  t  =  0.14,  P  =  0.889). 

DISCUSSION 

Waler  Tempcnitiire  and  Quality 

The  broodstock  conditionmg  system  used  provided  stable  water 
temperature  and  high  water  quality.  In  Albany,  ambient  water 


temperatures  exhibit  a  smaller  range  and  reach  much  warmer  tem- 
peratures than  in  Tasinanian  waters  (Hindrum  et  al.  1996).  At 
warmer  temperatures  it  is  evident  that  abalone  grow  faster  (Free- 
man et  al.  2000). 

In  the  conditioning  room  a  water  temperature  increase  to 
19. IX  in  mid  April  and  a  decrease  to  I4.7'-'C  in  early  September 
can  be  observed  in  Figure  I.  These  fluctuations  corresponded  to 
power  failures  to  the  heater/chiller  unit. 

Survival  and  (iiinvth 

All  broodstock  abalone  showed  high  survival  (97%)  but  low 
growth  rates  between  the  start  and  finish  of  the  trial.  There  was 
very  little  difference  between  mean  average  weight  gain  and  mean 
average  shell  length  for  both  the  control  and  conditioned  tubs  of 
abalone.  The  overall  averages  of  5.77  p.m/day  for  average  shell 
length  and  3 1 .54  mg/day  for  average  weight  gain  for  broodstock 
abalone  are  slow  when  compared  with  growth  rate  estimates,  used 
for  stock  assessment  purposes,  for  wild  adult  greenlip  abalone  of 
25  mm/year  in  southern  Western  Australia  (A.  Hart  pers.  comm.). 
Moreover,  they  are  low  when  compared  with  growth  rates  ob- 
served for  wild  juvenile  greenlip  abalone  of  1,690  p,m/month 
(Shepherd  1988).  Shepherd  and  Heam  (1983)  believe  that  energy 
expenditure  during  gonad  development  can  reduce  growth  rate. 
Growth  rate  is  affected  by  several  variables  including  genotype 
(Brown  1991 ),  density,  type  and  amount  of  feed  (Day  &  Fleming 
1992),  water  flow  (Higham  et  al.  1998).  water  quality  (Harris  et  al. 
1998)  and  handling  techniques  such  as  frequency  of  emersion 
(Maguire  et  al.  1996). 
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Figure  6.  Total  number  of  eggs  produced  ( x  Id'')  from  planned  spawn- 
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TABLE  2. 

Gonad  index  (GI)  and  percentage  of  mature  egg  stage  (stage  3)  for 

fiistology  tissue  sections  averaged  for  Id  ahalone.  which  were 

collected  every  four  weeks  o>er  a  period  of  24  vieeks. 


Week 


Average  Average  %  of  Mature  Stages 

Gonad  (Stage  3)  for  Each  Week 

Index*  Histological  Samples  Were  Taken 


(J 

1.15  ±0.15 

4 

1.40±0.16 

8 

1.10  ±0.07 

12 

1.10  +  0.07 

16 

1.20±0.11 

20 

0.89  ±0.11 

24 

1.00  ±0.00 

54.17  +  0.10 
20.00  ±0.10 
36.67  ±0.12 
56.67  ±0.1 5 
36.67  ±0.1 3 
40.74  ±0.1 3 
5S.33  ±  O.OS 


*  For  gonad  inde.x  (01)  a  score  of  0  =  cannot  delermine  the  sex.  I  =  the 
sex  of  the  abalone  can  be  determined  but  spawning  is  unlikely.  2  =  there 
is  a  possibility  the  abalone  may  spawn  and  3  =  it  is  assumed  tlie  abalone 
is  highly  likely  to  spawn. 

Spawning 

Within  the  2  wks  prior  to  the  start  of  this  experiment,  wildcat 
spawning  occurred  in  the  majority  of  tubs  of  abalone.  This  could 
explain  why  we  did  not  gel  any  induced  spawnings  when  all  tubs 
of  abalone  were  subjected  to  spawning  stimuli  at  the  beginning  of 
the  experiment. 

Wildcat  spawning  data  for  abalone  held  in  the  control  groups 
followed  the  general  pattern  of  a  natural  spawning  cycle  for  green- 
lip  abalone.  In  the  warm  month  of  April  there  were  some  wildcat 
spawning  events  occurring,  but  in  the  cooler  months  of  May  to 
August  there  were  very  few  wildcat  spawning  events.  However,  in 
the  warmer  months  of  September  to  December  in  the  natural 
spawning  season  for  greenlip  abalone  a  lot  triore  wildcat  spawn- 
ings were  evident  (Fig.  2).  Shepherd  and  Laws  (1974)  found  the 
spawning  season  for  greenlip  abalone  in  South  Australia  to  be 
October  to  March,  whereas  Wells  and  Mulvay  (1992)  concluded 
that  it  was  September  to  December  in  Western  Australia. 

The  results  presented  in  this  study  show  that  greenlip  abalone 
can  be  spawned  outside  of  the  natural  spawning  season.  The  egg 
production  of  conditioned  bloodstock  from  planned  spawnings 
was  highest  before  the  natural  spawning  season  commenced  (Fig. 
5 ).  Fewer  successful  planned  spawning  events  and  lower  egg  pro- 
duction occurred  around  the  natural  spawning  season.  However,  a 
high  number  of  wildcat  spawning  events  occuned  in  all  tubs  dur- 
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Figure  9.  Average  egg  production  (xKI'')  per  tub  of  female  ahalone 
(mean  ±  SE)  per  planned  spawning  for  nonhandled  and   handled 
greenlip  abalone  (data  for  conditioned  and  control  tubs  pooled). 


ing  this  period.  Low  egg  production  would  be  expected  per  tub  of 
female  abalone  during  the  planned  spawnings  over  the  natural 
spawning  sea.son  caused  by  abalone  already  expelling  their  eggs  in 
unplanned  spawning  events. 

Spawning  events  before  the  natural  spawning  season  can  be 
highly  beneficial  to  fanners  because  they  can  take  advantage  of  the 
enhanced  growth  of  juveniles  during  the  early  summer  months. 
Animals  can  be  weaned  off  the  plates  before  the  highest  summer 
temperatures  occur.  High  water  temperature  during  the  weaning 
process  can  cause  high  mortalities  in  some  regions  of  Southern 
Australia  (M.  Russell  pers.  comm.). 

The  planned  spawning  results  showed  that  over  the  whole  trial 
period  the  conditioned  group  of  abalone  produced  around  four 
times  as  many  eggs  as  the  control  groups.  This  could  partly  be 
explained  for  2  reasons.  Firstly,  the  control  groups  did  not  produce 
many  eggs  in  winter  and  secondly,  a  lot  of  egg  production  for  the 
control  group  was  "wasted"  on  wildcat  spawnings  (where  egg 
production  is  not  recorded).  However,  it  still  strongly  suggests  that 
holding  broodstock  abalone  in  a  conditioning  system  has  a  major 
advantage  over  holding  broodstock  at  ambient  conditions.  In  re- 
cent years,  most  Australian  farmers  have  held  their  broodstock  in 
ambient  conditions  on  their  farm  and  only  increased  feeding  and 
feed  type  to  condition  their  broodstock.  Many  studies  have  sug- 
gested that  holding  abalone  at  constant  temperature  and  feeding  a 
good  quality  diet  will  condition  broodstock  abalone  (Kabir  2001. 
Grubert  &  Ritar  2003,  Lleonart  1992,  Moss  1998). 

It  was  observed  that  the  week  8  spawning  interval  produced  a 
larger  number  of  eggs  per  tub  of  abalone  compared  with  all  other 
spawning  week  intervals.  The  data  for  the  first  planned  spawning 
for  the  week  8  spawning  interval  shows  low  egg  production.  This 
could  suggest  that  most  abalone  in  this  group  for  the  second 
planned  spawning  were  actually  conditioned  for  16  wk  and  dem- 
onstrates the  benefits  of  longer  conditioning  periods.  This  trial  was 
only  set  to  test  a  maximum  interval  of  12  wks.  Fuilher  studies  into 
longer  conditioning  times  are  now  in  progress. 

Histology 

Histological  assessment  of  egg  stages  in  greenlip  abalone  is 
more  accuiate  in  determining  the  maturity  of  the  abalone  than 
using  the  visual  GI  scoring  system. 

Histology  results  show  a  significant  drop  between  0  and  4  wks, 
suggesting  that  spawning  or  reabsorption  of  eggs  may  have  le- 
duced  the  average  egg  stage  for  that  period.  The  significant  in- 
crease in  average  egg  stage  between  4  and  16  wks  and  4  and  20 
wks  suggests  that  the  abalone  come  into  condition  around  this 
time,  which  equates  to  12  and  16  wks  for  conditioning.  The  need 
for  a  longer  conditioning  period  for  this  species  was  also  evident 
in  Grubert  and  Ritar  (2003).  who  found  for  greenlip  abalone  in 
Tasmania,  egg  pioduction  peaked  when  held  at  hS'C  for  I  14  days 
(1265  EAT"C-days).  Assuming  the  BZP  of  greenlip  abalone  is 
6.9'C  (Grubert  &  Ritar  2002)  then  this  equates  to  approximately 
18  wk  at  our  trial  temperature  of  17°C.  In  another  study  in  Tas- 
mania. Leonart's  adjusted  results  of  16  wks  at  17"C.  also  shows 
that  a  longer  conditioning  period  is  needed  (Lleonart  1992). 

In  terms  of  the  average  number  of  eggs  produced,  weeks  6  and 
8  were  not  vei7  successful,  which  suggests  that  the  abalone  are  not 
in  condition  after  such  short  conditioning  periods.  Conditioning 
intervals  of  10  and  12  wks  appeared  to  be  more  successful.  The 
first  planned  spawning  for  both  the  10  and  12  wks  intervals 
showed  good  egg  production.  The  second  and  thud  planned 
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spawning  exents  f(ir  these  two  groups  were  not  as  successful  be- 
cause of  high  numbers  of  wildcat  spawning  events  that  appear  to 
be  uncontrollable  in  the  warmer  months  of  the  year.  Clearly, 
greenlip  abalone  do  need  at  least  10  wks  lor  conditioning. 

Generally,  most  farmers  use  the  GI  as  an  indication  of  the 
abalone's  spawning  ability.  However,  results  from  the  histological 
examination  showed  that  visually  inspecting  the  gonad  was  not  a 
good  indication  of  the  actual  level  of  gonad  development.  There  is 
no  evidence  that  the  GI  is  a  good  indication  of  mature  abalone  eggs 
(Table  2).  More  recently,  farmers  have  noticed  that  a  large  gonad 
does  not  necessarily  mean  that  the  abalone  will  spawn. 

Hiiiiilliiii; 

Handling  abalone  did  reduce  egg  production  w  ithin  the  trial  but 
this  was  not  statistically  significant.  The  nonhaiidled  abalone  pro- 
duced approximately  twice  the  average  number  of  eggs  than  aba- 
lone that  were  handled  regularly  throughout  the  trial.  This  may  not 
have  been  statistically  significant  because  of  the  difference  in  the 
number  of  replicates  used  for  the  handled  and  non-handled  groups 
of  2  tubs  and  4  tubs  respectively.  Potentially,  there  may  not  have 
been  enough  power  to  detect  a  significant  difference.  Hone  et  al. 
( 1997)  found  that  in  the  wild  abalone  near  condition  will  spawn  if 
high  stress  conditions  occur.  Abalone  farmers  have  suggested  that 
handling  stresses  abalone. 

There  was  no  difference  between  the  percentages  of  males  and 


females  that  spawned  in  each  planned  spawning  induction.  This 
does  not  follow  the  same  pattern  that  was  described  by  Hahn 
( 1989),  that  in  the  hatchery  when  males  and  females  are  induced  to 
spawn,  a  higher  percentage  of  males  spawn  compared  with  fe- 
males. However,  our  observation  that  males  generally  spawned 
before  females  confirmed  that  of  Hahn  ( I9S9).  In  this  trial,  males 
usually  spawned  before  females  and  commenced  about  11-12  h 
after  induction  with  UV.  Initially,  spawnings  had  finished  -17-18 
h  after  UV  induction.  However,  later  observations  showed  that 
there  were  2  "periods"  of  spawnings,  the  first  being  early  to  late 
evening  (-11-18  h  after  UV  induction)  and  the  second  being 
around  dawn  (-24  h  after  UV  induction). 

This  system  is  suitable  as  a  commercial  conditioning  system  as 
it  reduces  labor  costs  in  handling  and  provides  less  stress  to  the 
abalone  before  spawning.  However,  in  comparison  it  would  be  less 
suitable  for  genetic  programs  based  on  single  pair  crosses  because 
the  abalone  are  held  in  groups  and  not  removed  from  the  tubs 
before  spawning. 
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INFLUENCE  OF  CONDITIONING  DIET  AND  SPAWNING  FREQUENCY  ON  VARIATION  IN 
EGG  DIAMETER  FOR  GREENLIP  ABALONE,  HALIOTIS  LAEVIGATA 
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ABSTRACT  Both  nutrient  provisioning  of  eggs,  during  development  within  the  ovary,  and  egg  diameter  are  believed  to  be  important 
factors  governing  the  development  and  survival  of  invertebrate  larvae.  The  diet  of  female  broodstock  and  the  conditioning  regimen  are 
likely  to  influence  these  parameters.  In  this  study  we  examine  the  effect  of  broodstock  diet  (three  formulated  diets  differing  in  levels 
of  the  falty  acid,  Arachidonic  acid  |ARA|,  and  a  red  seaweed  diet)  and  spawning  frequency  on  egg  diameter  variability  both  within 
a  batch  of  eggs  spawned  from  one  female  and  between  batches  of  eggs.  Greenlip  abalone  broodstock  were  spawned  at  the  beginning 
of  the  experiment  and  again  every  16  wks  (1131°C  days  effective  accumulative  temperature  |EATJ)  using  commercial  hatchery 
practices.  The  variability  of  egg  diameter  within  batches  spawned  from  the  same  female  over  three  consecutive  spawning  rounds  and 
within  diet  treatments  was  determined.  Cytoplasm  diameter,  vitelline  layer  and  jelly  coat  thickness  of  unfertilized  eggs  were  also 
compared  between  egg.s  spawned  from  individual  females  and  between  females.  In  addition,  the  relationships  between  broodstock 
parameters  (weight  and  shell  length)  and  egg  diameter  were  explored.  Eggs  spawned  from  females  feeding  on  a  red  seaweed  diet  were 
smaller  than  eggs  from  the  low  ARA  treatment.  Depending  on  spawning  frequency,  broodstock  diet  can  influence  the  cytoplasm 
diameter  and  jelly  coal  thickness.  No  relationship  between  egg  diameter  and  broodstock  parameters  was  found.  However,  batches 
spawned  from  the  same  female  abalone  became  more  variable  over  time  with  a  shift  in  size  frequency  distribution.  Results  indicate 
that  the  variability  of  egg  diameter  within  a  batch  ch;uiges  from  female  to  female  and  highlights  the  importance  of  selecting  successful 
broodstock  for  conditioning  at  commercial  hatcheiies. 

KEY  WORDS:     abalone,  Haliotis  hievigcita.  diets,  ega  diameter,  arachidonic  acid 


INTRODUCTION 

One  of  the  crucial  factors  controlling  the  development  of  the 
Australian  abalone  aquaculture  industry  is  the  successful  condi- 
tioning of  broodstock  because  the  supply  of  suitable  wild  brood- 
stock has  at  times  been  limiting.  Gonad  conditioning  provides 
flexibility  in  production  cycles  and  more  economical  use  of  hatch- 
ei7  resources  (Lleonart  1992)  as  well  as  allowing  genetic  improve- 
ment programs. 

Abalone  larvae  are  lecithotrophic  and  rely  heavily  on  yolk  re- 
serves provided  by  the  egg  to  fuel  development  (Jaeckle  &  Mana- 
han  1989),  Previous  studies  have  indicated  that  smaller  eggs  have 
improved  fertilization  rates  and  contain  more  total  lipid  than  larger 
eggs  (Daume  &  Ryan  2004).  However,  it  is  widely  considered  for 
invertebrates,  that  larger  eggs  produce  larger  offspring  with  a 
greater  chance  of  survival  (Levitan  2000).  and  that  fertilization  is 
increased  at  lower  sperm  concentrations  for  larger  eggs  (Levitan 
1996,  Marshall  et  al.  2002). 

It  has  been  proposed  that  the  most  appropriate  method  of  de- 
termining reproductive  cycles  in  molluscs  and  echinoderms  is  to 
measure  oocytes  (Grant  &  Tyler  1983).  However,  egg  diameter, 
post  spawning,  is  believed  to  be  a  key  determinant  of  reproductive 
performance  (Brooks  et  al.  1997)  and  small  differences  in  egg 
diameter  are  considered  to  have  significant  biological  conse- 
quences (George  1999),  The  ratio  of  cytoplasm  to  egg  diameter  is 
considered  to  be  useful  for  assessing  reproductive  performance  in 
blacklip  abalone,  Haliotis  rubra  Leach,  (Littay  &  De  Silva  2001) 
and  to  provide  a  measure  of  optimal  egg  size  for  fertilization 
experiments  without  the  need  for  histological  examination. 

Earlier  research  on  broodstock  conditioning  with  greenlip  aba- 
lone (Haliotis  laevigata.  Donovan)  showed  evidence  of  nutrient 
depletion  of  eggs  during  lengthy  conditioning  periods  and  high 
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spawning  induction  frequency  (Daume  &  Ryan  2004,  Freeman 
et  al.  submitted). 

Thus  nutrient  provisioning  of  eggs  and  egg  diameter  are  im- 
portant factors  governing  the  development  and  survival  of  larvae. 
The  diet  of  female  broodstock  and  the  conditioning  regimen  are 
likely  to  contribute  to  the  quality  of  abalone  eggs. 

A  crucial  step  in  successful  abalone  aquaculture  is  selecting 
female  broodstock  that  exhibit  high  fecundity  and  produce  high 
quality  eggs  over  consecutive  spawnings.  This  reduces  the  need  to 
hold  large  groups  of  females  and  minimizes  the  amount  of  hatch- 
ery resources,  such  as  feed,  needed  to  maintain  the  broodstock. 

This  study  examined  the  effect  of  diet  (three  formulated  diets 
with  differing  levels  of  the  fatty  acid,  ARA  and  a  red  seaweed  diet) 
and  spawning  frequency  on  the  variability  in  egg  diameter  within 
a  batch  of  eggs  spawned  from  one  female  and  between  batches  and 
is  part  of  a  larger  study  of  the  influence  of  these  diets  on  fecundity, 
egg  quality  and  larval  success. 

MATERIALS  AND  METHODS 

Broodstock  Conditioning 

Greenlip  abalone,  Haliotis  laevigata,  were  collected  in  August 
2003  from  Augusta  (II3°I6'E:  34°32'S)  and  Hopetoun 
(I20"I3'E;  33'='95'S).  Western  Australia  and  held  indoors  at  Great 
Southern  Marine  Hatcheries.  Albany.  Western  Australia, 

Broodstock  were  randomly  assigned  to  spawning  groups  (A  to 
D),  and  within  each  spawning  group  there  were  12  round  60  L 
plastic  tubs  of  females  and  two  tubs  of  males,  with  each  tub  con- 
taining 3  animals. 

Broodstock  were  exposed  to  a  photoperiod  of  I2L:12D  at  ca, 
100  lux  (measured  at  the  bottom  of  tubs).  The  conditioning  system 
received  flow  through,  temperature  controlled  seawater  (average 
temperature,  17  ±  0.2°C), 

Broodstock  (average  length  132.,'i  ±  3.5  mm;  average  weight 
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352.2  ±  27.6  g)  were  spawned  prior  to  treatment  conditioning  and 
again  every  16  wks.  (i.e..  every  1  131  C-days  EATl.  The  study  was 
conducted  from  October  2003  to  October  2004  including  a  natural 
spawning  season. 

EAT  was  calculated  usinc  the  formula  (Kikuchi  &  Uki  1974): 


Cytoplasm 


-=S 


(/,-e) 


where  Y„  ("C  days)  =  EAT,  ;;  (days)  =  number  of  days  since 
water  temperature  rose  above  9, 1,  (°C)  =  daily  water  temperature 
in  which  the  animal  was  reared,  and  9  (°C)  =  biological  zero  point 
for  gonad  maturation  (6.9°C  for  H.  laevigata:  Grubert  &  Ritar 
2003).  Spawning  dates  were  October  2003  for  the  spawn  out, 
January/February  2004  for  the  first.  May/June  2004  for  the  second 
and  September  2004  for  the  third  spawning  (Table  1). 

Within  each  spawning  group  (Table  1).  36  females  (9  females 
per  treatment)  and  6  male  greenlip  abalone  were  individually  in- 
duced to  spawn  using  a  combination  of  desiccation  for  1  h.  heat 
stress  at  21°C  and  UV  treated  seawater. 

Diet 

Female  broodstock  were  conditioned  on  four  different  diets, 
with  three  replicated  tubs  (9  animals  in  total)  per  diet  treatment  and 
per  spawning  group.  One  set  of  females  were  fed  a  formulated  diet 
with  a  low  enrichment  level  of  arachidonic  acid  (EPA:  ARA  = 
3:8;  1%  of  total  fatty  acids),  the  second  set  was  fed  a  formulated 
diet  containing  a  high  level  of  ARA  (EPA:  ARA  =1:16:  29r  of 
total  fatty  acids).  A  third  set  was  fed  a  formulated  diet  containing 
no  arachidonic  acid  (EPA:  ARA  =  6:0,  09c  of  total  fatty  acids). 
The  formulation  of  the  diet  is  proprietary.  The  fourth  set  of  females 
was  fed  a  mixed  red  seaweed  diet  (e.g.,  Plocainiiim  mertensii. 
Gracilaria  sp.).  The  mixed  red  seaweed  was  collected  from  the 
Southern  Ocean  mainly  around  Albany  ( 1 17^95 'E;  34°  90'S);  the 
Gracilaria  sp.  was  collected  from  Hopetoun  ( 120°13'E;  33°95'S). 
Animals  were  cleaned  and  fed  aJ  lilnuiiu  daily.  Feed  intake  was 
monitored  daily. 

Egg  Measiireiiieiils 

Unfertilized  egg  samples  were  collected  within  30  min  of  the 
female  spawning  and  immediately  fixed  in  lO'/r  formalin.  Thirty 
eggs  were  then  measured  using  an  eyepiece  graticule  on  an  in- 
verted microscope.  Cytoplasm  diameter,  vitelline  layer  and  jelly 
coat  thickness  were  compared  between  individual  females,  diet 
treatments  and  across  consecutive  spawnings  (Fig.  1).  The  vari- 
ability of  egg  diameter  within  batches  spawned  from  the  same 
female  over  three  consecutive  spawning  rounds  and  within  diet 
treatments  were  determined.  Egg  diameter  includes  the  vitelline 
and  cytoplasm  components  of  the  egg.  The  ratio  of  cytoplasm  to 
egg  diameter  was  calculated  as  the  cytoplasm  measurement  di- 

TABLE  1. 
Spawning  dates  for  each  spanning  group. 


Spawning 
events 


Spawning  groups 


B 


D 


Spawn  out 
First  spawning 
Second  spawning 
Third  spawning 


07.10.03 
26.01.04 
19.05.04 
08.09.04 


15.10.03 
0.^.02.04 
23.05.04 
14,09.04 


22.10.03 
11.02.04 
3 1 .05.04 
22.09.04 


29.10.0.^ 
18.02.04 
08.06.04 
29.09.04 


Vitelline 


Jelly  coat 


Total  egg  diameter 
(includes  vitelline  and  cytoplasm) 

Figure  1.  Position  ol  cytoplasm,  vitelline  layer  and  the  jelly  coat  in 
unfertilized  eggs  Irom  Haliotis  laevigata.  Total  egg  diameter  includes 
the  cytoplasm  and  \itelline  la>er. 


\ided  by  the  egg  diameter.  Eggs  were  classed  as  primary  eggs 
when  the  jelly  coal  and  vitelline  layer  was  absent  and  the  total  egg 
diameter  was  on  average  1 1 1.51  ±  10.54  (xm. 

Data  Analysis 

All  data  analyses  were  carried  out  using  Statistica  software 
(version  6.0.  StatSoft.  Inc.  2002).  Normality  of  all  data  was 
checked  graphically  using  boxplots  and  with  the  Kolmogorov- 
Smirnov  test. 

Comparisons  of  egg  parameters  (cytoplasm,  vitelline  layer  and 
jelly  coat  thickness),  and  comparisons  of  broodstock  parameters 
with  batch  and  egg  size,  were  carried  out  using  analysis  of  variance 
(ANOVA)  with  Tukey  past  hue  comparisons.  Repeated  measure 
analyses  could  not  be  performed,  because  different  individuals 
spawned  successfully  during  each  of  the  three  attempted  spawn- 
ings. 

Weight  and  shell  length  data  in  relation  to  weight  loss  were 
investigated  using  repeated  measures  ANOVA  and  Tukey  post  hoc 
comparisons.  The  relationship  between  broodstock  parameters 
(length  and  weight)  and  egg  diameter  were  explored  with  a  simple 
regression  analysis  (P  <  0.05). 

Size-frequency  distribution  of  egg  diameter  were  compared 
over  time  and  between  treatments  where  appropriate  using  descrip- 
tive statistics  (minimum,  maximum,  size  range,  first  and  third 
quartile).  Interquartile  differences  between  the  first  and  third  quar- 
tile  were  used  as  a  measure  of  spread  of  the  size-frequency  distri- 
butions. 
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TABLE  2. 

Influence  of  diet  on  cytoplasm  diameter,  vitelline  layer  and  jelly  coat  thickness  of  abalone.  Haliotis  laevigata,  eggs  and  the  presence  of 
primary  eggs  over  three  consecutive  spawning  periods  (1.  2  and  3).  (Data  are  means  (jim)  ±  SE) 


Ratio  of 

Percent 

Kgg 

cytoplasm 

occurrence 

diameter 

to  egg 

of  primary 

Diet 

Spawning 

Cytoplasm 

Vitelline 

Jelly  coat 

(Uni) 

diameter 

eggs(%) 

Red  seaweed 

1 

m4.3y±  L52" 

18.17  ±0.9(1 

117.53  +  3.89' 

2 12.52  ±0.90 

0.92 

0.18  ±0.13 

t 

202. 57  ±  1,(12 

22.10  ±0.57 

11 3.40  ±  1.37 

219.67+  1.00 

0.92 

1.39  ±1.39 

^ 

2()2.1S  +  2.14 

24.47  ±  0.73 

128.80  ±7.77 

224.49  ±  2.27 

0.90 

2. 10  ±0.90 

Hisih  ARA 

1 

1  %.73  ±  1 .5.'5-''' 

18.34±  1.37 

103.92  ±3.78^'' 

215.06  ±  1.36 

0.92 

3.63  ±  1.23 

2 

20L98+  1.31 

27.28  ±  1.54 

123.51  ±3.16 

224.88  ±  2.03 

0.90 

0.53  ±  0.53 

3 

200.34  ±  1 .24 

26.08  ±  0.87 

1 1 8.08  ±  4.25 

226.61  ±  1.77 

0.88 

2.55  ±  1.30 

Low  ARA 

1 

204.34  ±  1.81" 

I8.50±  1.27 

92.39  ±  4.30'' 

218.52+  1.27 

0.94 

5.55  ±  2.88 

T 

207.24  ±  1.08 

18.11  ±0.76 

115.10±  1.35 

23 1 .28  ±  1 .55 

0.90 

5.65  ±3.10 

3 

201.25  ±1.96 

26.71  ±0.93 

117.44  +  4.58 

227.96  ±  1.52 

0.88 

1.49  ±0.65 

Control 

1 

196.53  ±1.50"" 

17.44  ±  1.23 

103.68  ±3.84''' 

213.98+  1.23 

0.92 

3.90  ±  1.90 

2 

202.36  ±  0.79 

21.52  ±0.66 

121.26  +  0.96 

222.27  ±  1.29 

0.91 

3.98  ±  2.36 

3 

203.38  ±  1.76 

24.15  ±0.86 

11 7.73  ±9.70 

227.10  +  2.05 

0.90 

3.05  ±  1.25 

^M 


leans,  within  a  eokniin.  wilh  different  superscript  letters  are  significanlly  different  (p  <  0.05). 


RESULTS 


Infhiciice  of  Diets  on  Cytoplasm  Diameter,  Vitelline  Layer  and  Jelly 
Coat  Thickness.  Egg  Diameter  and  the  Ratio  of  Cytoplasm  to  Egg 
Diameter  of  Abalone  Eggs  over  Three  Consecutive  Spawnings 

During  the  first  spawning,  diet  had  a  significant  effect  on  cy- 
toplasm diameter  and  jelly  coat  thickness  (df  =  9.  F  =  2.13.  P  = 
0.03),  however  there  was  no  significant  difference  in  vitelline 
thickness  between  treatments  (Table  2).  Eggs  obtained  from  fe- 
males fed  the  red  seaweed  diet  were  smaller  in  cytoplasm  diameter 
than  the  low  ARA  treatment  (post  hoc  =  0.005).  Jelly  coat  diam- 
eter was  largest  in  the  red  seaweed  treatment  and  significantly 
larger  than  in  the  low  ARA  treatment  [post  hoc  =  0.007). 

Diet  treatments  were  found  to  have  no  significant  effect  on 
cytoplasm  diameter,  vitelline  layer  or  jelly  coat  thickness  of  eggs 
obtained  from  the  second  (df  =  9.  F  =  1.102.  P  =  0.38)  and  third 
consecutive  spawning  (df  =  9.  F  =   1.12.  P  =  0.33). 

Across  all  spawnings,  diet  significantly  innuenced  egg  diam- 
eter (df  =  3.  F  =  3.24.  P  =  0.023).  Egg  diameter  in  the  red 
seaweed  diet  was  significantly  smaller  than  egg  diameter  in  the 
low  ARA  {post  hoc  =  0.015).  but  did  not  differ  significantly  from 
the  high  ARA  or  control  diet. 

In  all  four  diet  treatments,  the  ratio  of  cytoplasm  to  egg  diam- 
eter decreased  between  the  first  and  third  spawning  rounds.  The 
ratio  was  highest  in  the  low  ARA  treatment  during  the  first  spawn- 
ing round  and  decreased  to  0.88  in  the  third  spawning  round. 
Similarly  the  ratio  in  the  high  ARA  treatment  decreased  to  0.88  in 
the  third  round,  from  0.92  in  the  first  round  and  0.90  in  the  second 
round. 

The  occurrence  of  primary  eggs  in  batches  spawned  by  females 
fed  the  red  seaweed  diet  increased  over  the  three  consecutive 
spawning  rounds  (Table  2).  However,  primary  eggs  occurred  more 
frequently  in  the  three  formulated  diet  treatments,  particularly  dur- 
ing the  first  spawning  round. 

Relationship  lieltveen  Diet.  Shell  Length.  Weight  and  lVf/g7;(  Change 
of  Eemale  Broodstoek  over  Three  Consecutive  Spawning  Rounds 

Table  3  shows  the  shell  length,  weights  and  weight  changes  of 
all  female  broodstoek  at  each  individual  spawning  including  the 


initial  spawn  out.  Over  the  whole  experimental  period,  all  animals 
lost  weight  and  time  had  a  significant  effect  on  weight  loss  (df  = 
3.  F  =  11.78.  P  =  0.00).  Broodstoek  weight  at  spawnout  was 
significantly  higher  than  weight  during  the  first  (post  hoc  P  < 
0.001).  second  {post  hoc  =  0.000133)  and  third  {post  hoc  P  < 
0.001 )  spawnings. 

Size  Frequency  Distribution  of  Eggs  Spawned  by  the  Same  Female 
over  three  Consecutive  Spawning  Rounds 

Red  Seaweed 

Eggs  spawned  by  female  one  during  the  first  spawning  ranged 
between  208-229  (j.m.  with  75%  (3rd  quartile)  of  the  eggs  being 
within  210  and  224  ijim  in  diameter  (Table  4,  Fig.  2a).  The  spread 

TABLE  3. 

Influence  of  diet  and  spawning  round  on  shell  length,  weight  and 
weight  change  of  Haliotis  laevigata.  (Data  are  means  +  SE) 


Shell 

Weight 

Spawning 

length 

Weight 

change 

Diet 

round 

(mm) 

(g) 

(g) 

Red  seaweed 

spaw  n 

out 

130.28  ±  1.31 

336.87  ±  12.00" 

129.78+  1.27 

328.50  ±  10.74" 

-8.36 

129.39  ±  1.25 

323.21  +  10.95" 

-5.29 

129.89+1.23 

323.03  ±  9.97" 

-0.18 

High  ARA 

spawn 

out 

133.89  ±  1.37 

380.24+  16.11" 

133.44  ±1.35 

363.47  ±  16.24" 

-16.77 

133.47  ±  1.44 

360.98  ±  16.19" 

-2.50 

133.69+  1,45 

352.57  ±  14.98" 

-8.41 

Low  ARA 

spav\n 

out 

132.39  ±  1.40 

352.26  ±  1 3.75" 

131.97  ±  1.39 

330.18  ±  14.94" 

-22.09 

131.58  ±  1.38 

331.53+  14.65" 

-t-1.35 

131.62+  1.52 

327.36  ±  14.69" 

-4.17 

Control 

spawn 

out 

133.33  ±1.28 

360.77  ±  11.92" 

133.31  ±1.10 

348.08  ±10.03" 

-12.69 

133.17  ±  1.14 

355.55  ±  10.73" 

■f7.46 

-^ 

133.63  ±  1.15 

350.53  ±  10.61" 

-5.02 

*  Means,  within  a  column,  with  different  superscript  letters  are  signifi- 
cantly different  (/)  <  0.05). 


TABLE  4. 


of  data  became  slightly  more  variable  during  the  second  spawning 
increasing  to  an  interquartile  difference  of  7.23  from  5.26  during 
the  first  and  third  spawning.  For  the  second  female,  variability  in 
egg  size  decreased  from  the  first  to  the  second  spawning  and  then 
increased  slightly  during  the  third  spawning  (Interquartile  differ- 
ence 7.23.  2.63  and  5.92  respectively).  The  spread  of  data  for  the 
third  female  was  more  consistent  over  all  three  spawnings  with  the 
interquartile  difference  remaining  at  5.26.  Egg  diameter  ranged 
between  210-230  p,m. 

Higli  ARA 

Eggs  obtained  from  this  female  fed  the  high  ARA  formulated 
feed  were  less  variable  over  time,  with  eggs  ranging  between 
203-221  |j.m  during  the  first  spawning  and  between  210-230  p.m 
and  210  and  229  |xm  in  the  second  and  third  spawnings,  respec- 
tively (Table  4.  Fig.  2b).  The  interquartile  difference  stayed  con- 
stant at  5.26  during  all  three  spawnings. 

Low  ARA 

The  size  frequency  distribution  of  eggs  obtained  from  the  first 
female  were  highly  variable  between  the  first  and  second  spawn- 
ings, with  the  distribution  shifting  from  between  200-253  \xm. 
respectively  (Table  4.  Fig.  2c).  The  interquartile  difference  in- 
creased from  2.63-15.78  from  the  first  to  the  second  spawning  and 
decreased  to  6.57  during  the  third  spawning.  The  second  female 
only  spawned  during  the  first  and  second  spawning,  however  the 
size  variability  was  smaller  and  ranged  from  210-239  |j.m. 

Control  Diet  (No  ARA) 

During  the  first  spawning  round  eggs  obtained  from  the  first 
female  ranged  between  204-22.S  (jlui  w  ilh  759f  (3rd  quartile)  of  the 
eggs  within  205  and  218  ]xm  in  diameter  (Table  4.  Fig.  2dl.  The 
interquartile  difference  decreased  slightly  from  6.25-5.26  during 
the  second  spawning  round,  and  was  highest  at  1 1.84  during  the 
third  spawning  round.  The  eggs  spawned  by  the  second  female 
were  less  variable  during  the  first  and  third  spawning.  The  inter- 
quartile difference  was  lowest  during  the  first  spawning  (5.59)  and 
increased  to  7.89  and  7.56  during  the  second  and  third  spawning 
respectively.  The  third  female  spawned  during  only  the  first  and 
second  spawning  however,  egg  size  decreased  over  these  time 
periods  with  eggs  ranging  from  210-224  over  the  first  and  second 
rounds,  respectively. 

DISCUSSION 

Influence  of  Diets  on  Broodstock  Parameters  and  Egg  Parameters 

The  results  of  this  study  suggest  that  diet  is  not  the  only  factor 
controlling  the  size  of  the  eggs  produced.  Over  all  three  consecu- 
tive spawnings,  egg  diameter  in  the  red  seaweed  treatment  differed 
significantly  from  only  the  low  ARA  diet,  and  relative  differences 
varied  with  spawning  rounds.  During  the  first  spawning  round, 
eggs  spawned  by  females  fed  the  red  seaweed  diet  were  signifi- 
candy  smaller  in  cytoplasm  diameter  and  had  significantly  larger 
jelly  coats  than  those  in  the  low  ARA  treatment.  However,  during 
the  second  and  third  consecutive  spawnings  there  was  no  signifi- 
cant effect  of  diet  on  cytoplasm  diameter,  vitelline  layer  thickness 
or  jelly  coat  thickness.  Previous  studies  have  indicated  that  diet 
directly  influences  egg  quality  in  marine  invertebrates  (Jaeckle 
1995).  On  the  other  hand,  Nevejan  et  al.  (2(J03)  found  that  the  total 
lipid  content  of  eggs  and  the  size  of  the  eggs  spawned  by  the 


Descriptive  statistics  of  egg  size  frequency  distributions  spawned  hy 

1-3  female  abalone.  Haliotis  laevigata,  per  diet  treatment  owr  three 

consecutive  spawning  rounds. 


Spawning 

Quartile 

Female 

Treatment 

1 

2 

3 

Red  seaweed 

1 

1.  Quartile 

218.29 

213.69 

213.03 

3.  Quartile 

223.55 

220.92 

218.29 

Interquartile 

5.26 

7.23 

5.26 

Min  (|j.ni) 

207.77 

210.40 

210.40 

Max  (Jim) 

228.81 

223.55 

228.81 

2 

1.  Quartile 

213.69 

215.66 

218.29 

3.  Quartile 

220.92 

218.29 

223.55 

Interquartile 

7.23 

2.63 

5.26 

Min  (|xm) 

205.14 

210.40 

210.40 

Max  (|j.m) 

223.55 

2.30.13 

226.18 

3 

1.  Quartile 

218.29 

213..36 

218.29 

3.  Quartile 

223.55 

219.28 

223.55 

Interquartile 

5.26 

5.92 

5.26 

Min  (jjL.m) 

210.4 

210.4(1 

210.40 

Max  {(im) 

23 1 .44 

23 1 .44 

230.13 

High  ARA 

1 

1.  Quartile 
3.  Quartile 
Interquartile 
Min  ^\xm) 
Max  (fim) 

210.40 
215.66 
5.26 
2(J2.51 
220.92 

2 

1.  Quartile 
3.  Quartile 
Interquartile 
Min  (jxm) 
Max  (fj-m) 

213.03 
218.29 
5.26 
210.40 
230.13 

3 

1.  Quartile 
3.  Quartile 
Interquartile 
Min  (\xm) 
Max  (fxni) 

218.29 
223.55 
5.26 
210.40 
228.81 

Low  ARA 

1 

1.  Quartile 

207.77 

221.58 

3.  Quartile 

210.40 

228.81 

Interquartile 

2.63 

7.23 

Min  (|xm) 

199.88 

210.40 

Max  (p.ni) 

218.29 

236.70 

T 

1.  Quartile 

220.92 

223.55 

3.  Quartile 

236.70 

231.44 

Interquartile 

15.78 

7.89 

Min  (|xm) 

202.51 

218.29 

Max  ([xm) 

252.48 

239.33 

3 

1.  Quartile 
3.  Quartile 
Interquartile 
Min  (fj.m) 
Max  (|j.m) 

216.98 
223.55 
6.57 
210.4 
236.7 

Control 

1 

1.  Quartile 

212.04 

202.18 

213.03 

3.  Quartile 

218.29 

207.77 

220.59 

Interquartile 

6.25 

5.59 

7.56 

Min  (^m) 

203.83 

194.62 

210.40 

Max  ((j.m) 

227..50 

216.98 

226.18 

2 

1.  Quartile 

213.03 

220.92 

210.40 

3.  Quartile 

218.29 

228.81 

215.66 

Interquartile 

5.26 

7.89 

5.26 

Min  ((xm) 

205.14 

194.62 

202.51 

Max  (|j.m) 

226.18 

244.59 

223.55 

3 

1.  Quartile 

211.72 

216.98 

3.  Quartile 

223.55 

224..54 

Interquartile 

11.84 

7.56 

Min  ((jLHi) 

186.73 

193.31 

Max  ((Jim) 

243.28 

240.65 

Influence  of  Diet  and  Spawning  Frequency  on  Greenlip  Abalone  Eggs 
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weaning  period  to  gel  used  to  the  new  diets  because  weight  loss 
was  less  apparent  on  the  natural  diet  and  decreased  on  the  formu- 
lated diets  after  the  first  spawning. 

If  measurements  of  egg  diameter  are  an  accurate  representation 
of  egg  ripeness,  because  larger  eggs  are  more  ripe  than  smaller 
eggs,  then  those  eggs  obtained  from  the  low  ARA  formulated  feed 
treatments  were  more  ripe  than  those  obtained  from  the  red  sea- 
weed treatment.  On  the  other  hand  the  low  ARA  diet  showed  the 
highest  percentage  occurrence  of  primary  eggs.  It  is  possible  that 
these  larger  eggs  contained  more  moisture  as  found  by  Daume  and 
Ryan  (2004)  and  were  thus  not  a  true  reflection  of  ripeness.  It  may 
also  be  that  the  micronutrient  content  of  the  formulated  feeds  may 
be  lower  than  optimal.  The  red  seaweed  diet  is  a  mixed  species  diet 
and  subsequently  may  be  lacking  in  some  macronutrients.  How- 
ever, eggs  in  the  red  seaweed  treatment  showed  the  lowest  per- 
centage occurrence  of  primary  eggs.  A  follow  up  study  investigat- 
ing combined  broodstock  conditioning  diets,  where  broodstock  are 
first  fed  a  low  ARA  formulated  diet  and  then  finished  off  with  red 
seaweed  before  spawning,  is  planned. 

The  decrease  in  the  ratio  of  cytoplasm  to  egg  diameter  across 
all  treatments  may  suggest  that  egg  quality  deteriorated  over  the 
consecutive  spawnings.  Littay  and  De  Silva  (2001)  reported  for 
blacklip  abalone.  that  a  ratio  of  yolk  (equivalent  to  cytoplasm  in 
this  study)  to  total  egg  diameter  between  0.83-0.87  was  ideal  for 
this  species  and  provided  the  highest  fertilization  rate.  These  au- 
thors suggested  that  any  deviation  from  this  range  (0.83-0.87) 
indicates  overripe  eggs  or  declining  egg  biochemical  status.  The 
ratios  found  in  our  study  were  much  higher  than  those  found  by 
Littay  and  De  Silva  (2001 )  however  that  might  be  attributable  to 
the  different  species  investigated  in  this  study. 

Size  Frequency  Distribution  of  Eggs 


Egg  diameter  (^ni) 

Figure  2.  Size  frequency  distribution  of  eggs  spawned  by  one  female 
abalone.  Haliotis  laevigata,  over  three  spawning  rounds  for  each  treat- 
ment. lAl  Red  seaweed.  (B)  High  .AR.A.  (C)  Low  ARA.  (I))  Control. 

scallop.  Argopedc'ii  piirpiinitus  were  independent  of  diet.  Simi- 
larly Caers  et  al.  (2002)  found  there  to  be  no  significant  effect  of 
diet  on  the  egg  size  of  the  oyster.  Crassostrea  gigas. 

The  role  of  diet  in  this  study  is  unclear.  Whether  the  increase  in 
egg  diameter  in  the  low  ARA  treatment  is  correlated  with  the  ARA 
content  of  the  eggs  will  be  determined  after  subsequent  biochemi- 
cal analysis  of  the  eggs.  It  is  likely  however  that  the  maternal 
condition  of  the  female  broodstock  during  the  second  spawning 
was  negatively  infiuenced  by  some  other  factor  like  overall  animal 
nutritional  condition.  All  animals  lost  weight  during  the  experi- 
ment particularly  when  feeding  on  the  formulated  diet  at  the  start 
of  the  experiment.  It  could  be  suggested  that  animals  needed  a 


The  descriptive  statistics  of  the  si/e  frequency  distributions  of 
eggs  spawned  from  individual  females  suggest  that  the  eggs  within 
the  gonad  are  not  uniform  in  size  and  display  high  variability 
between  consecutive  spawnings.  This  may  be  directly  related  to 
conditioning  time,  with  the  broodstock  needing  a  longer  condi- 
tioning period  to  produce  eggs  of  similar  size  and  quality. 

Huchette  et  al.  (2004)  found  that  development  of  blacklip  aba- 
lone oocytes  within  the  gonad  was  not  uniform  and  resulted  in 
eggs  that  were  variable  in  size.  Clavier  ( 1992)  suggested  that  only 
the  largest  and  ripest  oocytes  within  the  gonad  are  released  during 
a  spawning.  However,  in  this  study  egg  size  was  very  variable  over 
single  spawnings  for  some  females.  Broodstock  may  have  re- 
sponded to  nutritional  stress,  resulting  in  resorption  of  ripe  ga- 
metes. Martinez  et  al.  (1992)  concluded  that  a  reduction  in  the 
gonad  index  of  a  hatchery-reared  scallop,  Argopecten  purpuratus, 
was  caused  by  resorption  of  ripe  gametes  because  the  broodstock 
were  under  nutritional  .stress. 

In  this  study,  egg  diameter  was  measured  as  total  egg  diameter 
including  the  xitelline  layer  and  the  cytoplasin.  However,  accord- 
ing to  Grant  and  Tyler  ( 1 983 ).  the  most  appropriate  method  of 
determining  reproductive  cycles  in  molluscs  and  echinoderms  is  to 
measure  oocytes.  On  the  other  hand,  egg  diameter  is  believed  to  be 
a  key  determinant  of  reproductive  performance  in  fish  (Brooks  et 
al.  1997)  and  small  differences  in  egg  diameter  are  considered  to 
have  significant  biological  consequences  (George  1999).  Measur- 
ing egg  diameter  of  unfertilized  eggs  (post  spawning)  is  a  rela- 
tively quick  and  simple  means  of  gaining  reproductive  information 
about  broodstock  without  the  need  of  culling  broodstock  to  mea- 
sure oocvtes. 
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Graham  et  al. 


CONCLUSION 

In  this  study  we  showed  that  the  egg  diameter  varied  between 
eggs  spawned  tVom  females  [H.  Iiwviijiird)  feeding  on  a  red  sea- 
weed compared  with  the  low  ARA  diet.  Depending  on  spawning 
frequency,  broodstocic  diet  can  also  influence  the  cytoplasm  diam- 
eter and  jelly  coat  thickness.  Egg  parameter  measurements  and 
ratios  of  cytoplasm  to  egg  diameter  may  be  useful  parameters  for 
assessing  reproductive  performance  in  greenlip  abalone.  Studies 
are  needed  to  further  investigate  the  influence  of  broodstock  diets 
on  egg  variability  and  ultimately  on  larval  survival.  Combination 
diets,  where  broodstock  are  fed  a  fornuilated  feed  for  the  better 


part  of  the  conditioning  period,  and  then  a  suitable  red  seaweed 
species  will  be  tested. 
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GROWTH,  MORTALITY,  RECRUITMKNT  AND  SEX-RATIO  IN  WILD  STOCKS 

OF  SILVER-LIPPED  PEARL  OYSTER  PINCTADA  MAXIMA  (JAMESON) 

(MOLLUSCA:  PTERIIDAE),  IN  WESTERN  AUSTRALIA 


ANTHONY  M.  HART*  AND  LINDSAY  M.  JOLL 

Wesrern  AitstraUan  Fislicries  ami  Marine  Research  Laboratories.  PO  Box  20. 
North  Beach.  WA  6920.  Australia 

ABSTRACT  Growth,  mortality,  recruitment  and  sex-ratio  of  wild  stocks  of  the  silver-lipped  pearl  oyster  Pinctadu  maxima  were 
studied  at  sites  spanning  the  geographic  extent  of  the  commercial  fishery  using  mark-recapture  experiments,  recruitment  cohort  analysis 
and  research  surveys  of  stock  abundance  and  reproductive  status.  Growth  parameters  (L,,  K)  from  the  von  Bertalanffy  growth  equation 
were  estimated  at  210  mm  dorso-ventral  measurement  (DVM)  (  +  16  min  SD)  and  0.74  at  the  Lacepede  Islands.  L^  of  199  mm  DVM 
(±6  mm  .SDl  and  K  of  0.79  on  SO  Mile  Beach,  and  L^  of  194  mm  (±6  mm  SD).  and  K  of  0.72  at  Exmouth  Gulf  respectively.  Estimates 
of  natural  mortality  (M)  by  tagging  were  very  low  (0.02-0.03),  compared  with  catch-curve  analysis,  which  estimated  M  to  be  between 
0.1  in  deeper  (30-34  ni)  populations  and  0.18  in  shallow  (9-12  m)  populations.  Settled  P.  maxima  spat  (0  +  and  1  -i-  age  classes)  on 
adult  shell  were  quantified  (e.g..  1.317  spat  found  on  1 19.000  shell  in  2003)  to  obtain  an  annual  recruitment  index,  which  showed  clear 
temporal  trends  in  abundance.  Over  7  y  (1992  to  1995:  2001  to  2003)  the  annual  recruitment  index  varied  from  5.1-8.0  spat  per  1,000 
shell  for  the  0  +  age  class,  and  3.5-6.2  spat  per  1.000  shell  for  the  1  -H  age  class.  Preliminary  predictions  of  future  abundance  showed 
promise,  however  more  work  is  required  on  spatial  and  habitat  effects  on  spat  settlement  before  the  potential  of  the  0  -i-  and  1  + 
recruitment  indices  can  be  realized.  We  also  confirm  that  Western  Australian  populations  of  P.  maxima  are  protandrous  hermaphro- 
dites, with  a  50:50  sex  ratio  not  achieved  until  females  are  170  mm  DVM.  which  is  above  the  maximum  size  fished. 

KEY  WORDS:     pearl  oyster.  Pinchula  iiiaxiina.  growth,  mortality,  recruitment,  sex-ratio 


INTRODUCTION 

Wild  stocks  of  Pinclada  iiuixinni  (Jameson)  underpin  an  AU 
$120  million  dollar  pearling  industry  in  Western  Australia  and  the 
fishei7  has  been  in  operation  for  over  120  y.  From  the  late  1880s 
up  to  the  mid  1990s,  the  industry  relied  primarily  on  wild  caught 
shell  for  pearl  production.  Since  then,  a  concerted  shift  towards  the 
culture  of  P.  maxinui  led  to  the  determination  of  the  reproductive 
cycle  of  stocks  (Rose  et  al.  1990).  techniques  for  larval  and  spat 
culture  (Rose  &  Baker  1994)  and  the  assessment  of  growth  and 
mortality  in  hatchery  and  nursery  culture  (Mills  2000,  1997,  Tay- 
lor et  al.  1997.  Yukihira  et  al.  1998).  This  focus  on  the  cultured 
animal  is  not  surprising;  with  the  exception  of  Western  Australia, 
there  are  no  substantial  wild  stocks  left  anywhere  in  the  Indo- 
Pacific.  Even  the  estimation  of  spat  settlement  and  recruitment  of 
wild  stocks  has  been  primarily  directed  towards  the  potential  of 
farming  wild-caught  spat  for  pearl  production  (Beer  &  Southgate 
2000.  Knuckey  1995).  Knuckey  (1995)  suggested  that  artificial 
collectors  of  natural  spat  could  be  used  as  a  stock  assessment  tool, 
as  is  the  case  in  scallop  fisheries.  However,  early  trials  determined 
that  logistical  difficulties  (12  in  tidal  ranges)  associated  with  the 
deployment  of  artificial  spat  collectors  precluded  their  satisfactory 
application  in  Western  Australia  (Joll  1994). 

In  the  1950s.  Takemura  and  Okutani  (1955,  1958)  identified 
the  "piggyback  spat"  phenomenon,  whereby  new  recruits  of 
Pinctada  sp  settled  on  the  backs  of  adult  oysters  and  remained 
attached  for  at  least  the  first  year  or  two  of  their  life.  Given  that 
over  half  a  million  oysters  are  caught  each  year  in  the  fishery,  we 
hypothesized  that  "piggyback  spat"  sampled  from  the  wild  caught 
shell  may  provide  a  useful  broad  scale  index  of  recruitment  in  this 
species.  The  rate  of  "piggyback"  spat  found  on  pearl  oysters 
caught  by  the  commercial  fishery  was  examined  for  its  potential  as 
a  method  for  monitoring  and  measuring  recruitnienl  to  the  pearl 


oyster  stock.  This  provides  a  basis  for  understanding  the  annual 
variation  in  recruitment  and  predicting  the  level  of  recruitment  to 
the  fishery  2-3  y  later.  The  current  recruitment  index  is  based  on 
oysters  reaching  legal  minimum  size  (120  mm  shell  length)  and 
can  include  a  combination  of  year  classes. 

Despite  the  long-history  of  exploitation  of  this  pearl  shell,  there 
liave  been  no  published  estimates  on  key  demographic  parameters 
of  wild  stocks.  The  aims  of  this  study  are  therefore,  to  provide 
comprehensive  estimates  of  growth,  mortality,  recruitment  and 
sex-ratio  in  commercially  harvested  wild  stocks  of  P.  maxima. 


MATERIALS  AND  METHODS 


Growth 


♦Corresponding  author.  E-mail:  ahart^'fish. wa.gov.au 


Growth  was  assessed  with  data  from  different  stages  of  the  life 
history;  growth-increment  measurements  from  tag-recapture  ex- 
periments at  the  northern  (Lacepede  Islands),  central  (80  Mile 
Beach)  and  southern  (Exmouth  Gulf)  areas  of  the  commercial 
fishery  (Fig.  1 ),  and  cohort  analysis  of  the  0  +  and  I  -i-  age  classes 
in  successive  years.  Oysters  for  the  tag-recapture  experiment  were 
obtained  from  commercial  and  research  diving.  Prior  to  measure- 
ment and  tagging,  oysters  were  held  in  plastic  holding  crates  hung 
from  the  side  of  the  boat  or  aerated  seawater  on  deck  (<4  h)  or 
when  available,  in  purpose  built  seawater  through-flow  tanks  on 
pearling  boats  (up  to  12  h).  All  releases  and  recaptures  were  made 
during  a  single  neap  (tide)  in  June  of  each  year  at  the  80  Mile 
Beach  site,  during  a  single  neap  in  February /March  each  year  at  the 
Lacepede  Channel  site  and  during  a  single  neap  in  June/July  each 
year  at  the  Exmouth  Gulf  site.  Overall,  annual  growth  increments 
from  2.700  recaptured  animals  (Table  1 ).  combined  with  modal 
length  frequency  of  0  -h  and  1  -i-  cohorts  over  8  years  were  used  in 
the  determination  of  growth  of  P.  maxima. 

Oysters  were  tagged  using  plastic  shellfish  tags  (Hallprint, 
-South  Australia)  measuring  approximately  15x7  mm  (7  x  3  mm 
for  smaller  oysters  <50  mm  DVM).  These  tags  were  applied  to  the 
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TABLE  2. 

Recruitment  (piggyback  spat)  monitoring  of  Piuctada  maxima  in 

Western  Australia,  sliowing  tlie  number  (h)  and  percent  (% )  of 

oNsters  caught  commercially  that  Here  examined  for  the  presence 

of  spat. 


Figure  1.  Management  areas  of  the  Western  Australian  Pinclada 
maxima  fishery  showing  the  three  populations  examined  for  growth 
(Exmouth  Culf.  SO  Mile  Beach.  Eacepede  Islands).  The  buffer  zone  is 
the  area  in  which  license  holders  in  both  Zone  1  and  Zone  2  may 
harvest  pearl  shell. 


left  and  right  valves  of  each  oyster  using  a  cyano-acrylate  glue 
(Selleys  or  Loctite  454  Gel).  Eacfi  oyster  was  tagged  using  a  pair 
of  tags  witli  tfie  same  4  cfiaracter  identifier.  Tlie  dorso-ventral 
measurement  (DVM)  of  each  oyster  was  I'ecorded  using  standard 
calipers  and  measuring  boards.  Other  morphometric  measurements 
(anterior-posterior,  hinge  line,  hinge  depth  and  thickness)  were 
taken,  but  only  the  DVM  results  are  reported  here. 

Oysters  were  released  on  commercially  fished  habitat  charac- 
teristic of  each  region.  At  the  80  Mile  Beach  site  and  Lacepede 
Channel,  oysters  were  released  in  15-18  m  depth:  at  Exmouth  Gulf 
oysters  were  I'eleased  in  5-8  m.  Oystei's  recaptured  during  research 
surveys  were  remeasured  in  successive  years  and  lei'eleased  in  the 
same  area.  Any  new  pearl  oysters  found  during  recapture  surveys 
were  tagged,  measured  and  released  along  with  the  recaptured 
oysters.  During  the  period  of  growth  monitoring,  the  pearling  in- 
dustry avoided  fishing  in  the  vicinity  of  tag  sites. 

Growth  was  analyzed  using  a  maximum  likelihood  reformula- 
tion of  the  Von  Bertalanffy  growth  curve  for  tagged  data  (Francis 
1988).  Equations  1  and  2.  and  Table  2  of  Francis  (1988)  describe 
the  reformulated  equations  and  parametei's.  Model  fitting  is  con- 
ditional on  specifying  two  appiopriate  lengths  described  by  the 
data  (a  and  P).  from  which  mean  annual  growth  (g„.  g^)  and  K  and 
L-_,_  is  calculated  and  the  resultant  fit  examined.  The  best  fit  (maxi- 
mum log-likelihood)  for  the  P.  maxima  growth  model  occun'ed 
with  the  following  values  of  a  and  3  for  each  region.  Lacepede 

TABLE  L 

Period  at  liberty  (years)  and  number  of  recapture  increments  used 

to  assess  growth  of  Pinclada  maxima  in  Western 

Au.stralian  populations. 


Location 

Year 

80  Mile  Beach 

Period  at  Liberty 

89/90 

90/91 

91/92 

92/93 

93/94 

No.  Recaptures 

204 

362 

5.S3 

343 

391 

Lacepede 

Period  at  Liberty 

96/97 

97/98 

Channel 

No.  Recaptures 

293 

84 

Exmouth  Gull 

Period  at  Liberty 
No.  Recaptures 

96/97 

27? 

97/98 
212 

I^ocation 

.Sampling 

8()  Mile  Beach 

r.acepede  Islands 

Year 

Regime 

(Zone  2) 

(Zone  3) 

1991 

n 

17,867 

% 

5% 

1992 

n 

20.950 

1 5.5.36 

% 

6% 

18% 

1993 

n 

31.252 

13.238 

% 

87f. 

19% 

1 994 

n 

72.284 

15.008 

% 

19% 

19% 

1 995 

n 

83.134 

21.576 

% 

20% 

24% 

2001 

n 

132.920 

5.020 

% 

28% 

18% 

2002 

II 

123.660 

9.340 

% 

27% 

53% 

2003 

It 

107.670 

11.608 

% 

25% 

50% 

2004 

n 

101,833 

6,593 

% 

27% 

26% 

Islands  (50,  170  mm  DVM).  80  Mile  Beach  (60.  160  mm  DVM) 
and  Exmouth  Gulf  (65.  180  mm  DVM).  We  also  use  the  variability 
in  growth-increment  data  to  estimate  the  standard  de\iatioji  of  L^_. 
as  described  by  Francis  (1988). 

Mortality 

Pearl  shell  fishing  in  Western  Australia  is  a  gauntlet  fishery 
taigeting  3  age  classes  (3-6  y  olds)  in  the  120-170  mm  DVM  size 
range,  with  larger  animals  unexploited.  Natural  mortality  was  de- 
temiined  directly  and  indirectly  for  the  unexploited  portion  of  the 
stock  (shell  >170  mm  DVM)  by  tag  and  recapture  studies  con- 
ducted on  fixed  transect  lines  and  by  examining  stock  size- 
structure  and  undertaking  length  converted  catch-cur\c  analysis 
(Pauly  1984). 

Mortality:  Tagging  Data 

Piuctada  maxima  were  placed  in  a  predefined  grid  area  and 
inonitored  at  successive  time  intervals.  Five  parallel  lines  were 
established  at  6-m  depth  in  the  Gales  Bay  area  of  Exmoulh  Gulf  in 
July  1998.  The  lines  were  secured  at  the  ends  with  anchors  along 
a  north-south  direction  approximately  10  in  apart,  and  numbered 
1-5  from  east  to  west.  Short  lengths  of  chain  were  attached  to  the 
lope  at  regular  intervals  to  assist  in  anchoring  each  line  to  the 
bottom.  Oysters  were  collected  from  suiTounding  stocks,  brought 
to  the  surface,  placed  in  baskets  suspended  in  the  water  from  the 
side  of  the  boat  and  tagged  and  measured  as  described  in  the 
growth  section.  The  number  of  shell  collected,  piocessed  and 
placed  on  the  bottom  each  time  was  minimized  (approximately 
40-50).  to  ensure  the  pearl  oysters  were  stressed  as  little  as  pos- 
sible from  the  catch  and  tag  procedure.  Oysters  were  then  hand 
placed  on  the  substrate  next  to  one  of  the  five  lines  on  the  seabed. 
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A  total  of  721  oysters  were  tagged  and  released  between  July  and 
August  1998.  The  size  range  tagged  was  60  mm  to  240  iiini  DVM, 
with  over  15%  of  shell  being  greater  than  170  mm. 

To  separate  natural  mortality  from  experimental  mortality  (oys- 
ters stressed  by  the  collection  and  translocation  to  experimental 
sites),  shell  were  allowed  to  recover  for  1  mo  after  the  initial  tag 
and  release.  Experimental  mortality  was  estimated  for  the  1-mo 
period,  after  which  the  estimation  of  natural  mortality  began.  It 
was  assumed  stressed  shell  would  either  have  died  or  recovered  to 
a  naturally  healthy  state  after  a  month. 

The  intention  was  to  collect  mortality  data  alter  pearl  oysters 
had  been  at  liberty  for  1  and  2  y  (August  1999  and  2000).  How- 
ever, during  the  first  assessinent  of  the  experiment  (August  1999). 
the  destructive  effects  of  a  category  5  cyclone  (Vance.  March.  22 
1999),  which  produced  Australia's  highest  ever  recorded  wind  gust 
of  273  km/h,  became  apparent.  Experimental  lines  suffered  a  simi- 
lar fate  to  equipment  on  nearby  commercial  farms,  where  395  mm 
of  rainfall  run-off.  high  winds,  and  storm  surge  had  caused  wide- 
spread movement  of  oysters  and  equipment.  Overall  survival  rate 
of  shell  was  quite  high,  as  a  large  nuinber  of  pearl  oysters  were 
found  alive  {n  =  221,  48%).  however  there  was  no  discernable 
structure  left  to  the  experimental  layout  and  results  obtained  were 
not  deemed  representative  of  a  normal  year. 

Consequently,  a  repeat  experiment  was  set-up  in  Exmouth 
Gulf  on  the  August  8,  1999  to  detertnine  survival  of  shell  over  a 
single  year  period.  Seven  clumps  of  20  tagged  shell  spaced 
approx  0.8  m  apart,  were  positioned  by  divers  along  four  50-ni 
lines  (Fig.  2).  The  experiment  sites  were  revisited  a  year  later  when 
divers  retrieved,  recorded  and  measured  the  tagged  oysters.  This 
sampling  layout  simulated  the  natural  distribution  of  shell  on  the 
bottom. 


Miirlalily:  Liiii;lli-i<iiiyiilc(l  Calili  Curves 

Length-converted  catch  curve  analysis  was  used  to  estimate 
natiual  mortality  in  the  unfished  portion  of  the  population  above 
170  mm.  First,  age-length  keys  were  generated  from  the  param- 
eters of  the  von  Bertalanffy  growth  equation,  with  variations  of  age 
at  length  obtained  from  the  residuals  in  the  tag-recapture  model 
fitting  (Haddon  2001 ).  Second,  shell  lengths  from  research  surveys 
of  the  northern  (Lacepede  Channel  and  Hania  Patch)  and  80  Mile 
Beach  populations  (5  locations:  Patterson  Shoal,  10  Mile,  13-15 
Mile,  17  Mile,  Compass  Rose)  were  allocated  to  ages  using  pro- 
poilions  in  the  age  length  key.  No  model  was  run  for  oysters  in 
Exmouth  Gulf  because  there  was  no  detailed  survey  of  these  stocks 
to  provide  length  frequency  information. 

Natural  mortality  (M)  was  assessed  by  determining  the  nega- 
tive slope  of  the  regression  line  from  log  frequency  estimates  of 
numbers  at  age  for  tho.se  shells  above  170  mm  (Pauly  1984). 
Mortality  was  estimated  for  4  locations  (Lacepede  Islands.  80  Mile 
Beach  Inshore.  SO  Mile  Beach  Offshore,  Compass  Rose). 

Ricriiitimnt 

Research  and  industry  personnel  inspected  oysters  collected  by 
pearl  divers  for  the  presence  of  settled  P.  maxima  spat,  which  were 
separated  into  two  age  classes  (Fig.  3).  After  each  drift,  between 
100  and  300  shell  were  caught  and  placed  in  a  central  pile  for 
cleaning.  Twenty  oysters  at  a  time  were  randomly  selected  from 
the  pile,  each  one  in,spected,  spat  collected  and  measured,  and  the 
process  repeated  until  a  representative  subsection  of  the  catch  had 
been  sampled.  Between  18.000  (1991)  and  137,000  (2001)  adult 
pearl  oysters  were  examined  each  year  for  the  presence  of  spat 
(Table  2).  Currently,  this  sampling  effort  evaluates  25%-  to  30%  of 
oysters  caught  each  year.  A  comparison  of  spat  abundance  be- 
tween research  and  industry  data  was  also  undertaken. 


Figure  2.  Design  of  mortality  study  site  in  Gales  Bay.  Exmouth. 


Sex  Ratio 

Rose  et  al.  (1990)  and  Hancock  (1993)  quantified  the  repro- 
ductive cycle  of  wild  stocks  of  P.  maxima  in  Western  Australia, 
and  our  sampling  utilized  this  knowledge  to  determine  the  popu- 
lation sex-ratio.  To  coincide  with  the  beginning  of  the  predicted 
spawning  season,  sex-ratio  data  were  examined  from  oysters  col- 
lected from  80  Mile  Beach  in  October  1998  (h  =  479).  DVM  of 
all  specimens  was  recorded  and  the  valves  of  each  oyster  were 
partially  opened  to  inspect  gonad  condition  and  determine  gender 
by  visual  inspection  of  gonad  color  (males,  white  to  cream  colored 
gonad;  females,  pale  yellow  to  orange  colored  gonad).  Animals  in 
which  the  gonad  was  a  watery  white  color  or  appeared  translucent 
were  recorded  as  indeterminate.  Sex-ratio  variation  by  size  was 
examined. 

RESULTS 

CiniMlh 

Piiutada  maxima  obtains  an  average  maximum  theoretical 
length  of  between  193  and  210  mm  DVM,  and  a  von  Bertalanffy 
growth  coefficient  (K)  of  0.72-0.79  (Table  3).  Growth  curves  and 
residual  analysis  of  model  fits  describing  growth  in  P.  maxima  are 
shown  in  Figure  4.  Oysters  grow  faster  and  attain  a  higher  maxi- 
mum size  in  the  Lacepede  Islands,  in  comparison  with  the  80  Mile 
Beach  and  Exmouth  Gulf  stocks. 

A  comparison  of  length  frequency  of  the  commercial  catch 
and  research  surveys  for  both  populations  (Lacepede  Islands 
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Figure  3.  I'initada  maxima  spal  found  on  ciinniu'i'ciull\  tlshed  adult 
shell.  (A)  O  +  spat,  17  mm  I)VM.  approximately  4  mo  old:  (Bl  1  +  spat, 
57  mm  DVM,  approximately  16-18  mo  old. 

and  80  Mile  Beach)  confirms  the  growth  curve  results,  namely  a 
larger  size  of  P.  maxima  at  the  Lacepede  Islands  (Fig.  5). 

Spat  cohort  data  shows  growth  to  be  relatively  slow  in  the  first 
18  mo,  with  average  annual  increment  between  0+  and  1+  cohorts 
varying  from  28-36  mm,  the  exception  being  1995,  which  at 
42  mm,  appears  to  have  been  an  exceptionally  fast  growth  year 
(Fig.  6). 

TABl.K  3. 

Growth  parameters  and  their  variability  for  the  silver-lipped  pearl 
oysters  iPiiictada  maxima)  at  three  locations  in  Western  Australia. 


Growth  Parameters' 


Lacepede 
Islands 


80  Mile 
Beach 


Exmouth 
Gulf 


a  (mm)                                                 50                         60  65 

P(mm)                                             170                      160  ISO 

i',,  (mm  year"')                               42                      30  37.5 

,i;u  (mm  year"')                               10                        8  9.5 

L-,                                                     210                     200  194 

Slandard  deviation  of  L,                    5.0                     16.2  5.3 

K                                                          0.74                    0.79  0.72 

'  The  parameters  are  derived  from  the  Francis  (1988)  retbrjiuilatioii  of  the 
von  Bertalanffy  growth  curve.  See  methods  for  more  details. 


Mortality:  Effect  of  Handling  on  Tag  Retention 

Of  the  93  shell  released  in  Exmouth  Gulf  in  July  1998,  92  were 
found  1  mo  later  in  August  1999.  From  these  92  shell,  2  were  dead, 
3  had  damaged  tags  and  1  shell  had  lost  both  tags.  Therefore,  total 
mortality  from  experimental  handling  was  2/92  =  2.17%,  and  tag 
loss  was  4,3%. 

Mortality:  Tagging  Estimates 

Of  the  200  oysters  placed-out  for  1  y  in  August  1999,  195  were 
retrieved  live  in  August  200.  2  were  dead  and  three  were  not 
relocated.  The  collection  rate  of  195/200  (97.5%)  indicates  that 
adult  mortality  was  low  (2.5%-  p. a.).  Thus,  overall  direct  estimates 
of  annual  natural  mortality  of  adult  pearl  shell  (6+  years)  were  1% 
to  2%.  which  equates  to  M  of  0.02. 

Mortality:  Catch  Carre  Analysis  of  Adult  Pearl  Shell  (6  +  years) 

Natural  mortality  (M)  ranged  from  0.18  or  16.5%  per  year  (80 
Mile  Beach.  Inshore  shallow)  to  0.1  (10%)  at  the  Compass  Rose 
deepwater  stocks  (Fig.  7).  Mortality  ai  the  Lacepede  Islands 
(0.148)  and  80  Mile  Beach  offshore  shallow  was  intermediate 
between  these.  This  trend  is  correlated  with  depth  (i.e.,  highest 
mortality  in  shallower  waters  and  lowest  in  deep  in  the  80  Mile 
Beach  stocks). 

KecruilmenI 

.Separation  of  0  +  and  I  +  age  classes  of  P.  nui.xima  spat  were 
obtained  consistently  over  9  y  of  sampling  the  80  Mile  Beach 
stocks  (Fig.  6),  and  0-34  mm  spat  are  considered  0  +  age  (5-8  mo), 
with  35-75  mm  considered  1+.  This  enabled  clear  temporal  trends 
in  spat  settlement  to  be  quantified  (Fig.  8),  particularly  in  the 
Lacepede  Islands  (Fig.  8).  However,  the  magnitude  of  the  recruit- 
ment index  differed  between  research  and  industry  data  collection, 
particularly  for  the  0  -i-  age  class  (Fig.  9).  Despite  this,  there  was 
still  a  significant  positive  coiTelation  between  industry  and  re- 
•search  personnel  data  for  the  0  +  age  class  (n  =  4;  r  =  0.95;  P  < 
0.05).  For  the  I  +  age  class,  there  was  also  a  positive  correlation 
between  industry  and  research  personnel  data  {ii  =  4;  r  =  0.67; 
P  >  0.05).  however  it  was  not  significant,  mainly  because  of  the 
small  sample  size  (Fig.  8). 

Predicting  Euture  Slock  Abundance  with  Recruitment  Data 

In  Zone  2,  there  was  a  high  positive  coirelation  between  0  + 
spat  abundance  and  I  +  spat  abundance  I  y  later  for  the  industry 
data  (n  =  4;  r  =  0.89),  and  the  research  data  {n  =  3;  r  =  0.92). 
Neither  was  statistically  significant  because  of  the  small  sample 
sizes,  however  they  are  sufficiently  high  to  enable  reasonable  con- 
fidence in  their  predictive  potential,  which  needs  to  be  confirmed 
with  more  years  of  sampling. 

Sex  Ratio 

Sex-ratio  data  confirms  that  P.  maxima  is  a  protandrous  her- 
maphrodite (Fig.  10).  Size-at-maturity  for  males  was  around  1 10 
mm,  females  were  identified  from  135  mm  onwards  and  the  sex 
ratio  reached  50:50  female  to  male  at  approximately  170  mm 
DVM.  From  170-200  mm  there  was  a  greater  proportion  of  fe- 
males in  the  population  (Fig.  10). 

DISCUSSION 

Results  o[  this  study  establish  for  the  first  time,  the  crucial 
demographic  parameters  of  growth,  mortality,  recruitment  and 
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sex-ratio  of  wild  stocks  of  P.  maxima  in  Western  Australia. 
Growth  was  estimated  in-silii  for  the  3  main  commereially  fished 
stocks,  the  Lacepede  Islands.  80  Mile  Beach,  and  Exmouth  Gulf 
stocks,  and  represent  the  first  published  results  for  in-sitit  assess- 


ment of  growth  of  wild  stocks  of  P.  maxima.  This  is  in  contrast  to 
fanned  stocks  of  P.  maxima,  where  there  have  been  many  assess- 
ments of  growth,  beginning  with  Wada  ( 195.^).  Our  growth  results 
confirm  that  the  wild  fishery  in  Western  Australia  is  a  gauntlet 
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fishery,  targeting  between  2  and  3  age  classes,  depending  on  lo- 
cation, and  that  average  growth  in  the  initial  years  from  0  -i-  to  1  -i- 
is  relatively  slow,  at  around  M)  mm  per  year,  although  it  can  vary 
considerably  between  years.  A  secondary  spawning  peak  of 
P.  maxima  in  March  to  April  (Rose  et  al.  1990)  may  affect  the 
integrity  of  the  1  +  cohort  data  to  some  degree,  however  there  is 
enough  consistency  between  years  in  spat  size  frequency  to  be 
confident  that  30  mm  per  year  is  an  accurate  average  for  20—40 
mm  P.  maxima  spat  on  the  80  Mile  Beach.  This  is  slower  than 
growth  rates  achieved  by  P.  maxima  spat  grown  near  the  surface 
on  long  lines,  w  hich  generally  achieve  an  average  increment  of  50 
mm  per  year  in  their  first  2  years  at  farms  in  the  Northwest  and 
North  of  Au.stralia  (D.  Mills,  pars.  comm.).  Cooler  temperatures 
and  surface  boundary  effects  creating  slower  flow  rates  are  hy- 
pothesized to  be  the  main  causes  of  slower  growth  in  spat  from  80 
Mile  beach  stocks.  Rose  et  al.  (1990)  recorded  winter  water  tem- 
peratures dipping  to  20°C.  which  is  close  to  the  calculated  tem- 
perature of  0  growth  (18°C)  in  P.  maxima  (Mills  2000.  Pass  et  al. 
1987).  Also,  spat  were  collected  from  wild  adult  oysters  living  in 


benthic  habitats  where  friction  effects  naturally  slow  the  average 
water  moxement.  in  comparison  with  cultured  spat  that  are  posi- 
tioned individually  on  surface  long  lines.  This  practice  provides 
optimal,  rather  than  normal,  conditions  for  growth.  Other  studies 
of  tropical  bi\a!ves  also  confirm  the  growth  enhancing  effect  of 
surface  long  lines;  for  example  Hart  et  al.  (1999)  showed  that 
juvenile  growth  of  a  giant  clam  (Tridacnidae)  (0-2  y)  was  consid- 
erably improved  on  surface  long  lines. 

Rose  et  al.  (1990)  reported  that  males  in  the  wild  mature  at  1  y 
with  a  shell  height  of  1 1 0  mm.  however  our  growth  results  indicate 
this  in  incorrect.  At  1  10  mm  DVM.  the  size  when  males  start  to 
mature,  their  age  would  be  2  y,  and  most  would  be  in  their  third 
year  of  life,  at  least  on  the  80  Mile  Beach  stocks.  Females  do  not 
mature  until  4  or  5  y  of  age  at  140  mm  DVM.  These  results  show 
clearly,  for  the  first  time,  that  growth  in  wild  stocks  of  P.  maxima 
is  less  than  that  achieved  on  farms. 

In  Western  Australia,  unfished  shells  grow  into  the  "Mother- 
of-Pearl"  or  MOP  size-class  at  170  mm  DVM  -l-  and  remain  un- 
e.xploited  at  a  low  natural  moitality  rate.  Estimates  of  the  age  of  an 
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e\L-cplion;illy  large  oyster  found  on  the  SO  Mile  Beneh  tlshing  Research  surveys  of  MOP  ha\'e  eonfirmed  high  abundance  of 
grounds  (252  mm  DVM)  are  between  15  and  30  y  (Hart,  unpub-  stocks  (Hart  &  Friedman  2004)  and  preliminary  analyses  suggest 
lished  data),  hence  it  is  possible  that  P.  maxima,  which  escape  that  the  balance  between  recruitment  and  fishing  mortality  is  gen- 
commercial  exploitation  may  breed  for  another  10-15  y.  Overall,  erally  tipped  towards  recruitment,  except  in  exceptionally  poor 
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recruitment  years.  Stock  surveys  however,  should  be  earned  out 
every  5  y  to  measure  any  change  of  the  breeding  stock. 

Comparative  estimates  of  the  demographic  parameters  K  and 
L-^  for  pearl  oysters  are  sparse  in  literature,  owing  presumably  to 


the  fact  that  pearl  fisheries  were  among  the  earliest  marine  animals 
exploited  commercially,  most  of  which  occuned  prior  to  the  de- 
velopment of  modem,  quantitative  biological  methods.  Saucedo  et 
al.  (1998)  for  example,  reports  that  the  natural  pearl  beds  of 
Pinctada  mazatkmica  in  Mexico  were  subject  to  400  y  of  uncon- 
trolled exploitation,  leading  to  virtual  extinction  by  1939.  Herd- 
man  (1903)  repoils  on  the  great  antiquity  of  the  Ceylon  pearl 
oyster  fishery,  which  targeted  Piiutada  tmbricata  and  details  in- 
dividual yearly  catches  and  revenues  of  this  fishery  throughout  the 
1800s  at  a  very  fine  spatial  scale,  including  an  assessment  of 
normal  and  stunted  growth  in  the  presence  of  overcrowding,  how- 
ever this  was  before  von  Bertalanffy's  (1938)  seminal  work.  Sims 
( 1992)  study  on  the  black-lip  pearl  oyster  {Pinctada  niariiarilifi'ra) 
in  the  Cook  Islands  yielded  an  L,  infinity  of  183  mm.  and  K  of 
0.26.  which  is  slightly  smaller  and  slower  growing  than  P. 
iiia.xiwa.  This  is  to  be  expected  because  P.  maxima  is  recognized 
as  the  largest  of  all  pearl  oysters  in  the  world  (Shirai  1994).  al- 
though Saucedo  et  al.  ( 1998)  presented  data  on  individual  P.  maza- 
tlanica  growing  to  190  mm  DVM.  Considerable  spatial  and  indi- 
vidual variation  in  growth  of  P.  maxima  in  Western  Australia  was 
noted,  with  a  standard  deviation  of  16  mm  from  the  Zone  2  stocks, 
and  exceptional  individuals  have  been  observed  as  large  as  300 
mm  from  the  Lacepede  Islands.  This  is  confirmed  by  Wada  (1953), 
who  reports  that  a  300  mm  specimen  was  not  uncommon  in  some 
fishing  areas  along  the  north  of  Australia  and  Arafura  Sea. 

Natural  mortality  (M)  of  170  mm  +  oysters  appeared  to  be 
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location  specific,  and  generally  low,  with  indirect  estimates  from 
length-converted  catch-curve  analysis  (0.11-0.18)  being  higher 
than  direct  estimates  from  tag-recapture  studies  (0.02).  Sims 
(1992)  estimated  natural  mortality  at  0.11  for  Pinctada  iuaii>a- 
ritifera,  which  suggests  that  low  rates  of  M  for  pearl  oysters  are  to 
be  expected.  The  differences  between  M  was  primarily  related  to 
depth,  and  shallow  areas  of  the  pearl  stocks  may  exhibit  a  higher 
rate  of  natural  mortality  caused  by  increased  turbidity  and  greater 
water  movement  and  susceptibility  to  annual  extreme  storm 
events,  such  as  cyclones  and  perhaps  higher  predation.  We  hy- 
pothesize that  P.  maxima  in  Western  Australia,  a  sedentary  species 
having  evolved  under  the  influence  of  huge  tides  and  cyclones 
would  be  favored  by  having  low  natural  mortality  as  a  life-history 
strategy,  indicating  a  robustness  to  cope  with  extreme  environmen- 
tal conditions. 

Historically,  varying  catch  per  unit  effort  (CPUE  in  shells 
caught  per  diver  hour)  in  the  pearl  oyster  fishery  (Fig.  1 1).  sug- 
gests that  recruitment  is  quite  variable,  a  conclusion  in  common 
with  many  marine  invertebrate  species.  Whereas  the  introduc- 
tion of  GPS  (Global  Positioning  System)  in  1994  might  have 
confounded  the  changes  in  CPUE  occurring  at  that  time,  subse- 
quent changes  in  CPUE  suggest  that  fishery  performance 
can  reflect  recruitment  variation.  Understanding  this  natural 
variation  in  recruitment  will  greatly  enhance  our  management 
capability  of  this  fishery,  and  our  preliminary  work  on  using  the 
"piggyback"  spat  recruitment  index  has  yielded  promising  results. 
Firstly,  it  was  possible  to  collect  adequate  samples  of  newly  set- 
tled spat  as  part  of  the  on-board  vessel  monitoring  program  and 


Dorso  Ventral  Length  (mm) 

Figure  10.  Se\-ratio  by  size  in  \\'\\<.\  stocks  of  Piiiclada  maxima  from  SO 
Mile  Beacli  (Zone  2).  (al  sample  size  per  size-increment;  (b)  '/c  fre- 
quency by  size-increment. 


divide  them  up  into  two  age  classes  (O-i-  and  1-)-).  The  results 
proved  consistent  from  year  to  year  because  the  fishery  largely 
operates  within  the  same  3  ino  each  year  (mid-March  to  mid-June). 

Secondly,  preliminary  predictions  detected  a  future  temporal  vari- 
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ability  in  CPUE,  which  is  consistent  with  the  past  history  ofCPUE 
in  the  fishery,  namely  that  the  general  pattern  has  been  2—1  y  of 
"baseline"  CPUE  around  30  shells  per  hour,  followed  by  2-3  y  of 
increased  CPUE.  up  to  60%  above  the  baseline  and  then  a  drop 
back  to  normal  levels.  Euture  work  will  quantify  effects  of  habitat 
and  depth  and  other  environmental  factors,  such  as  variables  rep- 
resenting larger  ocearnograhic  conditions  (e.g..  ENSO  phenom- 
ena) and  provide  a  formal  predictive  index  to  assist  in  managing 
level  of  catch. 
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IN  PURSUIT  OF  COST-EFFECTIVE  FISHERIES  ENHANCEMENT  OF  NEW  SOUTH  WALES 
BLACKLIP  ABALONE,  HALIOTIS  RUBRA  (LEACH)  FISHERY 


M.  P.  HEASMAN* 

NSW  Dc'paitiucut  of  Primary  liuliislrics.  Purl  Stephens  Fisheries  Centre.  Private  Bag  1, 
Nelson  Bay  NSW  2315.  Australia 

ABSTRACT  The  diverse  and  often  (.omplex  essential  components  of  successful  marine  stock  enhancement  are  briefly  reviewed. 
Progress  on  a  project  to  enhance  the  New  South  Wales  hlacklip  abalone  [Halious  rubra)  fishery  is  discussed  to  demonstrate  that  for 
sedentary  reef  invertebrates  such  as  abalone,  successful  enhancement  entails  an  understanding  of  recruitment  and  production  limiting 
factors.  These  include  age  and  size  specific  growth  and  mortality  rates.  These  variables  encompass  the  influence  of  other  species  within 
reef  ecosystem.s,  especially  predators  and  species  that  compete  directly  with  them  for  space,  shelter  and  food.  This  discussion  is  also 
used  to  demonstrate  that  such  difficult  projects  can  be  facilitated  and  refined  using  a  simple  bio-economic  model  centered  on  two 
interdependent  tasks.  The  first  is  to  minimize  net  costs  per  unit  of  additional  sustainable  production  generated  by  enhancement.  The 
second  is  to  determine  the  minimum  amount  of  additional  sustainable  production  required  to  render  a  project  cost-effective.  This  first 
task  has.  as  expected,  proven  complex  and  its  resolution  protracted  and  expensive,  requiring  innovative  biotechnology  and  a  com- 
prehensive knowledge  of  the  natural  biology  of  blacklip  abalone.  This  discussion  principally  reflects  the  perspective  of  the  direct 
potential  beneficiaries  of  abalone  fisheries  enhancement,  namely  commercial  and  recreational  fishers  and  does  not  deal  extensively 
with  wider  views  and  interests  of  other  stakeholders,  namely  relevant  government  agencies  and  NGOs  and  the  general  public. 

KEY  WORDS:     fisheries  enhancement,  abalone.  Halintis  rubra 


INTRODUCTION 

Generalized  Theory  and  Practice  of  Marine  Fisheries  linhanccmenl 

Blankenship  and  Leber  ( 1997)  identified  10  key  components  as 
essential  for  responsible  marine  stock  enhancement.  These  in- 
cluded the  need  to:  ( 1 )  prioritize  and  select  target  species  for 
enhancement:  (2|  develop  a  species  management  plan  that  identi- 
fies harvest  opporttinity,  stock  rebuilding  goals  and  genetic  objec- 
tives; (3)  define  quantitative  measures  of  success:  (4)  use  genetic 
resource  management  to  avoid  deleterious  genetic  effects;  (5)  use 
disease  and  health  management:  (6)  consider  ecological,  biological 
and  life-history  patterns  when  forming  enhancement  objectives 
and  tactics;  (7)  identify  released  hatchery  seed  and  assess  stocking 
impacts:  (8)  use  an  empirical  process  for  defining  optimum  release 
strategies;  (9)  identify  economic  and  policy  guidelines  and  (10) 
use  adaptive  management.  Blankenship  and  Leber  (1997)  re- 
viewed three  finfish  case  studies  to  verify  that  this  responsible 
approach  to  marine  stock  management  is  practical. 

In  a  recent  review  of  the  1 00  y  history  of  fisheries  stock  en- 
hancement projects,  Molony  et  al.  (200.^)  concluded  that  most 
have  had  little  or  no  demonstrated  success.  They  ascribe  this  to 
undue  preoccupation  with  seed  production  technology  and  failure 
to  identify  and/or  control  underlying  reasons  why  the  targeted 
fisheries  were  underperforming  or  not  meeting  management  ob- 
jectives. They  also  concluded  that  stock  enhancement  has  often 
been  applied  in  isolation  ixom  other  fisheries  management  tools 
and  have  ignored  broader  ecosystem  perspectives.  To  address 
these  shortcomings,  the  authors  proposed  a  flow-chart  implemen- 
tation model  comprising  four  sequential  steps:  (1)  review  all  rel- 
evant ecological  and  stock  status  management  fisheries  informa- 
tion; (2)  make  a  comparative  evaluation  of  all  relevant  fisheries 
management  tools  with  a  potential  to  meet  targeted  objectives;  (.^) 


*Corresponding  author.  E-mail:  mheasman@bigpond.net.au 
Note:  these  budgets  incorporate  new  highly  efficient  hatchery  and  nursery 
technologies  developed  in  this  study  but  do  not  include  depreciation  on 
plant  and  equipment. 


instigate  a  scientifically  based  pilot  enhancement  program  with 
clear  appi'opriately  targeted  objectives  and  (4)  if  warranted  by 
outcomes  of  the  pilot  program,  initiate  a  follow-up  full  scale  cotn- 
mercial  program. 

What  follows  is  a  discussion  of  a  research  project  that  has 
attempted  to  achieve  sustainable  and  cost-effective  enhancement 
the  blacklip  abalone  (Haliotis  ni/ini.  Leach)  fishery  in  New  South 
Wales  (NSW),  using  hatchery-produced  seed.  This  research,  much 
of  which  is  reported  in  more  detail  by  Heasman  et  al.  (2004)  in  a 
contract  research  report,  has  collectively  addressed  most  of  the 
important  issues  and  elements  identified  by  Blankenship  and  Leber 
( 1997).  Its  implementation  over  a  3-y  period  generally  conformed 
to  the  first  three  sequential  steps  prescribed  by  Molony  et  al. 
(2003).  Towards  the  end  of  the  third  year  of  pilot  seeding  opera- 
tions (step  3).  an  extensive  reappraisal  of  the  project  was  made. 
This  coinprised  a  repeat  of  steps  1  and  2  (review  of  all  other 
relevant  fisheries  biology  and  management  information)  and  in- 
corporated a  wealth  of  practical  experience  gained,  together  with 
findings  of  an  extensive  array  of  complementary  laboratory  and 
field-based  larval  and  juvenile  seeding  experiments.  It  also  culmi- 
nated in  the  development  of  bioeconomic  benefit  and  cost  and  risk 
assessment  model. 

Previous  Attempts  to  Enhance  Wild  Stocks  of  Abalone  With 
Hatchery-Produced  Seed 

The  efficacy  of  enhancing  wild  stocks  of  abalone  with  hatch- 
ery-produced seed  has  been  investigated  internationally  and  within 
Australia.  As  staled  by  Shepherd  et  al.  (2(X)0).  "Release  of  larvae 
and  juveniles  has  often  been  proposed  as  a  panacea  for  rehabili- 
tating depleted  or  over  exploited  reef"  Seeding  of  juveniles  has 
been  practiced  in  Japan  for  several  decades  with  some  success 
(Kojima  199.^.  Masuda  &  Tsukamoto  1998).  Larval  release  has 
been  practiced  sporadically  in  Mexico  since  the  1960s  (Ortiz- 
Quintanilla  1980).  Prior  to  this  study,  research  in  NSW  into  the 
efficacy  of  previously  developed  techniques  for  the  release  of  seed 
abalone  was  limited  to  larval  releases  in  Twofold  Bay  by  a  com- 
pany Abalone  Shellfish  Enterprises  Pty  Ltd.  (Keesing  et  al.  1994). 
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Although  .survival  ot  the  larvue  was  not  monitored,  a  localized 
high  density  aggregation  of  sublegal  size  abalone  was  observed  at 
one  release  site  several  years  later  (Ross  Werner,  pers.  conim. 
1998),  This  information,  though  anecdotal,  encouraged  collabora- 
tive involvement  of  total  allowable  commercial  catch  (TACC) 
quota  holders  in  this  project  as  mediated  through  the  NSW  abalone 
management  and  advisory  committee  (ABMAC). 

Larvae  of  H.  rubra  and  greenlip  abalone  {Hiilintis  laeyiiiula. 
Donovan)  were  released  at  different  densities  in  South  Australia  by 
Preece  et  al,  (1997),  Generally  low  and  strongly  density-dependent 
survival  in  the  range  0.02%  to  7.8%,  occurred  6-7  d  after  settle- 
ment. Such  strongly  density-dependent  rates  of  mortality  of  larvae 
and  early  postlarvae  were  also  reported  by  McShane  (1991)  in 
relation  to  naturally  recruited  stocks  of  H.  nihni  in  north  eastern 
Victoria,  On  the  basis  of  these  reports.  Shepherd  et  al,  (2000) 
recommended  against  larval  seeding,  as  did  Schiel  ( 1993),  based 
on  similar  results  with  seeding  of  H.  iris  (Paua)  larvae  in  New 
Zealand. 

In  a  review  of  experimental  releases  of  7-mo-old  (12  mm) 
hatchery-produced  H.  nilira  in  Tasmania,  Shepherd  et  al.  (2000) 
concluded  that  very  high  rates  of  mortality  over  the  first  few  weeks 
were  due  mainly  to  handling  stress.  They  also  concluded  that  high 
mortality  up  to  1  y  after  release  was  caused  by  persistent  density- 
dependent  mortality  factors  and  predator  naivety. 

Status  of  the  NSW  Abalone  Fishery  and  Scope  for  Enhancement 

The  NSW  abalone  fishery  is  based  entirely  on  H.  riihni  and  is 
largely  confined  to  the  southern  half  of  the  state.  Annual  catch 
(Fig.  I)  peaked  at  about  1200  t  in  1971/1972,  and  remained  above 
600  t  through  to  the  early  I98()s.  Since  1973  a  succession  of 
fishery  management  initiatives  (Fig.  I)  have  been  implemented. 
These  have  included  a  reduction  in  effort  through  license  regula- 
tion, limiting  catch  by  quota  allocation  and  introduction  of  si/e 
limitations.  Regional  fishing  closures  were  also  imposed  between 
Port  Stephens  (32=42'S;  I52°10'E)  and  Jervis  Bay  (35''03'S: 
150°44'E)  after  a  major  depletion  of  stocks  by  the  disease  Perk- 
insiis  between  2000  and  2002.  A  TACC  of  370  t  was  first  intro- 
duced in  1989.  Subsequently  it  has  been  progressively  reduced  to 
333  t  in  1996,  to  305  t  in  2000  and  down  to  its  cunent  level  of  281 
t  in  2003  (NSW  Fisheries  2004).  Subsequently,  it  was  further 
reduced  to  208  t  in  2004  and  to  1 130  t  in  200,5. 


Figure  1.  Annual  commercial  catch  data  and  management  initiatives 
for  the  NSW  H.  rubra  fishery  since  its  inception  in  1960,  (Source  data: 
Anon  2(102;  NSW   fisheries  200-1,1. 


A  common  anecdotal  report  of  H.  riilvn  fishers  over  this  30-y 
period  is  that  many  fomierly  productive  areas  of  reef,  typified  by 
foliose  algae  (seaweed)  and  associated  complex  communities  of 
fish  and  invertebrates  including  abalone,  have  undergone  a  tran- 
sition to  "barrens,"  These  bare  rock  areas  typically  carry  high 
densities  of  the  black  (  =  purple)  sea  urchin,  Centrostephanus 
rinlgersii.  (J.  Smythe,  pers.  comm.).  Such  observations  are  com- 
patible with  the  findings  of  Andrew  and  Underwood  (1992)  that 
densities  of  H.  nil)ra  and  C.  nulgcrsii  are  negatively  associated 
and  by  the  finding  of  Shepherd  (1973)  that  continuous  grazing 
pressure,  exerted  by  dense  aggregations  of  C.  roJf^ersii.  can  de- 
grade complex  community  reefs.  Andrew  and  O'Neill  (2000)  and 
Worthington  and  Blount  (2003)  estimate  that  barrens  habitat  con- 
stitute an  average  of  40%  to  5(.)%  of  near-shore  reef  areas  in  NSW, 

Whereas  the  massive  extent  of  barrens  habitat  in  NSW  appears 
to  offer  scope  for  rehabilitation  of  depleted  H.  ndirn  stocks,  natu- 
ral recolonization  is  probably  limited  by  the  combination  of  com- 
petitive exclusion  by  C.  rodgersii  and  the  very  restricted  dispersal 
of  H.  nihrti  larvae  from  their  parents  (Prince  et  al.  1988).  Hamer 
(1482)  and  Andrew  et  al.  (1998)  demonstrated  that  habitat  im- 
provement by  way  of  culling  urchins  from  urchin  dominated  reef 
in  Southern  NSW  resulted  in  rapid  recovery  to  abalone  densities 
typical  of  high  producing  reef  within  3^  y.  The  recovery  process 
also  included  a  drainatic  increase  in  the  coverage  and  biomass  of 
foliose  algae  and  an  associated  increase  in  biodiversity  of  floral 
and  faunal  assemblages.  Nevertheless,  urchin  culling  is  very  labor- 
intensive  and  colonization  is  limited  to  small  localized  areas.  Ac- 
cordingly, the  task  of  culling  C.  rodgersii  from  up  to  50%  of 
coastal  reefs  commercially  fished  for  abalone  in  NSW.  that  col- 
lectively comprise  about  5000  ha,  is  daunting. 

By  contrast,  mass  hatchery  production  and  release  of  seed  H. 
rubra  provides  a  potentially  powerful  means  of  rapidly  enhancing 
depleted  abalone  subpopulations  over  extensive  areas.  Seeding 
also  addresses  other  factors  limiting  recruitment  and  consequen- 
tially sustainable  yields.  Such  factors  include  the  ciimbined  effects 
of  commercial,  recreational  and  illegal  fishing  pressure  and  dis- 
eases such  as  Perkinsus  that  has  devastated  stocks  north  from  of 
Jervis  Bay  to  Port  Stephens  (Worthington  2002).  Other  recruitment 
limiting  factors  are  pollution  and  competitive  exclusion  especially 
of  settlement  stage  larvae  and  small  postlarvae  by  a  diverse  array 
of  large  common  surface  grazers.  These  coinprise  other  gastropods 
including  several  ubiquitous  turban  shell  species  and  a  comparable 
array  of  urchins  additional  to  C.  rodgersii.  In  a  recent  experiment 
(Heasman  unpublished  data)  high  densities  of  the  common  tent 
shell  {Aslraliuiii  Icnlorijoriuis)  or  of  Tnrbo  tun/uatus  in  high  den- 
sities were  found  to  reduce  yields  of  l-wk-old  H.  rulva  postlarvae, 
seeded  as  larvae  onto  natural  CCA  (crustose  coralline  algae)  rock 
settlement  substrates,  by  98%  and  94%  respectively.  In  the  same 
experiment,  the  presence  of  either  black  urchins  (C.  rodgersii)  or 
adult  abalone  reduced  postlarval  yields  by  similarly  high  margins 
of  90%  and  78%  respectively. 

SEED  PRODUCTION  AND  DEPLOYMENT  TECHNOLOGY 

Improved  Year-ronnd  Availability  of  Ripe  Broodstoek  for  Induced 
Spawninfi  and  Hatchery  I'roductiim 

Attempts  to  immediately  produce  viable  eggs  from  wild-caught 
adults  were  unsuccessful,  with  a  significant  number  of  viable  eggs 
( 1.5  million)  being  produced  on  only  1  of  42  occasions.  Over  the 
same   period  seven  successful  inductions  of  spawning  were 
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achieved  using  hniodstock  cieeliiiiuli/ed  o\er  longer  periods  in 
ambient  flow-through  seawater  tanks.  These  yielded  26. S  million 
eggs  (mean  fecundity  1.12  million  eggs/spawner)  that  in  turn 
yielded  1  .v,^^  million  competent  larvae.  However,  these  spawnings 
and  subsequent  hatchery  operations  occuiTed  at  iiTcgular  intervals 
and  were  largely  limited  to  the  spring  to  early  summer  natural 
breeding  season  of  H.  nihni  in  NSW. 

For  the  first  time  in  Australia,  greatly  improved  access  to  ripe, 
ready-to-spawn  broodstock  was  achieved  with  captive  stock  con- 
ditioned in  a  recirculating  seawater  system  operated  at  15  ±  2  C. 
These  stock  were  originally  collected  from  seven  localities  be- 
tween Port  Stephens.  150  km  north  of  Sydney,  to  Disaster  Bay 
(37°15';  149°  58'E)  near  the  Victorian  border.  Half  (17)  of  34 
spawning  induction  operations,  spread  throughout  the  year,  were 
successful  and  yielded  59.3  million  eggs.  Mean  spawning  response 
rate  using  these  conditioned  broodstock  was  1 1%  (85  out  of  785 
females).  Mean  fecundity  (±  s.e.)  was  1.25  ±  0.49  million  eggs/ 
spawner  (range  of  42.000—4.0  million).  A  total  of  24.0  million 
competent  larvae  were  produced  and  used  for  larval  seeding  ex- 
periments or  for  nursery  production  of  juvenile  seed  and  related 
experiments.  Yields  of  7-8-d-old  competent  larvae  from  eggs  av- 
eraged 40%  (range  8%  to  71%),  which  was  consistent  with  rates 


routinely  reported  by  commercial  hatcheries  in  Australia.  Subse- 
quent yields  of  6-9  mo  old  juvenile  seed  from  competent  larvae 
averaged  5.7%  and  varied  greatly  from  8%  to  75%. 

Halcliery  and  Ntirxery  Tcehnolof^y  Dcyvltipmcnt 

The  low  and  inconsistent  yields  of  juveniles  raised  the  need  for 
better  knowledge  of  and  control  over  nursery  production.  A  mean 
shell  length  of  about  1 .5  mm  was  identified  as  the  minimum  size 
needed  to  ensure  trouble  free  weaning  of  postlarvae  onto  finely 
ground  particulate  diets  (Adam  and  Amos  P/L.  South  Australia). 
Postlarvae  grew  at  an  exponential  rate  regardless  of  season  or  seed 
density  (Fig.  2).  Plate  residence  time  from  settlement  to  1.500  ijim 
ranged  widely.  Batches  reared  in  summer/early  autumn  required 
only  30-35  d.  At  the  other  extreme,  winter  and  early  spring  reared 
batches  required  50-72  d.  Growth  rates  thus  appeared  primarily 
dependent  on  seasonal  temperature. 

An  important  feature  of  growth  on  diatom  plates  is  that  it 
continues  exponentially  until  either  food  runs  out  (plates  grazed 
out),  in  which  case  it  abruptly  stops,  or  when  postlarvae  reach  a 
mean  shell  length  of  1-2  mm  at  which  time  they  can  be  success- 
fulh  transfeiTed  to  raceways  for  weaning  onto  artificial  diets.  As 
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illustrated  in  Figure  3.  production  batches  that  were  inadvertently 
allowed  to  exhaust  diatom  films  after  having  reached  the  minimum 
weaning  si/e.  stopped  growing  and  starved  before  being  harvested 
from  nursery  plates.  Substantial  and  sometimes  catastrophic  losses 
of  postiarvae  occurred  as  a  consequence  of  such  episodes.  This 
was  probably  caused  by  combined  stresses  of  starvation,  anesthe- 
sia and  handling  when  harvested  and  transferred  to  shallow  ex- 
posed raceway  habitats  for  weaning.  The  size  and  age  at  which 
growth  stopped  and  starvation  began  appeared  inversely  related  to 
initial  density  of  competent  larvae  seeded  onto  the  plates. 

Results  of  Experiments  Conducted  to  Improve  the  Reliability  and  Cost 
Efficiency  of  Large-Scale  Production  of  Juvenile  H.  Rubra  Seed 

Results  of  one  experiment  to  in\estigate  effects  of  variable 
larval  density  of  500—1.000  larvae  per  plate  (0.15-1.2  cm"")  on 
settlement,  metamorphosis  and  subsequent  growth  on  conven- 
tional nursery  plates  showed  that  yields  of  postiarvae  (Fig.  4) 
peaked  after  4-7  d.  They  also  showed  that  yields  increased  from 
26%  to  71%  with  increasing  seeding  density.  However,  from  day 
7-28  after  seeding,  survival  across  all  seeding  densities  progres- 
sively converged  to  a  common  rate  of  about  20%  that  persisted 
until  the  termination  of  the  experiment  at  day  56.  Growth  (Fig.  5) 
remained  independent  of  initial  seeding  density  up  to  14  d.  aver- 
aging about  14  ixm  per  day.  Subsequent  growth  became  progres- 
sively more  density  dependent.  By  day  56.  growth  rates  at  residual 
densities  of  10.  100  and  1,000  postiarvae  per  plate  averaged  about 
40,  30  and  22  |xm/day  respectively.  Minimum  mean  shell  lengths 
of  about  1.400  ptm  at  day  56.  attained  at  the  highest  initial  density 
of  4.000  postiarvae  per  plate,  were  nevertheless  found  to  be  ac- 
ceptable for  the  purpose  of  early  weaning  of  postiarvae.  These 
improved  techniques  provide  scope  to  increase  output  per  plate 
from  one  to  at  least  four  batches  per  year  and  to  increase  yield 
densities  to  a  consistent  range  of  up  to  500-l,0()0/plate.  thereby 
greatly  raising  annual  yield/plate/year  up  from  30-80  up  to  a  range 
of  2,000^.000. 

In  another  experiment,  effects  of  temperature  on  settlement, 
metamorphosis  and  early  postsettlement  growth  and  survival  were 
investigated.  Settlement  rates  on  natural  CCA  coated  rock  settle- 
ment substrates  raniied  from  20%  to  40%.  Peak  settlement  and 
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Figure  4.  Effect  of  larval  seeding  density  on  the  relati\e  yield  of  H. 
rubra  postiarvae  seeded  onto  diatom  plates.  Bars  are  ±SE  of  means, 
H  =  4  (Heasman  et  al.  2(M)4|. 


yields  of  postiarvae  occurred  at  about  17°C  (Fig.  6).  During  the 
first  week  after  settlement  growth  rates  of  postiarvae  (Fig.  7)  in- 
creased progressively  from  zero  at  10°C  to  a  peak  of -30  pim/day 
at  23°C.  but  then  fell  dramatically  back  to  zero  with  a  further  rise 
in  temperature  to  27°C.  Effects  of  temperature  on  growth  of  four 
juvenile  age/size  classes  of  H.  rubra  (Fig.  8  a  to  d)  showed  that 
further  downward  shift  in  optimum  temperature  from  about  I7°C 
to  15 'C  occurs  with  progressive  age  and  size  in  juvenile  H.  rubra. 
Results  also  demonstrated  that  moderate  to  high  rates  of  settlement 
and  subsequent  growth  and  survival  could  be  achieved  year-round 
on  the  central  coast  of  NSW  at  mean  monthly  sea  temperatures  in 
the  range  16'C  to  22"C  but  that  successful  year-round  hatchery- 
ambient  temperature  nursery  production  would  be  limited  at  more 
southern  sites  subject  to  sea  temperatures  below  about  14°C. 
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Figure  3.  Effect  of  over-grazing  on  growth  of  //.  rubra  postiarvae 
seeded  onto  conventional  diatom  plates  (Heasman  et  al.  2004).  Note: 
initial  exponential  growth  (solid  circles)  succeeded  by  stalled  growth 
and  starvation  (open  circles).  Bars  are  ±SE  of  means,  n  =  30. 
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Figure  5.  Effect  of  density  on  growth  off/,  rubra  postiarvae  on  diatom 
plates  2-56  days  after  seeding  as  larvae  (Heasman  et  al.  2004). 
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Figure  6.  Effect  of  temperature  on  >  ield  of  da.\  6  H.  nihra  postlar\ae 
as  a  percentajje  of  lar\ae  seeded  onto  crustose  coralline  algae  coated 
rocks  (Heasman  et  al.  2004). 

Transportation  and  Storage  ofjinenilc  H.  Rubra 

The  need  to  transport  and  deploy  batches  of  up  to  several 
hundred  thousand  6-9-mo-old  (5-15  mm)  juvenile  H.  rubra  up  to 
50(1  km  from  the  hatchery  prompted  the  development  of  suitable 
storage  and  transportation  methods.  Key  issues  addressed  were 
whether  stock  should  be  stored  and  transported  wet  or  damp,  op- 
timum temperatures  for  storage  and  tiansportation  and  the  maxi- 
mum duration  over  which  they  can  be  safely  stored  and/or  trans- 
ported without  compromising  the  postrelease  vigor  and  survival. 
Juvenile  H.  nihra  (mean  SL.  14  mm)  previously  held  at  ambient 
temperatures  of  I8°C  to  22°C  survived  at  acceptable  rates  (i.e., 
above  809^)  for  up  to  4,S  h  \shen  stored  damp  in  pure  oxygen 
between  I.T  C  and  16  C.  The  best  48  h  survival  rate  of  95%  was 
achieved  with  damp  storage  at  I4°C.  Generally  poorer  rates 
achieved  with  wet  transportation  were  ascribed  to  declining  phys- 
iochemical  conditions,  especially  dissolved  oxygen  that  rapidly 
fell  below  an  acceptable  threshold  of  95%  saturation. 


Temperature  °C 

Figure  7.  Effect  of  temperature  on  growth  of  day  6  H.  rubra  postlar- 
vae  seeded  onto  crustose  coralline  coated  roclis  (Heasman  et  al.  2004). 


Field  Deployment  and  Postrelease  Growth  and  Survival 

Improved  methods  of  seeding  hatchery-produced  H.  rubra  lar- 
vae and  juveniles  onto  natural  reefs  were  developed,  and  the  ef- 
fectiveness of  these  methods  to  deliver  competent  larvae  and  ju- 
veniles to  reefs  tested.  Several  alternative  methods  of  monitoring 
the  settlement  and  early  survival  of  larvae,  postlarvae  and  juveniles 
within  their  respective  release  areas  were  developed.  Field  experi- 
ments were  u.sed  to  demonstrate  the  ability  of  juveniles  to  rapidly 
disperse  from  points  of  release  and  provided  greater  insight  into 
factors  that  must  be  considered  when  attempting  to  estimate  long- 
term  survival  of  seeded  stock. 

In  excess  of  24  million  larvae  and  nearly  900.000  juvenile  H. 
rubra,  most  falling  within  the  "button"  mean  size  range  of  6-18 
mm  SL.  were  seeded  to  57  sites  within  six  locations  along  the 
NSW  coast.  The  survival  and  growth  of  larvae  and  juveniles  were 
monitored  for  periods  up  to  30  mo.  Short-term  (<2  mo)  sampling 
was  used  to  investigate  movement  of  juveniles  and  to  compare 
alternative  sampling  techniques.  The  best  survival  for  seeded  lar- 
vae a  year  or  more  after  release  was  125  out  of  1.1  million  ( 1  in 
8.800)  recorded  55.^  days  after  release.  As  in  earlier  abalone  seed- 
ing studies  (Preece  et  al.  1997)  seeding  of  ready-to-settle  larvae 
was  shown  here  to  be  fraught  with  practical  difficulties  and  with 
very  low  rates  of  survival  projected  to  yield  less  than  1  in  20.000 
to  a  legal  shell  length  of  1 15  mm. 

Juveniles  were  mainly  deployed  as  clusters  of  700-2.500  in 
piedator  protective  release  devices  initially  comprising  CCA 
coated  rocks  within  wire  mesh  cylinders.  These  were  superseded 
by  rectangular  boxes  comprising  sections  of  PVC  down-pipe. 
Mean  survival  rates  1-2  y  after  release  ranged  from  0%  to  4%. 
Average  growth  rates  were  siiriilar  among  and  between  sites  with 
juveniles  expected  to  reach  maturity  (>90  mm  SL)  after  2.5-3.5  y, 
and  projected  to  reach  legal  SL  of  1 15  mm  after  4  y.  These  low 
survival  rates  prompted  a  compilation  and  analysis  of  published 
age  and  size-specific  mortality  data  for  H.  rubra  (Table  1.  Fig.  9) 
that  were  used  to  estimate  yield  per  recruit  and  related  parameters 
for  a  wide  range  of  age/size  classes  of  seed  from  competent  larvae 
to  6-y-old  adults  (Table  2).  A  review  of  published  ecological  in- 
formation on  H.  rubra  revealed  that,  although  1— 1-wk-old  wild 
postlarvae  occur  at  natural  densities  of  up  to  several  1000/nr.  and 
6-mo-old  juveniles  at  up  to  30/nr,  survivors  of  these  groups  con- 
verged to  a  common  narrow  density  range  of  1-3/m^  as  15-30 
mm.  1+  year  olds  (Prince  et  al.  1988.  McShane  1991.  Shepherd  et 
al.  2000).  It  was  then  postulated  that  if  natural  survival  rates  of 
6-9-mo-old  button  size  (7-15  mm)  juveniles,  through  to  the  mini- 
mum legal  size,  of  1  in  20-30  are  to  be  achieved  with  hatchery- 
pioduced  seed,  then  such  seed  should  be  sparsely  deployed  at 
densities  matched  to  the  food  based  carrying  capacity  of  CCA  rock 
habitats  of  this  size/age  class  of  juveniles,  rather  than  in  large 
dense  clusters  as  previously  practiced. 

Evaluation  of  Postlarvae  as  an  Alternative  to  Competent  iMrvae 
for  Seeding 

Major  practical  advantages  of  using  week  old  postlarvae  rather 
than  settlement  stage  larvae  for  seeding  operations  were  also  iden- 
tified in  three  laboratory  experiments.  Results  (Fig.  10)  showed 
that  postlarvae  can  be  readily  .seeded  at  very  high  densities  onto 
small  CCA  coated  pebbles  (vector  rocks)  and  retained  for  up  to  8 
d  without  significant  restriction  of  growth  or  ability  to  rapidly 
disperse  into  simulated  small  boulder  habitats  after  release.  Car- 
rying capacity  of  CCA  rock  habitat  declines  reciprocally  with  ex- 
ponential increases  in  the  biomass  of  individual  H.  rubra,  falling  to 
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Figure  8.  Effccl  of  temperature  on  growth  (al  in  shell  length  of  3  mo  old.  2-6  mm;  (b)  in  shell  length  of  7  mo  old,  6-8  mm;  (c)  in  biomass  of 
17  mo  old,  20-25  mm  and  (d)  in  shell  length  of  30  mo  old,  50-60  mm,  juvenile  H.  rubra.  Bars  are  +/-SE,  it  =  A  (Heasman  et  al.  2004). 


densities  levels  of  1. 000-2, OOO/iir  for  2-iiio-i)ld  ( 1  .."i  mm)  postlar- 
vae  (Fig.  1 1 ),  and  by  extrapolation,  to  levels  of  around  <30/m-  for 
6-mo-old  (7  mm)  juveniles.  The  latter  was  consistent  with  above 
cited  peak  densitie.s  reported  for  equivalent  wild  H.  rubra.  Surface 
grazing  on  CCA  thallus  and  associated  epibiota  remains  the  pri- 
mary food  source  of  juveniles  up  to  at  least  10  mm  SL  and  is  only 
then  progressively  supplanted  by  drift  seaweed  over  the  following 


1-2  y  in  individuals  up  to  at  least  3.'i  mm  SL  (Shepherd  &  Daume 
1996).  An  important  aspect  of  these  findings  is  that  they  were 
consistent  with  the  earlier-cited  convergence  of  1-l-y-old  wild  ju- 
veniles to  densities  of  1-3/nr.  These  observed  carrying  capacity 
limitations  of  CCA  rock  habitats  occurred  in  the  absence  of  other 
important  density  and  survival  limiting  factors,  namely  competi- 
tion from  other  surface  srazei's  such  as  urchins  and  other  gastro- 


TABLE  1. 

Published  age  related  mortalit)  data  for  wild  Haliotis  rubra  (See  Shepherd  &  Breen  1992,  for  the  mathematical  relationship  between 

instantaneous  and  proportional  mortality). 


Mean  Age  (Age  Span) 


Survival  for  Period 
or  Per  Year 


M  (Annualized  Instantaneous 
Natural  Rate  of  Mortalitv) 


Source 


25  days,  (0-49  days) 
80  days  (1  week  to  5  months) 
4  months  ( I  week  to  8  months) 
1.25  years  (6  months-2  years) 

2  years  ( 1 .5-2.5  years) 
2.25  years  (2  to  2.5  years) 
2.5  years  (2  to  3  years) 

3  years  (2—1  years) 

3.3  years  (3  to  3.5  years) 
3.5  years  (2-5  years) 

4  years  (2-6  years) 

4.3  years  (4  to  4.5  years) 
4.5  years  (4  to  5  years) 
5+  years 

5.3  years  (5  to  5.5  years) 
6.3  years  (6  to  6.5  years) 


0.5  "X 
3% 

5.5% 

20% 
44%  per  year 
4 1  %  per  year 
64%  per  year 
66%  per  year 
45%  per  year 
70%  per  year 
8 1  %  per  year 
74%  per  year 
76%  per  year 
82%  per  year 
90%  per  year 
78%  per  year 


311/y 
6.6-10.2  (8.4)/y 

1.4/y 

0.7/y 
0.8 1/y 

0.9/y 
0.45/y 
0.42/y 

().8/y 

0.36y 
0.2  l/y 

0.3/y 

0.274/y 

0.20/y 

0.1/y 
().25/v 


Preece  et  al.  1997 

McShane  1991 

Prince  et  al.  1988 

Prince  et  al.  1988 

Day  &  Leorke  1986 

Prince  et  al.  1988 

Hamer  1982  (Botany  Bay  slock) 

Shepherd  &  Breen  1992 

Prince  et  al.  1988 

Shepherd  et  al.  1982 

Shepherd  et  al.  1982 

Prince  et  al.  1988 

Hamer  1982  (Eden  Stock) 

Benissen  &  Powell  1979 

Prince  et  al.  1988 

Prince  et  al.  1988 
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Figure  9.  Age  related  annualized  instantaneous  mortality  rates  for 
wild  //.  nihra  (see  Tahle  1  for  source  of  data). 

pods  and  predation  especiuliy  by  t'iiifi.sh  especially  wrasses  (Shep- 
herd &  Turner  1985.  Shepherd  1998).  wina  cod  {Acuiuhistiiis 
ocellaliis)  and  morwong  (Cheilodactylus  fuscus)  (Heasman.  un- 
published observations)  and  large  invertebrates  including  starfish, 
rock  lobsters,  large  crabs  and  octopus  (Shepherd  &  Breen  1992. 
Shepherd  1998).  Accordingly,  the  carrying  capacity  of  CCA  rock 
habitats  can  be  largely  ascribed  to  nutritional  factors  in  juveniles 
up  to  lO-mm  SL  and  an  important  but  diminishing  factor  in  laiger 
juveniles  to  35-mm  SL  and  around  18  mo  of  age. 

On  the  strength  of  these  findings,  a  final  reef  seeding  experi- 
ment was  conducted  at  Disaster  Bay  near  the  NSW/Victorian  bor- 
der. Two  deployment  tieatments;  the  first  consisting  of  10  evenly 
spread  clusters  of  100  juveniles,  averaging  LS-nmi  SL.  and  the 
second  a  central  cluster  of  1 .000  juveniles  of  the  same  size,  were 
each  deployed  over  three  replicate  1 13  m~  sites.  This  represented 
a  targeted  seeding  density  of  less  than  10  juveniles/m",  typical  for 
this  size/age  class  of  juveniles  on  healthy  productive  reef  (Prince 
et  al.  1988,  McShane  1991,  Shepherd  et  al.  2000).  A  year  later, 
mean  survival  aci'oss  sites  seeded  with  10  x  100  juveniles  was 
within  the  expected  range  for  equivalent  w  ild  stock,  namely  1 2.5% 
(range  5%  to  23%).  whereas  that  of  the  alternative  clustered  tieat- 
ment  was  only  3.8%  (range  0%  to  9%). 

DEVELOPMENT  OF  A  BIO-ECONOMIC  MODEL  FOR 
ENHANCING  THE  NSW  ABALONE  FISHERY 

Many  of  the  earlier  mentioned  findings  were  used  to  develop  a 
comparative  bio-economic  model  for  H.  rubra  fisheries  enhance- 
ment using  alternative  age/size  classes  of  seed.  The  model  is  based 
on  the  most  fundamental  of  economic  equations: 

Profit  =  Re\enuc  -  Total  costs 

where: 

Revenue  =  long-term  average  beach  price  for  abalone 
X  additional  sustainable  catch  generated  by  seeding 

Total  costs  =  costs  of  all  elements  of  production 
and  deployment  of  seed  but  not  including  those  of 
monitoring  the  wider  environmental  consequences  of 
seeding,  especially  impacts  on  plant  and  animal 
communities  and  on  the  genetics  of  extant  wild 
H.  rubra  populations. 


Key  inputs,  assumptions  and  rationale  thereof  associated  with  this 
model  as  follows: 

•  Additional  sustainable  annual  catch  tai'geted  is  300  t  (s  1  mil- 
lion. 120  mm  abalone  (0'  300  g).  This  is  valued  at  AUS15M 
based  on  an  assumed  average  beach  price  of  AU.$45/kg  (AUS15 
ea.)  (ABARE  2003).  The  rationale  for  nominating  an  enhance- 
ment target  of  an  additional  300  t/year.  is  that  it  would  restore 
the  total  commercial  catch  to  a  range  of  500-600  t/year.  which 
approximates  the  median  annual  catch  of  the  fishery  since  its  the 
inception  in  1960  (Fig.  1).  It  is  likely  that  enhanced  production 
of  H.  rubra  can  only  occur  at  the  expense  of  other  reef  surface 
and  drift  seaweed  grazers  that  compete  with  H.  rubra  for  food 
and  space.  However,  when  it  is  considered  that  300  t  of  addi- 
tional H.  rubra  equates  to  about  0.6%  of  the  biomass  of  its  most 
important  competitor,  the  black  sea  urchin,  C.  riMlficrsii.  esti- 
mated at  40,000-50,000  t  by  Worthington  and  Blount  (2003). 
such  impacts  are  likely  to  be  sustainable. 

•  The  assumed  mean  age  and  weight  of  released  abalone  at  har- 
vest are  5  y  and  300  g  respectively.  This  estimate  constitutes  a 
median  growth  rate  for  H.  rubra  populations  throughout  NSW. 
based  on  regional  specific  rates  originally  derived  fi'om  tag  and 
recapture  size  data  leported  by  Hamer  (1982)  and  re-e\aluated 
by  Worthington  and  Andrew  (1997). 

•  The  five  size/age  classes  of  seed  (Tables  2-3)  and  associated 
assumptions  were  as  follows: 

1.  Competent  larvae.  It  was  assumed  that  only  1  in  about 
20.000  seeded  larvae  would  survive  to  mai'ket  size  adults  in 
compliance  with  yield  per  reciuit  predictions  presented  in 
Table  2.  The  latter,  including  a  mortality  rate  of  -95%  in  the 
first  week,  are  based  on  published  instantaneous  mortality 
data  for  wild  H.  rubra  presented  in  Figure  9  and  assume  that 
seeding  does  not  significantly  reduce  natural  recruitment. 
Apart  from  enormous  logistical  pi'oblems  of  deploying  the 
requisite  20  billion  larvae  over  hundreds  of  hectares  of  ju- 
venile habitat  by  SCUBA  under  calm  sea  conditions,  the 
production  of  the  2  billion  larvae  required  would  entail  the 
reproductive  conditioning  and  induced  spawning  of  about 
30.000  captive  female  broodstock  (Table  3).  The  latter  is 
considered  impractical  if  not  cost  prohibitive. 

2.  0.4-mm  postlarvae.  It  was  assumed  that  postlarvae  would  be 
preseeded  onto  vector  rocks  thereby  circumventing  other- 
wise piohibiti\ely  costly  and  difficult  production  and  de- 
ployment problems  plus  very  high  postrelease  mortality 
losses  sustained  by  larvae  and  postlarvae  during  the  first 
week  in  the  wild.  An  assumed  yield  per  recruit  late  of  1 
harvestable  H.  rubra  per  2.000  seeded  postlarvae  is  based  on 
data  presented  in  Table  2  and  incorporates  an  experimen- 
tally determined  postsettlement  mortality  rate  of  50%  in  the 
absence  of  predators.  This  particular  mode  of  seeding  would 
require  year-round  reproducti\e  conditioning  and  induced 
spawning  of  about  3.000  captive  female  broodstock  (Table 
3).  The  latter,  although  daunting,  is  considered  practicable 
and  affordable.  The  most  critical  limitation  of  this  seeding 
strategy  is  uncertainty  surrounding  the  fact  that  it  has  not 
been  experimentally  trialed  in  the  field  let  alone  on  a  com- 
mercially significant  scale. 

3.  2-irtin  posilanve.  An  estimated  yield  per  recruit  of  1  har- 
vestable H.  rubra  per  157  ex-diatom  nursery  plate  2  mm 
postlarvae  is  based  on  reported  age  specific  natural  mortality 
data  presented  in  Table  2.  Production  of  requisite  157  mil- 
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lion  2-nini  postlarvae.  needed  to  raise  sustainable  fisheries 
yields  by  300  t,  would  be  cost  prohibitive  using  current 
commercial  hatchery  technology.  Although  the  scale  of  such 
seed  production  dwarfs  that  of  existing  commercial  hatch- 
eries in  southern  Australia,  it  is  nevertheless  considered  to 
be  practicable  and  affordable  provided  much  more  space, 
labor  and  cost  efficient  hatchery  and  nursery  technologies, 
developed  in  this  project,  are  used.  Using  such  technology 
would  entail  the  reproductive  conditioning  and  induced 
spawning  of  .3,200  captive  female  broodstock.  Again,  the 
most  critical  limitation  of  this  seeding  option  is  uncertainty 
suiTounding  the  fact  that  it  has  not  been  experimentally 
trialed  in  the  field  let  alone  on  a  commercially  significant 
scale. 

4.  8-IIIIII  juveniles  ("hultons").  An  estimated  yield  per  recruit 
of  1  harvestable  H.  riibni  per  26  "buttons'"  is  based  on 
mortality  data  of  wild  H.  rubra  data  presented  in  Table  2. 
Production  of  the  26  million  buttons  required  would  entail 
the  reproductive  conditioning  and  induced  spawning  of 
2.600  captive  female  broodstock  (Table  3).  As  with  the 
previous  two  alternatixe  seed  classes,  this  relatively  large 
broodstock  requirement  is  considered  both  practicable  and 
affordable  as  is  seed  production  using  new  high  efficiency 
hatchery  and  nursery  technology  developed  during  this  proj- 
ect. However  unlike  week-old  postlarvae  and  2-mm  post- 
larvae,  commercial-scale  low  density  dispersed  seeding 
methods  for  this  class  of  seed  have  been  fully  developed  and 
very  extensively  trialed  in  the  field  over  the  past  ."i  y. 

3.  40-iiun  juveniles.  An  estimated  yield  per  recruit  of  1  har- 
vestable H.  rubra  per  15  seed  comprising  40  mm  juveniles, 
is  based  of  mortality  data  of  wild  H.  rubra  data  presented  in 
Table  2.  Prodtiction  of  the  15  million  required  juveniles 
would  entail  the  reproductive  conditioning  and  induced 
spawning  of  2,900  captive  female  broodstock  (Table  3).  As 
with  the  previous  three  alternative  seed  classes,  this  brood- 
stock requirement,  though  relatively  large  is  considered  both 
practicable  and  affordable.  The  extremely  large  seed  pro- 
duction requirement  of  15  million  40  mm  juveniles  equates 
to  150  t  live  weight,  which  is  likely  to  be  cost  prohibitive 
being  about  twice  the  annual  output  of  Australia's  largest 
producing  farm  in  2004/5  (J.  Hall.  King  Island  Abalone  P/L. 
pers.  comm.).  Further  factors  mitigating  against  these  large 
seed  are  daunting  logistical  difficulties  of  handling,  trans- 
porting and  dispersion  in  the  field. 

Information  provided  in  Table  3  summarizes  and  compares  key 
logistical,  technical  and  cost  issues  in  producing  and  deploying  the 
five  alternative  size/age  classes  of  seed.  It  also  compares  utility  of 
producing  each  size/age  class  using  either  conventional  single  an- 
nual batch  hatchery  production  with  much  more  efficient  technol- 
ogy developed  during  this  project. 

Predictions  regarding  use  of  button  size  juveniles  as  seed  are 
particularly  encouraging  in  that  the  potential  margin  for  profit 
forecast  is  so  handsome  that  break-even  enhancement  would  still 
occur  even  if  survival  of  hatchery-produced  seed  fell  as  low  as 
lOVf  that  of  wild  counterparts.  Alternatively,  if  average  survival 
rates  of  say  25^  to  50'7r  of  comparable  wild  stock  are  achievable, 
profitable  seeding  of  depleted  populations  of  abak)ne  could  still  be 
attained  at  much  smaller  scales  of  operation  than  applied  to  this 
model,  which  assumes  100%  parity  with  survival  of  wild  counter 
parts. 
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and  16  days  (Heasnian  et  al.  2004). 


The  model  also  predicts  that  seeding  of  larvae  is  likely  lo  be 
unprofitable  and  also  casts  doubt  on  the  economic  viability  of 
large-scale  seeding  of  natural  reef  using  advanced  (18-mo-old. 
4()-mm)  juvenile  H.  rubra.  This  is  not  to  say  that  cost-effective 
seeding  of  more  advanced  juveniles  cannot  be  achieved  under 
reduced  competition  for  food  and  shelter  from  competitors  and/or 
reduced  predation.  For  example.  R.  Day  (pers.  comm.)  reported 
50%  survival  of  green  lip  abalone  (//.  laevifiuhi)  1  year  after  being 
seeded  as  28  mm  SL  ju\  eniles  onto  reefs  constructed  from  natural 
reef  rocks  in  shallow,  high  food  flux  (drift  seaweed)  sea-grass 
beds. 
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Figure  II.  Residual  density  of  H.  rubra  postiarvae  per  liter  of  CCA 
rock  after  56  days.  Bars  are  ±SE.  ;(  =  4  (Heasman  et  al.  2004).  Note: 
100  postiarvae  per  liter  of  CCA  rock  represents  1000  per  ni"  of  surface 
area. 


RECENT  DEVELOPMENTS 

Continuing  research  of  cost-effective  technology  for  enhancing 
the  H.  rubra  fishery  in  NSW  and  elsewhere  in  southern  Australia 
is  being  pursued  under  a  12-mo  extension  of  this  project.  Continu- 
ing research  towards  improving  postrelease  survival  is  now  being 
undertaken  by  A.  Underwood  and  G.  Chapman  (Sydney  Univer- 
sity). All  field  experimentation  has  been  confined  to  the  Port 
Stephens  area  because  stock  translocation  limitations  iinposed  by 
an  outbreak  of  the  disease  Pcrkinsiis  that  devastated  the  region's 
H.  rubra  stocks  by  an  estimated  90%  between  2000  and  2002 
(Daly  2004).  This  research  is  further  addressing  a  number  of  fac- 
tors likely  to  influence  postrelease  survival  that  includes  evalua- 
tion of: 

•  clustered  and  dispersed  seeding  of  button  size  (5-15  mm)  ju- 
veniles, 

•  size  of  juveniles  within  the  button  size  range  on  postrelease 
survival. 

•  urchin  shadows  or  similar  devices  for  reducing  early  postrelease 
mortality, 

•  multiple  low-density  seeding  of  sites  and  single  higher  density 
seeding,  and 

•  natural  and  artificial  diets  on  postrelease  performance  of  seeded 
juveniles. 

Complementary  research  being  undertaken  by  NSW  Fisheries 
includes  development  of  a  novel  method  of  achieving  low  density 
dispersed  .seeding.  This  has  involved  the  design  and  manufacture 
of  small,  predator-protective  relea.se  capsules  that  accommodate 
only  10-20  button  size  seed.  These  miniaturized  deployment  de- 
vices can  be  broadcast  over  entire  juvenile  habitats  of  depleted 
reefs  during  daylight  hours  from  surface  craft,  thereby  negating 
costly  deployment  by  divers.  A  key  design  feature  of  the  capsules 
is  that  they  pack  together  to  form  complete  level  platforms.  This 
feature  together  with  the  use  of  intensive  light,  encourages  in 
excess  of  95%  of  the  "buttons"  to  self-load  into  the  capsules 
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TABLE  4. 

Estimated  annual  operating  budgets  for  luitclitry  production  and 

seeding  of  157  million  2  mm  //.  riihrii  |)osllar\ae  and  26  million 

8  mm  Ju\eniles.  Note:  these  budgets  iiuorporale  new  highl\  einiienl 

hatcher>  and  nursery  technologies  de\  eloped  in  this  study  but  do 

not  include  depreciation  on  plant  and  equipment. 


2  nun 

S  mm 

Salaries 

Postlar\ae 

,lu\eniles 

(Including  30%  On-Costs) 

$ 

$ 

Seed  Production 

Full  time  manager 

Full  time  senior  fisheries  technician 

10(1. 11(111 
S( ).(«)() 

10(1.(10(1 

so.ooo 

Full  time  fisheries  technician(s) 

6().()0() 

120.0(10 

Seed  deployment  and  monitoring 
Casual  assistants 

30.000 

60,000 

Sub  Total 

270.000 

360.000 

Travel  &  Accommodation 

20  trips  for  3  days  by  3  staff 
@S120/d/person 

2 1 .600 

21.600 

Operating  costs 
Power 

60.000 

80.000 

Repairs  &  Maintenance 

30,000 

40.000 

Vehicle  operating 

Post  freight  &  packaging 

Air  fills 

12.000 
5,000 
3,000 

1 2.000 
5.000 
3.000 

Telephone/email/www 
Boat  operating 
Consumables 

3.000 
10.000 
10.000 

3.000 
10.000 
1 0.000 

Chemicals/pharmaceuticals 

Insurances 

Food 

3.000 
1,000 
1,000 

3.000 

1.000 

10.000 

Permits 

1.000 

1 .000 

Sub  Total 

139.000 

ns.ooo 

Interest  on  $1  m  or  SI. 5  m  for 

capital  works  loans  at  7"r  pa 
Total 

70.000 
500.600 

105.000 
664.600 

(Heasman.  Linpublished  data).  Once  loaded,  the  ■■bLittons"  can  be 
maintained  within  the  capsules  in  good  health  for  several  days  of 
storage  awaiting  either  more  favorable  sea  and  weather  conditions 
or  off-road  transportation  to  sites  up  to  several  hundred  kilometers 
from  the  hatchery.  The  latest  advance  in  this  technology  has  been 
the  development  of  two  altetTiative  environmentally  friendly  forms 
of  the  capsule.  One  is  manufactured  from  a  specially  developed 
biodegradable  resin  and  the  other  of  aluminum  that  will  corrode 
away  in  seavvater  within  a  year. 

In  late  July  and  early  August  2005.  almost  60.(100  button  size 
(average  SL  11  mm)  juveniles  were  stocked  into  aluminum  dis- 
persion release  devices.  Approximately  560  devices  containing  an 
average  of  17  "buttons"  were  used  to  seed  each  of  six  1.000  m" 
sites  marked  by  surface  buoys.  All  six  seeded  and  an  additional  six 
unseeded  control  sites  were  located  along  an  8  km  section  of  coast 
on  the  southern  side  of  the  Tomaree  Peninsula  at  Port  Stephens. 
All  sites  were  considered  typical  juvenile  habitat  comprising  a 
high  component  of  crustose  coralline  algae  coated  boulders,  im- 
mediately adjacent  to  locations  identified  by  local  commercial 
fishermen  to  have  consistently  supported  good  catches  prior  to 
Perkinsii.s  epidemics  that  decimated  these  stocks  between  2000 
and  2002.  Broadcast  seeding  of  the  capsules  from  a  lO-in  vessel 
required  only  a  few  minutes  per  site.  Aims  of  this  long  term 
experiment  are  to  evaluate  the  commercial  utility  of  dispersed 


seeding  of  depleted  stocks  and  to  assess  genetic  impacts  of  such 
releases. 

Possible  deleterious  genetic  consequences  of  seeding  large 
numbers  of  juveniles  produced  in  the  hatchery  from  relatively 
small  number  of  parents  have  also  been  addressed  in  the  cuirent 
project  through  the  development  and  assessment  of  triploid  H. 
rubra.  Chemical  induction  techniques  yielding  almost  100%  stable 
triploids  were  developed.  These  triploids  were  subsequently  shown 
to  be  reproductively  sterile  and  although  no  whole  weight  growth 
advantage  could  be  demonstrated  in  triploids  up  to  37  mo  old  and 
70  mm  SL,  yield  of  saleable  flesh  was  209'r  greater  than  in  full  sib 
diploids  (Lui  2005).  Furthemiore,  one  particular  treatment  used  to 
induce  triploidy  was  found  to  have  inadvertently  produced  signifi- 
cant numbers  of  tetraploid  individuals  paving  the  way  for  future 
research  to  produce  lOO'/r  functionally  sterile  triploid  progeny  by 
fertilizing  eggs  from  diploid  females  with  sperm  of  a  tetraplod 
males  (Liu  et  al.  2004). 

CONCLUSION 

Considerable  progress  towards  cost  effective  enhancement  of 
the  NSW  abalone  fishery  has  been  made  through  reducing  costs  of 
production  and  transportation  of  H.  rubra  seed  and  from  the  iden- 
tification of  button  size,  6-9-iTio-old  juveniles  as  the  most  appro- 
priate class  of  seed  for  enhancing  depleted  subpopulations.  The 
detection  of  a  majiir  apparent  flaw  in  the  use  of  clustered  deploy- 
ment of  these  juveniles  and  developtnent  of  low  density  dispersed 
seeding  technology  is  also  a  significant  step  forward.  This  will 
hopefully  enable  seeding  to  be  aligned  with  surface  grazing  based 
on  carrying  capacity  limitations  of  CCA  rock  habitats  in  relation  to 
juveniles  up  to  at  least  12  mo  old  and  25  mm  SL. 

Nevertheless,  many  other  tnajor  questions  and  issues  remain  to 
be  addressed.  Foremost  is  the  issue  of  matching  seeding  operations 
with  inherent  capacities  of  individual  depleted  reefs  to  sustainably 
yield  higher  quantities  of  marketable  4-l-year-old  adults.  Division 
of  the  NSW  abalone  fishery  into  six  geographical  management 
zones  (Fig.  12)  reflects  a  very  steep  south  to  noilh  gradient  of 
decreasing  abundance  of  H.  rubra.  Almost  807f  of  TACC  quotas 
are  taken  on  average  from  zones  4—6  that  collectively  fall  within 
150  km  of  the  Victorian  border  (Cape  Howe).  At  the  opposite 
extreme,  catches  from  zone  1,  that  stretches  600  km  north  froin 
Jervis  Bay  to  the  Queensland  border,  have  fallen  from  around  20% 
of  total  cotnmercial  landings  in  the  mid  1980s  to  only  about  5% 
over  the  recent  years  (Anon.  2002).  The  relative  importance  of 
such  interactive  factors  as  recruitment,  availability  of  food,  pri- 
tTiarily  drift  seaweed  (Shepherd  &  Hearn  1983).  competition  for 
food  and  shelter  and  differential  mortality  factors,  including  natu- 
ral predation  and  fishing  pressure,  plus  disease  (especially  Pcrk- 
insus)  on  this  changing  pattern  of  abundance,  is  not  well  under- 
stood. 

Higher  sea  temperatures  in  the  north  are  undoubtedly  a  greater 
constraint  to  full  development  of  gonads  and  hence  to  successful 
spawning  and  recruitment  in  some  years.  These  processes  require 
at  least  1.200  degree  days  at  inoderate  temperatures  in  the  range 
8''C  to  18°C  (Grubert  &  Ritar  2003).  Likewise,  losses  of  up  to  90% 
of  stocks  in  the  Port  Stephens  ai'ca  of  zone  1  in  2000  and  2002. 
attributed  to  stress-induced  susceptibility  of  H.  rubra  to  the  disease 
Perkin.<!us.  could,  together  with  impaired  breeding,  be  linked  to 
increased  water  temperatures.  This  condition  has  also  been  sug- 
gested by  Shepherd  et  al.  ( 1998)  as  a  possible  cause  of  the  decline 
of  another  abalone  fishery. 
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Figure  12.  Map  of  New  South  Wales  coastline  from  Port  Stephens  south  to  the  \  ictorian  border,  showing  abalone  fishery  zones. 


Future  development  of  tetraploid  H.  nihni  offers  the  prospect 
of  using  functionally  sterile  100%  triploid  seed  to  enhance  de- 
pleted reefs.  This  could  in  turn  enable  "put  and  take"  ranching  in 
NSW,  capitalizing  on  large-scale,  cost  efficient,  centralized  pro- 
duction of  seed.  Home  ranges  of  H.  rubra  and  natural  recruitment 
in  relation  to  parent  stock,  have  both  been  shown  to  be  limited  to 
scales  of  several  hundred  meters  in  H.  rubra.  Likewise,  produc- 
tivity of  particular  areas  of  reef  can  vary  greatly  over  distances  of 
hundreds  or  even  tens  of  meters.  Effective  management  protocols 
therefore  need  to  be  tailored  to  accommodate  these  fine  spatial 
scales. 

In  addition  to  a  put-and-take  ranching  of  sterile  triploid  seed. 


there  seems  to  be  good  scope  for  rebuilding  depleted  natural  popu- 
lations of  H.  rubra  in  NSW.  However,  for  that  strategy,  seed  will 
need  to  be  produced  in  hatcheries  from  genetically  matched  parent 
stock  in  sufficient  numbers  to  safeguard  the  integrity  of  natural 
gene  pools,  including  preservation  of  rare  or  unique  alleles.  Re- 
building standing  stocks  of  H.  rubra  to  high  levels  at  which  self 
sustaining  natural  recruitment  can  be  restored,  will  probably  re- 
quire integration  of  seeding  with  new  and  innovative  fisheries 
management  initiatives.  Such  initiatives  will  need  to  address  ap- 
parent imbalances  that  have  developed  between  H.  rubra  and  sev- 
eral of  its  major  competitors,  especially  the  black  urchin  C.  rod- 
,^1'rsi!  and  other  large  and  common  grazing  gastropods,  especially 
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Turhn  u>niiuinis  iGiiielin.  1791).  I'tirlio  iiiilitiiris  (Rec\'e.  18481 
■dnd  Aslni I i Hill  iciiloriifonnis  (Jonas.  1843).  This  in  turn  can  only 
be  achieved  through  the  conianagement  ot  these  competing  species 
(Andrews  et  al.  1998).  In  contrast  to  H.  nihrti.  black  urchins  and 
the  other  common  gastropods  cited  earlier  have  not  to  date  been 
subjected  to  substantial  levels  of  fishing  pressure  in  NSW.  It  is  also 
likely  that  efficient  reseeding  protocols  will  need  to  be  aligned  to 
the  patchy  distribution  of  legal  size  adults.  In  practice  this  will 
entail  targeted  reseeding  of  juvenile  habitat  that  lies  adjacent  to 
high  yielding  patches  of  reef.  Such  "hot  spots"  for  abalone  and 
drift  seaweed  are  well  known  to  experienced  commercial  divers 
and  are  comnionK  characterized  by  fast  growing  abalone  with 
eliinuatcd  shells  (Worthiii'jton  &  Andrew  1997). 
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EXPRESSED  SEQUENCE  TAG  ANALYSIS  OF  GENES  EXPRESSED  DURING  DEVELOPMENT 
OF  THE  TROPICAL  ABALONE  HALIOTIS  ASININA 
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ABSTRACT  The  (ropic;il  ahaliine.  Haluilis  asiiiiiia.  is  an  ideal  specie.s  lo  investigate  the  molecular  mechanisms  that  control  devel- 
opment, growth,  reproduction  and  shell  lormation  in  all  cultured  haliotids.  Here  we  describe  the  analysis  of  232  expressed  sequence 
tags  (EST)  obtained  from  a  developmental  H.  asinina  cDNA  library  intended  for  future  microarray  studies.  From  this  data  set  we 
identified  183  unique  gene  clusters.  Of  these,  90  clusters  showed  significant  homology  with  sequences  lodged  in  GenBank.  ranging 
in  function  from  general  housekeeping  to  signal  transduction,  gene  regulation  and  cell-cell  communication.  Seventy-one  clusters 
possessed  completely  novel  ORFs  greater  than  50  codons  in  length,  highlighting  the  paucity  of  sequence  data  from  molluscs  and  other 
lophotrochozoans.  This  study  of  developmental  gene  expression  in  H.  asinina  provides  the  foundation  for  funher  detailed  analyses  of 
abalone  growth,  development  and  reproduction. 


KEY  WORDS:     abalone,  EST,  Lopholrochozoan.  development,  fhiliniis  asinine 


INTRODUCTION 

Abaknie  [HliIihiis  spp.)  are  a  parlicuiarly  attractive  aquaculture 
species  because  of  their  high  demand,  high  market  value  and  Hm- 
ited  supply  (Gordon  &  Cook  2001.  Oakes  &  Ponte  1996).  Whereas 
temperate  abalone  form  the  majority  of  abalone  exports  world- 
wide, there  is  a  growing  demand  for  tropical  species  (Jarayabhand 
&  Paphavasit  1996).  The  tropical  Indo-Pacific.  including  Austra- 
lia, is  well  positioned  to  capture  and  further  develop  this  market 
through  the  aquaculture  of  the  rapidly  growing  tropical  species 
Haliotis  asinina  Linnaeus.  This  species  reaches  marketable  size  far 
quicker  than  the  temperate  species  (Capinpin  &  Corre  1996,  Cap- 
inpin  et  al.  1999)  and  is  ideal  for  the  new  "cocktair'-sized  abalone 
market  (Nateewathana  &  Hylleberg  1986.  Singhagraiwan  &  Doi 
1993). 

We  have  been  using  the  tropical  abalone  to  address  questions 
pertaining  to  development  (e.g..  Giusti  el  al.  2000,  Hinman  & 
Degnan  2002.  Hinman  et  al.  2003.  O'Brien  &  Degnan  2002a, 
2002b,  O'Brien  &  Degnan  2003,  Jackson  et  al,  2005)  and  as  a 
model  to  in\  estigate  the  molecular  basis  of  commercially  impor- 
tant developmental  and  physiological  traits  (Jackson  et  al.  2005, 
Selvamani  et  al.  2001.  Selvamani  et  al.  2000),  With  a  frequent  and 
predictable  spawning  cycle  (Counihan  et  al.  2001.  Jebreen  et  al. 
2()()0)  and  established  techniques  for  culturing  to  sexual  reproduc- 
tion (Jackson  et  al,  2001 ).  gene  expression  can  be  easily  studied  at 
any  stage  of  the  life  cycle.  As  a  member  of  the  Lophotrochozoa. 
the  least  investigated  bilaterian  superphylum  (Adoutte  et  al.  2000). 
analyses  of  H.  asinina  development  also  contributes  to  a  general 
understanding  of  metazoan  evdlution  and  development. 

As  a  prelude  to  the  sequencing  of  the  human  genome,  over 
1 70,000  ESTs  were  sequenced  in  an  attempt  to  identify  new  genes 
and  their  expression  patterns  (Adams  et  al.  1995).  This  ap- 
proach has  been  applied  to  a  wide  range  of  species,  permitting 
the  identification  of  homologous  genes  front  organisms  not  pre- 
viously studied  (see  http://www.ncbi. nlni.nih.gov/dbEST/ 
dbEST_summary.html  for  a  comprehensive  list).  Included  in  this 
public  database  are  a  number  of  marine  invertebrates:  the  ascid- 
ians,  Ciona  inteslinalis  (684,319  ESTs).  Halocynthia  rorctzi  (4192 
ESTs)  and  Polyandracarpa  niisakicnsis  (465  ESTs),  the  lancelet 
Branihiiistonni  tloridae  (277.538).  the  sea  urchin  Stronf;rlocen- 
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iratus  piirpiiratiis  (130.988  ESTs).  the  oyster  Crassostrea  vir- 
ginica  (9018  ESTs)  and  the  prawn  Penaeus  monodon  (161 1  ESTs) 
(dbEST  release  July  22,  2005).  However  there  is  a  significant  bias 
in  this  database  towards  vertebrates,  model  organisms  and  terres- 
trial species  of  commercial  value.  Here  we  describe  a  small-scale 
EST  analysis  of  cDNAs  obtained  from  a  cDNA  library  constructed 
from  a  range  of  developmental  stages  of  the  tropical  abalone  H. 


MATERIALS  AND  METHODS 

RNA  Extraction  and  Library  Construction 

Total  RNA  was  extracted  according  to  the  method  of  Chom- 
c/ynski  and  Sacchi  (1987)  from  the  following  developmental 
stages:  egg.  gastrula.  early  trochophore  (13  h  post  fertilization: 
hpf).  mid  torsion  (18  hpf).  early  veliger  (24  hpf).  mid  veliger  (40 
hpf),  early  coinpetent  veliger  (72  hpf),  late  competent  veliger  (134 
hpf).  I  day  post  metamorphosis  and  5  days  post  metamorphosis. 
All  RNAs  were  quantified  spectrophotometrically  and  quality- 
assessed  by  inspection  of  samples  that  had  been  electrophoresed 
through  a  1%  formaldehyde  gel  (Sambrook  Sl  Russell  2001),  To 
maximize  gene  representation  in  the  cDNA  library  200  ng  of  total 
RNA  from  each  stage  was  combined  for  library  construction  using 
the  directional  Clontech  SMART  cDNA  library  synthesis  kit.  Fol- 
lowing the  manufacturei-s  instructions,  double  stranded  cDNA  was 
PCR  amplified  for  23  cycles  prior  to  cloning.  Five-thousand 
plaques  were  individually  hand  picked  following  methods  outlined 
by  Sambrook  and  Russell  (2001 )  for  microarray  printing.  Of  these 
288  plaques  were  PCR  amplified  using  the  XTriple  X  forward 
(CTCGGGAAGCGCGCCATTGTGTTGGT)  and  reverse 
(TAATACGACTCACTATAGGGCGAATTGGCC)  primers. 
Successful  PCR  reactions  were  subsequently  purified  with  the  Mil- 
lipore  multiscreen  PCR  clean  up  kit.  Two-hundred  and  thirty-two 
clones  were  single-pass  sequenced  using  the  XTriple  X  forward 
primer  and  ABl  Big  Dye  terminator  mix  (version  2)  following 
standard  procedures  (2001). 

Sequence  A  nalysis 

Sequencing  chromatograms  were  assessed  manually  using 
4Peaks  (vl,5)  and  were  truncated  to  eliininate  ambiguous  terminal 
base  calls  and  vector  sequence.  BLASTx  and  BLASTn  homology 
searches  were  conducted  against  the  NCBl  nr  databases  using  the 
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detault  conditions  (low  complexity  filter  on,  an  expect  value  of  10 
and  the  BLOSUM62  matrix  with  existence  1 1  and  extension  1  gap 
costs).  Sequences  that  returned  BLAST  matches  with  an  E  value  of 
le"'""  or  less  were  considered  significant,  and  allowed  a  functional 
classification  to  be  loosely  made  following  the  scheme  of  Lee  et  al. 
(1999).  To  assess  sequence  redundancy  or  "uniqueness,"  se- 
quences were  clustered  using  ClustalW  (http://www.ebi.ac.uk/ 
clustalw/index.html?).  (Chenna  et  al.  2003).  The  integrity  of  each 
cluster  was  assessed  manually  by  visually  inspecting  cluster  align- 
ments for  overlap  quality.  Where  cluster  members  were  found  to 
share  more  than  95%  identity  the  cluster  was  usually  maintained. 
ESTs  were  also  assessed  for  the  presence  of  a  putative  poly  (A) 
tail  and  an  associated  polyadenylation  signal  based  on  the  classi- 
fication of  Beaudoing  et  al.  (2000).  Those  sequences  that  did  not 
return  any  significant  BLAST  result  were  assessed  for  the  presence 
of  an  open  reading  frame  (ORF)  using  the  European  Bioinformat- 
ics  Institute  Transeq  serxer  (http://ww'w.ebi.ac.uk/emboss/transeq/). 
Only  ORFs  longer  than  30  amino  acid  residues  were  accepted  (Lee 
et  al.  1999,  Lehninger  et  al.  1993). 

RESULTS 

The  Hiilidfis  ci\iiiiiici  developmental  cDNA  library  contained  5 
X  10^  pfu/niL.  of  which  approximately  93^^  were  recombinant 
clones.  These  had  an  average  insert  size  of  1044  ±411  bp.  Clus- 
tering of  the  232  sequences  revealed  that  157  sequences  occuiTed 
only  once.   16  sequences  occuned  twice.  3  sequences  occurred 


three  times.  3  sequences  occurred  four  times.  3  sequences  occun'ed 
5  times  and  1  sequence  occuned  7  times,  producing  183  unique 
clusters  (Table  1). 

Homology  searches  using  the  BLASTx  and  BLASTn  algo- 
rithms were  conducted  for  all  sequences.  90  clusters  returned  a 
significant  BLAST  result  and  are  grouped  according  to  function  in 
Table  2.  Sixty-eight  clusters  fell  into  the  category  of  genes  used  by 
many  cell  types.  8  clusters  showed  homology  with  genes  involved 
in  cell-cell  communication.  3  clusters  showed  homology  with  tran- 
scription factors,  and  they  are  likely  to  play  important  develop- 
mental or  biosynthetic  roles  in  H.  asinina.  Eleven  clusters  showed 
significant  homology  with  an  undescribed  ORF  and  could  not  be 
classified  (Fig.  I;  Table  1).  These  EST  sequences  ha\e  been  sub- 
mitted to  GenBank  under  accession  numbers  DY402832- 
DY4()3I58. 

Polyadenylation  Signal  and  ORF  Analysis 

Of  the  183  unique  clusters.  81  were  completely  sequenced  in 
one  pass  and  possessed  a  poly  (A)  -rich  region  at  the  3'  end  of  the 
sequence.  Of  these  81.  54  possessed  a  putative  polyadenylation 
signal  a  mean  distance  of  17  nucleotides  upstream  of  the  poly  (A) 
tail.  The  frequency  of  polyadenylation  signals  alternative  to  the 
predominant  A.AT.AAA  signal  was  remarkabh  similar  to  that  of 
human  signals  reported  by  Beaudoing  et  al.  (2000)  (Table  3).  We 
also  found  that  out  of  all  ESTs  with  a  polyadenylation  signal.  5 
(l.V/i)  had  dual  ptilyadenylation  signals  an  appropriate  distance 


TABLE  L 
Summary  of  ESTs  grouped  by  category  and  BLAST  re.sults. 


Code  Class 


No.  of  Clusters 

No.  of  Clones 

1 

1 

4 

4 

4 

5 

7 

8 

29 

47 

7 

7 

8 

18 

3 

3 

3 

4 

2 

1 

68 

98 

4 

4 

3 

3 

1 

1 

8 

8 

3 

3 

0 

0 

0 

0 

3 

3 

11 

11 

93 

112 

104 

123 

183 

232 

157 

75 

49 

183 

90 

93 

A.  Functions  that  many  kinds  of  cells  use 

Al  Transport  and  binding  proteins  for  ions  and  other  small  molecules 

All  RNA  processing,  polymerising,  splicing  and  binding  proteins 

Am  Cell  replication,  histones,  cyclins  and  allied  kina.ses,  DNA  polymerases 

AIV  Cytoskeleton  and  membrane  proteins,  cellular  organisers 

AV  Protein  synthesis  cofactors,  ribosomal  proteins,  rRNAs 

AVI  Intermediary  metabolism  and  catabolism  enzymes 

AVII  Stress  response,  detoxification,  and  cell  defense  proteins 

AVllI  Protein  degradation  and  processing,  proteases 

AIX  Transportation  and  binding  proteins  for  proteins  and  other  macromolecules 

AX  Protenis  involved  in  motility  including  muscle  components 

Total 

B.  Cell-cell  communication 

BI  Signalling  receptors  and  ligands 

Bn  Intracellular  signaling  molecules,  including  kinases  and  signal  intermediates 

Bill  Extracellular  matrix  proteins  and  cell  adhesion 

Total 

C.  Transcription  factors  and  other  regulatory  proteins 

CI  Sequence-specific  DNA-binding  proteins 

Cn  Non-DNA  binding  proteins  that  have  positive  or  negative  roles 

CII  Chromatin  proteins  other  than  AIII  with  regulatory  function 

Total 

D.  Not  enough  information  to  classify 

Dl  Not  enough  information  to  classify 

DII  No  significant  similarities  to  known  proteins 

Total 

Overall  total 

Single  copy  sequences 

Total  no.  of  ESTs  represented  more  than  once 

Total  no.  of  redundant  sequences 

Total  number  of  unique  sequences  (total  number  of  clusters) 

Clusters  returning  significant  BLAST  match 

Clusters  without  any  GenBank  homologue 
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TABLE  2. 
Significant  BLAST  results  grouped  according  to  function. 


Clone  e  Value  Accession 


Gene  Name 


Organism 


Scientific  Name 


AL  Tran^po^  and  binding  proteins  for  ions  and  iilher  small  molecules 

2G2  5e-14  CAG04534  GM2  ganglioside  activator* 

AIL  RNA  processing,  polymerising,  splicing  and  binding  proteins  and  en/ymes 

IHl  le-45  AAH2D773  Exosome  component  8 

2Cy  3e-l8  XP_3y|98y  Similar  to  thickveins 

Lies  6e-27  CAF93482  G  patch  domain* 

I5D4  2e-30  1FS2_D  RNA  polymerase  11  elongation  factor* 

AIII.  Cell  replication,  histones.  DNA  polymerases,  topoisomerases.  DNA  modification 
286  le-48  PU8991  Histone  H2A  variant 

ISB4  6e-44  AAC47489  Enhancer  of  rudimentary 

I.SG2  2e-2I  CAA28177  Histone  HI -beta* 

2C7  4e-13  XM_315130  Chief  histone  H3*  (2) 

AlV.  Cytoskeleton  and  membrane  proteins,  cellular  organisers 


lAll 

4e-38 

NP_990573 

Low  density  lipoprotein 

IB,> 

2e-49 

CAF21863 

Gelsolin 

1D7 

le-108 

U30467 

Alpha-tubulin 

1H7 

3e-45 

CAD9 142.5 

Actin  related  protein 

2GI 

2e-15 

CAG074t)l 

Low  density  lipoprotein* 

1.';D9 

2e-82 

AY026071 

Beta-tubulin 

I5DI0 

2e-43 

AF.S  10206 

Beta-tubulin 

AV,  Protein 

synthesis  cofactors 

.  tRNA  synthetase,  ribisomal  proteins.  rRNAs 

LSH3 

e-147 

AY  1632.59 

16S  ribosomal  RNA  (7) 

2A7 

4e-42 

AAN05608 

RIbosomal  protein  L26  (2) 

LSE5 

3e- 1 3 

U51989 

I6S  ribosomal  RNA  gene  (2) 

2H.5 

e-105 

AY  163259 

16S  ribosomal  RNA  (4) 

2A.S 

le-60 

AY  14.54 1 8 

288  ribosomal  RNA  (2) 

L>F5 

le-52 

AY588938 

Mitochondrion,  complete  genome  (2) 

15C9 

8e-97 

AY  163259 

16S  ribosomal  RNA  (2) 

IBIO 

3e-48 

AAP33157 

Beta-NAC-like  protein 

1E3 

4e-25 

AAC 15656 

60S  ribosomal  protein  P2 

lElO 

le-22 

ZI8289 

16S  rRNA  gene 

1G4 

5e-34 

AF120512 

18S  ribosomal  RNA 

IGIO 

2e-98 

AY588938 

Mitochondrion,  complete  genome 

2AI2 

5e-30 

X80345 

28S  ribosomal  RNA 

2B3 

2e-ll 

EAA59486 

Eukaryotic  initiation  factor* 

2E12 

4e-98 

AY  14.54 18 

28S  ribosomal  RNA 

2F7 

e-114 

AY145418 

28S  ribosomal  RNA 

2H12 

2e-42 

M98364 

Ribosomal  RNA 

L';A3 

4e-57 

AAA70102 

40S  ribosomal  protein  S24 

I5A4 

9e-12 

CAG 13823 

Mitochondrial  ribosomal  protein  L27* 

LSA? 

9e-3.'i 

EA  AG  1025 

60S  ribosomal  protein  L6* 

I5BI 

8e-25 

AY691376 

23S  ribosomal  RNA 

15B2 

9e-40 

AAM9427I 

Ribosomal  protein  S2 

1587 

le-74 

AY588938 

Mitochondrion,  complete  genome 

15B12 

4e-24 

8X950290 

Ribosomal  protein  L38* 

15E4 

4e-66 

AAN05595 

Ribosomal  protein  S8 

15E8 

6e-29 

AAP21827 

Ribosomal  protein  S29 

15F10 

2e-32 

AAH86809 

Translation  initiation  factor* 

15G9 

6e-40 

CAG02712 

Elongation  Factor  Tu* 

15G10 

5e-70 

AB003720 

Elongation  factor  I 

AVI.  Interm 

lediary  metabolism 

and  catabolism  enzymes 

2D3 

6e-17 

AY431429 

Carboxypeptidase  A 

ICI 

2e-26 

NP_9 18077 

Putative  carboxymethylenebutenolidase 

1F4 

le-38 

XP_3 16948 

Nudix* 

IFIO 

le-76 

CAE70680 

Isocitrate  dehydrogenase* 

1H6 

3e-27 

XP_30SI98 

Pancreatic  lipase* 

15C3 

2e-20 

CAA93088 

Glutathione  S-transferase* 

15G3 

9e-ll 

EAL3 13.32 

Maleylacetoacetate  isomerase* 

Pufferfish 

7".  ni^roviiiJi.\ 

Human 

H.  .\apieiix 

Honey  bee 

A.  meUifcra 

Pufferfish 

T.  nigroviriclis 

Human 

H.  sapiens 

Urchin 

S.  purpurums 

Mosquito 

A.  aegypti 

Painted  urchin 

L.  piclus 

Mosquito 

A.  gambiae 

Chicken 

G.  galliis 

Sponge 

S.  ficus 

Spoon  worm 

U.  caupo 

Oyster 

C.  gigas 

Pufferfish 

T.  nigroviridis 

Choanonagellate 

M.  brevicollis 

Ciliate 

0.  loitga 

Tropical  abalone 

H.  asinina 

Scallop 

A.  irradicms 

Abalone 

H.  diversicolr 

Tropical  abalone 

H.  asinina 

Abalone 

H.  discus 

Black  lip  abalone 

H.  rubra 

Tropical  abalone 

H.  asinina 

Termite 

R.  flavipes 

Chiton 

C.  stelleri 

Red  alga 

P.  palmala 

Slit  shell 

S.  confusa 

Black  lip  abalone 

H.  rubra 

Aquatic  fungus 

H.  catenoides 

Fungi 

A.  nidulans 

Abalone 

H.  discus 

Abalone 

H.  discus 

Ciliate 

Coleps  sp. 

Slime  mould 

D.  discoideum 

Pufferfish 

T.  nigroviridis 

Mosquito 

A.  gambiae 

Bacteria 

Burkholdera  sp. 

Scallop 

C.  farreri 

Black  lip  abalone 

H.  rubra 

Chicken 

G.  gallus 

Scallop 

A.  irradians 

Amphioxus 

B.  tsingtaunese 

Zebrafish 

D.  rerio 

Pufferfish 

T.  nigroviridis 

Turbo 

B.  conmtus 

Mosquito 

A.  aegypti 

Rice 

O.  saliva 

Mosquito 

A.  gambiae 

Nematode 

C.  elegans 

Mosquito 

A.  gambiae 

Nematode 

C.  elegans 

Fly 

D.  pseudoohscura 

continued  on  next  page 
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TABLE  2. 
continued 


Clone  e  Value  Accession 


(;ene  Name 


Organism 


Scientific  Name 


AVIl.  Stress  response,  detoxification,  and  cell  defence  proteins 


15E2 

2e-53 

YP_026076 

Cytoclirome  b  (3) 

2E5 

le-37 

AAR1I781 

Heat  shock  protein  90  (2) 

2EI() 

le-15 

AAK5h498 

Putative  metallothionein  (2) 

15F3 

4e-09 

AAM20S42 

SARP- 1 9  precursor  (S) 

1F9 

3e-27 

CAF99t)69 

Uhiquinol-cytochrome  C* 

IG9 

le-14 

ZP  00.M6378 

Fucose  binding  lectin* 

2H1I 

5e-\] 

EAA0.3739 

UQCRH  protein* 

15B9 

le-25 

AAP3I550 

HSBI  like  protein 

AVIII.  Protein  degradation  and  processing,  proteases 
2C2  3e-26  AAH87343 

2C4  3e-52  AAH42S20 

2E1I  2e-24  .\P„394993 


Proteasoine  26S  subunit* 
PSMA8  protein 
Proteasonie  subunit  beta 


AIX.  Transportation  and  bindnig  proteins  for  proteins  and  other  niacromolecules 

1B12  le-67  AAT44S66  Translocon-associated  protein  (2) 

1B9  f)e-14  XP^5I8767  Heme  binding  protein* 

I5F6  3e-24  AAH5487.';  TIMM9  protein 

AX.  Proteins  involved  in  motility  including  muscle  components 

15FI2  8e-?()  XP^537691  Dynein  light  chain-2 

2F9  le-IO  EAL32148  Myosin  11* 

HI.  Signalling  receptors  including  cytokine  and  hormone  receptors,  and  signalling  ligands 

1A12  2e-13  F44840  FMRF  amide 

1C5  4e-7  AF076823  Lysin  precursor 

lEll  le-14  NP_001008891  Signal  sequence  receptor 

2F12  4e-37  AAT0()460  Endo/epine 

BIl.  Intracellular  signal  tran.sduction  pathway  molecules,  including  kinases  and  signal  intermediates 


15DI2 

15E1 

15F11 


4e-12 
3e-14 
le-24 


EAL.'^  1 743 
AAD.34418 
AAO62074 


Bill.  E.xtracelhilar  matrix  proteins  and  cell  adhesion 
2H9  8e-ll  QUI  528 

CI.  Sequence-specific  DNA-binding  proteins 
2A9  7e-l()  XP_47()396 

2C1()  2e-19  AAN3164(1 


5e-38 


AAP971.'58 


Protein  kinase 
Calmodulin  mutant 
Rho-GTPase-activating  protein 

Aggregation  factor 

Putative  pirin-likc  protein 
High  mobility  group  protein  1 
EVORF 


Black  hp  abalone 

H.  rubra 

Scallop 

C.  farreri 

Peiiwinkle 

L.  Ultorea 

Periwinkle 

L.  littorea 

Fish 

T.  nif^roviridis 

Bacteria 

M.  degradaiis 

Mosquito 

A.  i;ainbi(ie 

Fruit  lly 

D.  inflaiuii>aster 

African  clawed  frog 

X.  laevis 

Human 

H.  sapiens 

Honey  bee 

A.  niellifera 

Amphioxus 

B.  Isingtaiinese 

Chimpanzee 

P.  rrDglodytes 

Human 

H.  sapiens 

Dog 

C.  finniliiuis 

Fly 

D.  nnraihia 

Pond  snail 

L  sragnalis 

Red  abalone 

H.  rufescens 

Rat 

R.  nor\'egiciis 

Carp 

C.  carpio 

Entamoeba 

E.  liist(fl\tica 

Synthetic  construct 

.V 

Mouse 

M.  mnsculns 

Horseshoe  crab 

L  pd/yphcmus 

Rice 

0.  sativa 

Snail 

B.  glabrala 

Human 

H.  sapiens 

*  Indicates  gene  names  that  do  not  belong  to  the  most  significant  BLAST  match  for  that  EST.  The  presented  gene  name  is  taken  from  the  next  most 

significant  BLAST  match  that  allowed  classification. 
Nuinbers  in  bold  parenthesis  represent  the  total  number  of  clones  in  that  cluster. 


upstream  (both  within  .35  bp)  of  the  poly  A  tail.  This  compares 
with  16.6'7f  of  human  genes  with  dual  polyadenylation  signals 
reported  by  Beaudoing  et  al.  (2000). 

Of  the  93  clusters  that  did  not  produce  a  significant  BLAST 
result.  71  possessed  ORFs  equal  to  or  longer  than  50  codons  ( 150 
nucleotides),  suggesting  that  they  represent  transcribed  genes  with 
no  reported  homologue. 

DISCISSION 

A  decade  ago  Adams  et  al.  ( 19951  established  a  set  of  stringent 
criteria  for  selection  of  cDNA  libraries  of  adequate  quality  to  be 
used  in  a  large  scale  human  EST  analysis.  These  criteria  included 
the  following  parameters:  ( 1 )  less  than  lO'/i  of  the  clones  in  library 
should  have  no  insert  or  ribosomal  and  tnitochondrial  sequences; 
(2)  the  average  insert  lengths  should  be  1  kb  or  greater;  (3)  at  least 
50%  of  the  cDNAs  should  encode  novel  genes  and  (4)  no  gene  or 


group  of  genes  should  dominate  the  distribution.  These  authors 
advocate  the  sequencing  of  100-200  clones  as  an  excellent  means 
of  assessing  library  quality  based  on  these  criteria.  Here  we  have 
constructed  a  cDNA  library  from  10  distinct  stages  of  development 
from  the  tropical  abalone  Halioris  asiuina.  Upon  sequencing  232 
randomly  selected  clones,  we  found  that  this  library  satisfies  all  of 
the  criteria  outlined  by  Adams  et  al.(1995|.  Searching  the  NCBI 
databases  using  the  BLAST  algorithtns.  90  of  the  183  clusters 
(49. K/}-)  are  significantlv  similar  to  previously  described  se- 
quences. 

As  Lee  et  al.  (1999)  points  out.  one  of  the  great  advantages  of 
an  EST  analysis  of  a  novel  cDNA  library  constructed  from  rela- 
tively poorly  studied  tissues  is  the  generation  of  probes  for  "inter- 
esting" genes.  This  study  has  revealed  a  number  of  ESTs  that 
deserve  further  investigation  in  terms  of  their  temporal  and  spatial 
expression  profiles,  and  the  developmental  and  physiological  roles 
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Classification  of  232  abalone  ESTs 


No  significant  similarity  to  known  proteins 
Not  enough  information  to  classify 
Sequence-specific  DNA-binding  proteins 
Extracellular  matrix  proteins  and  cell  adhesion 
Intracellular  signalling 
Signalling  receptors  and  signalling  ligands 
Proteins  involved  in  motility 
Transportation  and  binding  proteins  for  large  molecules 
Protein  degradation  and  processing 
Stress  response,  detoxihcation,  and  cell  defense  proteins 
Intermediary  metabolism  and  catabolism  enzymes 
Protein  synthesis 
Cytoskeleton  and  membrane  proteins 
Cell  replication 
RNA  processing 
Transport  and  binding  proteins  for  small  molecules 


DNo.  of  clones 
DNo.  of  clusters 


20 


40  60  80 

Total  no.  clusters/clones 
Figure  1.  Prevalence  of  abalone  ESTs  grouped  according  to  function. 


100 


120 


that  they  play  in  the  tropical  abalone.  For  example,  a  significant 
proportion  of  the  ESTs  encode  proteins  that  appear  to  be  involved 
with  stress  response,  detoxification,  cell  defense  and  innate  imiiiti- 
nily  I  Fig.  1).  Analyses  of  differential  gene  expression  in  the  as- 


TABLE  3. 

Prevalence  of  polyadenylation  signals  among  abalone  and  human 
niRNA  transcripts. 


F'olyadcnylation 
Signal 


Prevalence  ( % ) 

and  Location'  in 

Abalone  f^STs 


Prevalence  ( '7r  I 

and  Location'  in 

Human  ESTs 


AATAAA 

ATTAAA 

AGTAAA 

TATAAA 

CATAAA 

GATAAA 

AATATA 

AATACA 

AATAGA 

AAAAAG 

ACTAAA 

GACAAA- 

ATGAAA^ 

AGAAAA- 

Total 


(55.1)  15.3  ±,^.4 
(12.3)  19.3  +  7.9 

(6.1)  16.7  ±  1.5 
(0.0) 

(2.0)  13.0  ±  NA 

(2.0)  18  +  NA 

(4.1)  18±  1.4 
(2.0)24±NA 

(2.0)  15±NA 
(4.1)22.5+  13.4 
(2.0)26±NA 
(2.0)21  ±NA 

(4.1)  18  ±2.8 
(2.0)  16±NA 

1009f 


(58.2)  16  +  4.7 

(14.9)  17  ±5.3 

(2.7)  16  +  5.9 

(3.2)  18  ±7.8 

(1.3)  17  ±5.9 
(1.3)  18  ±6.9 
(1.7)  18±6.9 
(1.2)  I8±8.7 
(0.7)  18  +  6.3 
(0.8)  18  ±8.9 
(0.6)  17  ±8.1 


87% 


'  The  location  reported  here  is  the  position  of  the  sixth  nticlcdlidc  of  ihe 
hexamer  relative  to  the  beginning  of  the  poly  A  tail. 

"These  3  hexaniers  were  not  reported  by  Beaudoing  et  al.  (2000)  but  are 
included  here  as  they  only  differ  by  one  nucleotide  from  recogin/ed 
polyadenylation  signals,  and  were  located  within  30  nucleotides  of  the 
poly  A  rich  3'  region,  suggesting  that  they  may  be  alternative  abalone 
polyadenylation  signals. 


cidians  Boltcnia  villosa  and  Hcnbmmia  moimis  during  larval  de- 
velopment and  nietamorpht)sis  have  revealed  that  a  significant 
proportion  of  the  expressed  genes  are  involved  with  the  innate 
inimtine  system,  with  most  of  these  being  up-regulated  during 
metamoi-phosis  (Davidson  &  Swalla  2002,  Woods  et  al.  2004). 
Components  of  the  innate  immune  system  may  therefore  be  re- 
sponsible for  recognizing  and  responding  to  bacterial  settlement 
cues  associated  with  a  suitable  settlement  environment.  Bacterial 
biota  associated  with  coralline  algae  may  be  responsible  for  in- 
duction of  abalone  settlement  and  metamorphosis  (Bryan  &  Qian 
1998,  Roberts  2001). 

Genes  involved  in  cellular  metabolism  are  also  well  repre- 
sented in  this  EST  set  (7  clusters).  Because  larvae  of  H.  asinina  are 
lecithotrophic  (nonfeeding).  maternal  energy  reserves  are  utilized 
during  larval  development  and  metamtirphosis.  Genes  encoding 
certain  digestive  enzymes  however  only  appear  to  be  activated 
during  late  larval  development  (Degnan  et  al.  1995.  Spaulding  & 
Morse  1991 ),  whereas  enzymes  required  for  algal  digestion  are  not 
detectable  until  postlarvae  are  significantly  older  (Takami  et  al. 
1998).  The  proteases  and  metabolic  enzymes  identified  here  pro- 
vide a  platform  from  which  to  further  our  understanding  of  the 
processes  that  regulate  and  limit  larval  and  juvenile  growth. 

An  FMRF-encoding  gene  was  also  detected  in  this  EST  survey. 
In  the  gastropod  mollusc  Lyniinwci  siai;iialis.  expression  ot  this 
gene  is  affected  by  infection  of  a  schistosome  parasite.  This  seems 
to  be  a  strategy  of  the  parasite  to  induce  physiological  (growth  and 
reproduction)  and  behavioral  changes  in  the  host  (Hoek  et  al. 
1997).  Among  natural  populations  H.  asinina  can  become  infected 
by  a  digenean  parasite  that  has  been  suggested  to  influence  the 
antagonism  between  growth  and  reproduction  cycles  (Lucas  et  al. 
2003),  with  infected  animals  effectively  being  castrated.  The 
FMRF-neuropeplide  identified  here  provides  a  means  with  which 
to  study  this  phenomenon  (Rice  &  Degnan,  unpublished  data). 

Of  the  90  unique  clusters  that  returned  significant  BLAST 
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matches.  I  I  (12.2'^)  could  not  be  assigned  a  function.  This  \'alue 
is  less  than  that  reported  by  Adams  et  al.  ( 1995)  for  a  human  EST 
study  (24.8%  of  266.714  ESTs),  but  much  larger  than  5.2%  re- 
ported by  Lee  et  al.  (1999)  for  a  sea  urchin  EST  analysis,  and  4. 1  '7r 
reported  by  Davidson  and  Swalla  (2002)  for  an  ascidian  EST 
analysis.  These  figures  reflect  both  the  exponential  increase  in  the 
number  of  annotated  sequences  housed  in  the  NCBI  database  since 
1995  (the  1995  Genbank  database  was  3.7Vr  the  size  of  the  2001 
database),  and  the  fact  that  H.  asinina  belongs  to  the  poorly  studied 
Lophotrochozoan  clade  in  terms  of  sequence  representation  and 
annotation. 

After  an  analysis  of  those  ESTs  that  showed  no  homology  with 
any  sequences  in  the  GenBank  database,  Lee  et  al.  (1999)  esti- 
mated that  65'7f  to  SOVr  of  these  sequences  were  genuine  protein 
coding  sequences  that  were  simply  too  divergent  to  match  any- 
thing in  the  largely  mammalian  GenBank  database.  This  estimate 
was  based  on  an  analysis  of  observed  versus  expected  ORE  length 
within  each  EST.  Briefly,  randomly  generated  sequences  equal  in 
length  to  those  ESTs  analyzed  were  assessed  for  the  presence  of 
the  longest  ORE.  These  derived  ORFs  rarely  exceeded  150  base 
pairs.  Here  we  analyzed  novel  clusters  (clusters  that  showed  no 
homology  with  GenBank  sequences)  for  the  presence  of  OREs 
greater  than  150  nucleotides  in  length,  in  an  effort  to  identify 
genuine  coding  transcripts  that  have  no  homologues  within  Gen- 
Bank. Of  the  93  novel  clusters.  71  (76.3'7r)  possessed  an  ORE  in 
excess  of  50  codons.  This  is  similar  to  Lee  et  al.'s  ( 1999)  estimate 
oi Strongylocentrotiis purpiiiatits  specific  niRNAs  of  659r  to  80%. 


CuiTent  developmental  studies  on  H.  asinina  further  support  the 
notion  of  a  high  proportion  of  H.  asinina  specific  genes  (Jackson 
et  al.  2005).  Interestingly,  studies  on  C  elegans  and  Drosophila, 
for  which  entire  genomes  are  available,  have  revealed  lower  esti- 
mates of  organism-specific  coding  sequences:  50%  and  30%  re- 
spectively of  all  recognized  coding  sequences  (Hamson  et  al. 
2002).  If  representative,  this  high  proportion  of  novel  coding 
niRNA  transcripts  for  H.  asinina  further  highlights  the  need  for 
more  studies  of  this  kind  to  be  conducted  on  the  poorly  studied 
Lophotrochozoan  elude. 

CONCLUSION 

This  small  EST  project  has  demonstrated  that  the  H.  asinina 
library  we  have  constructed  consists  of  a  diverse  set  of  cDNAs  that 
are  of  a  large  enough  size  to  be  useful  in  future  microarray  and 
gene  characterization  studies.  It  has  also  shown  that  during  devel- 
opment, embryos  and  larvae  of  the  tropical  abalone  express  genes 
involved  in  a  range  of  functions,  ranging  from  cell  defense  and 
innate  immunity  to  signal  transduction  and  metabolism.  The  per- 
centage of  EST  sequences  that  do  not  have  homologues  in  the 
NCBI  database  highlights  the  need  for  further  EST  projects  to  be 
conducted  on  more  diverse  organisms,  especially  taxa  belonging  to 
the  Lophotrochozoa. 
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ABSTRACT  Mollusc  culture,  particularly  the  cultivation  of  pearl  oysters,  is  an  important  component  of  the  aquaculture  industry  in 
Western  Australia.  As  a  result,  there  has  been  a  long-term  investment  in  surveys  of  commercial  mollusc  species  for  potential  diseases 
of  concern.  A  number  of  pathogens,  particularly  haplosporidans,  identified  within  wild-stock  shellfish  have  the  potential  to  adversely 
affect  mollusc  populations.  Others  pose  risks  for  translocations  associated  with  aquaculture.  The  microsporidan  Sieiiilumsia  in\tiloviint 
(Field),  found  in  o\  a  of  the  blue  mussel  Mytilus  gallojnovincuili.\  (Lamarck),  poses  intriguing  questions  about  the  origin  and  dispersal 
of  its  host. 
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INTRODUCTION 

The  most  valuable  of  the  marine  mollusc  etilture  industries  in 
Western  .Australia  is  pearling.  The  main  species  cultured  is  the 
golden-lipped  pearl  oyster  Pinetada  muxiina  (Jameson),  but  other 
pearl  shells  grown  commercially  include  P.  margaratifera  (L).  P. 
albina  (Lamarck)  and  Pteria  penguin  (Roding).  The  pearling  in- 
dustry is  supported  by  four  operational  hatcheries  capable  of  sup- 
plying all  of  the  spat  requirements  of  industry.  Western  Australia 
also  has  a  small  mussel  industry  based  on  culture  of  Mytilus  gal- 
loprovincicilis:  an  abalone  culture  industry  based  on  hatchery  pro- 
duced Haliotis  spp.  (greenlip  abalone.  H.  laevigata  (Donovan), 
brownlip  abalone.  H.  conieopora  Peron  and  Roe's  abalone.  H.  roei 
Gray);  a  rock  oyster  farm  hatching  and  growing  Siuenstrea  sp.;  a 
hatchery  producing  scallops  {Ainusiuni  balloti  Bernardi)  for  re- 
seeding  and  there  is  also  some  experimental  reseeding  of  tropical 
reefs  with  hatchery  produced  trochus  (Tectus  niloticus  [L]). 

Because  of  this  aquaculture  activity,  the  disease  status  of  these 
Western  Australian  molluscs  is  relatively  well  known.  To  date 
there  have  been  few  diseases  of  concern.  The  health  status  of  the 
aquaculture  industry  in  a  .State  such  as  Western  Australia  is  based 
on  two  factors.  The  first  is  the  presence  of  a  disease  repotting 
procedure  and  a  diagnostic  capacity  to  identify  causative  agents. 
The  second  is  the  existence  of  passive  and  targeted  surveillance 
programs  aiming  to  identify  endemic  diseases  not  associated  with 
morbidity  or  mortality.  In  Western  Australia  a  dedicated  fish  dis- 
ease diagnostic  unit  of  the  Department  of  Fisheries  has  worked 
with  industry  since  1988  to  identify  and  solve  disease  problems. 
There  have  also  been  3  major  mollusc  disease  surveys  in  the  State; 
one  involved  a  wide  range  of  molluscs  around  the  coast  (Hine  & 
Thome  2000).  one  on  P.  maxima  (Humphrey  et  al.  1998)  and  an 
ongoing  national  survey  of  abalone  diseases.  Some  additional  in- 
formation is  available  in  isolated  publications  on  individual  para- 
sites and  further  unpublished  information  is  available  from  labo- 
ratory records.  Parasites  that  are  known  from  shellfish  in  Western 
Australia  are  listed  in  Table  1 . 

Pearl  Oysters 

The  disease  that  has  caused  most  economic  loss  to  the  P. 
ma.xiiiia  industry  is  vibriosis  (Pass  et  al.  1987).  In  the  198()s  Vibrio 
spp.  bacteria  caused  significant  losses  to  the  pearling  industry  that 
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have  now  been  overcome  by  improved  management  practices.  The 
presence  of  a  very  rare  haplosporidan  in  the  digestive  tubules  is 
cause  for  concern  (Hine  &  Thorne  1998)  because  very  little  is 
known  about  the  biology  of  this  parasite.  The  haplosporidan  has 
been  identified  only  three  times  and  each  time  the  oysters  on  the 
infected  farm  site  have  been  destroyed.  During  the  .second  occur- 
rence, in  late  December  1995.  4.6%  of  a  sample  of  150  farmed 
juvenile  pearl  oysters  was  found  infected  within  6  weeks  of  being 
set  at  a  remote  site  in  Western  Australia.  By  the  time  the  oysters 
were  destroyed  15  days  later  the  infection  prevalence  had  in- 
creased to  10%  (n  =  2-38).  The  notifiable  disease  Perkinsus  olseni/ 
atlanticus  has  been  reported  friim  P.  maxima  in  the  Torres  Strait 
(Norton  et  al.  199.3a)  but  not  from  Western  .Australia,  though  the 
disease  agent  does  occur  here  in  bivalve  molluscs  other  than  P. 
maxima  (Table  1 ). 

Another  parasite  of  concern  in  pearl  oysters  has  only  been 
detected  in  spat  from  the  Exmouth  Gulf  and  outlying  islands  since 
2001 .  despite  comprehensive  monitoring  of  oysters  in  the  State  and 
the  industry  practice  of  harvesting  and  translocating  shell  to  all 
other  oyster  growing  areas  for  over  50  y.  It  is  an  intracellular 
ciliate  similar  in  appearance  to  ciliates  reported  as  nonpathogenic 
commensals  in  Spanish  Mytilus  gallnprovincialis  (Villalba  et  al. 
1997)  and  in  Mytilus  edulis  (L)  on  the  east  and  west  coasts  of 
North  Ainerica  (Figueras  et  al.  1991a).  The  teardrop  shaped  baso- 
philic ciliate  (10-15  |j.m  x  5  \x.m)  has  a  den.se  polymorphic  mac- 
ronucleus  and  normally  occupies  an  intraluminal  or  intraepithelial 
kication  within  the  digestive  gland  in  P.  maxima  spat  (Fig.  1 ).  The 
ciliate  is  often  associated  with  an  inflammatory  respon.se  in  oysters 
smaller  than  70  mm  with  20-50  mm  shell  being  most  affected.  A 
feature  in  smaller  (20-40  mm)  spat  is  the  ciliate's  capacity  to 
penetrate  the  mucosal  basal  lamina  and  reside  within  hemolymph 
spaces  or  free  within  interstitial  connective  tissue.  Translocation  of 
infected  pearl  oysters  beyond  the  Exmouth  zone  is  not  permitted. 

The  origin  of  the  ciliate  is  unknown,  and  its  relationship  to 
similar  organisms  seen  in  northern  hemisphere  mussels  is  un- 
known. Either  the  ciliate  has  become  much  more  prevalent  in 
recent  years  or  it  has  been  introduced  into  the  region.  Its  infectivity 
to  other  bivalves  is  also  unknown. 

During  surveys  to  determine  the  distribution  of  the  ciliate.  a 
single  infected  oyster  was  found  with  an  eniginatic  unidentified 
proctistan  parasite  (Fig.  2).  The  putative  sporoblasts  develop 
within  the  epithelial  cells  of  the  digestive  tubules  and  fill  the  lumen 
of  the  tubules,  with  an  associated  basophilic  hemocyte  inflamma- 
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TABLE  1. 

Molluscan  disease-causing  agents  (other  than  bacteria)  reported  from  Western  Austraha. 


Agent 


Host 


Associated  with  Kpizootic? 


Reference 


Virus 

Virus-like  inclusions 


Papova-like  virus 
Rickettsia-like  organisms 


Haplosporidia 
Bonamia  sp. 
HaplosporicUiim  sp. 
Haplosporidium  sp. 
Marleilia  sydneyi 

MikrocyUKS  miighleyi 

Microspora 

Sreinhciii>.ui  myiilnvum 
Maiteilidides  sp. 

Apicomplexa 

Heart  apicomplexan 
Perkinsus  olseni 


Ciliates 

Ciliates  on  gills 

Ciliates  in  gut 

Ancistroconiids 


Sfilicniiplixni-Yikc  ciliates 
Trematoda 
Proctneces  sp. 
Sporocysts 


Pinclada  maxima 

No 

Haliotis  laevigata 

No 

Isngnomon  isogiuuiuun 

No 

Pinna  bicolor 

No 

Saccostrea  citculluia 

No 

Haliotis  laevigata 

No 

Pinclada  maxima 

No 

Barhitiui  helhliiigii 

No 

Haliotis  laevigata 

No 

Isognomon  isognonuini 

No 

Pinctada  maxima 

No 

Pinna  hiiolor 

No 

Pinna  deltoides 

No 

Pterin  pengtdn 

No 

Saccostiea  glomerata 

No 

Saccostrea  cucidlata 

No 

Stavilia  horrida 

No 

Ostrea  sp. 

Yes 

Saccostrea  ciicidtala 

Yes 

Pinctada  maxima 

No 

Saccostrea  cucnilata 

No 

Saccostrea  glomerata 

No 

Saccostrea  sp. 

No 

Mxtiliis  giilliipnnnicialts 

No 

Saccostrea  echinata 

No 

Pinctadit  maxima 

No 

Barbatia  helblingii 

No 

Isognomon  isogiunmim 

No 

Malleus  meridianus 

No 

Pinctada  albina 

No 

Pinna  deltoides 

No 

Saccostrea  cucidlata 

No 

Saccostrea  glomerata 

No 

Septifer  bilocularis 

No 

Spondylus  sp. 

No 

Haliotis  laevigata 

No 

Pinclada  spp. 

No 

Saccostrea  sp. 

No 

Pinclada  maxima 

No 

Haliotis  laevigata 

No 

Pinctada  albina 

No 

Pimm  bicolor 

No 

Saccostrea  cucullata 

No 

Saccostrea  echinata 

No 

Saccostrea  glomerata 

No 

Haliotis  laevigata 

No 

Saccostrea  glomerata 

No 

Malleus  meridianus 

No 

Haliotis  laevigata 

No 

Isognomon  isognumuiii 

No 

Pinctada  albina 

No 

Pinctada  maxima 

No 

Malleus  malleus 

No 

Saccostrea  echinata 

No 

Saccostrea  glomerata 

No 

Pass  et  al.  (1988);  Humphrey  et  al.  (1998) 

Laboratory  records 

Hine&Thorne  (2000) 

Hine  &  Thorne  (2000) 

Hine  &  Thome  (2000) 

Laboratory  records 

Norton  et  al.  (1993b):  Humphrey  et  al.  (1998) 

Hine  &  Thorne  (2000) 
Laboratory  records 
Hine  &  Thorne  (2000) 
Humphrey  et  al.  (1998) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 

Laboratory  records 
Hine  &  Thome  (2000) 
Hine  &  Thome  (1998) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Laboratory  records 

Laboratory  records 
Hine  &  Thorne  (2000) 

Humphrey  et  al.  (1998) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thome  (2000) 
Laboratory  records 

Humphrey  et  al.  (1998) 
Laboratory  records 
Laboratory  records 
Laboratory  records 
Hine&  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Laboratory  records 
Hine  &  Thorne  (2000) 


Hine  &  Thorne  (2000) 
Laboratory  records 
Hine  &  Thorne  (2000) 
Hine  &  Thorne  (2000) 
Humphrey  et  al.  (1998) 
Hine  &  Thorne  (2000) 
Hine  &  Thome  (2000) 
Hine  &  Thorne  (2000) 


Pass  (1987):  Hine  &  Thorne  (2000) 


continued  on  next  page 
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TAHl.i:  I. 
continued 


Agent 


Host 


Associated  with  Epizootic? 


Reference 


Cestoda 

Tylocepluiltiin  ^p. 


Tetrabothriate  cestodes 
Neniatoda 

Nematode  larvae 

Siilcuscaris  .sulcata 

Echinocephahis  sp. 
Gregarines 

Nematopsis  sp. 

Unidentified  gregarine 
Copepoda 

Aiitlu'\siii.\  piiichitlae 


DcnddMrca  folimii 
Isognoiiion  isoi^noniuiu 
Malleus  malleus 
Malleus  mericllanus 
Pinctada  spp. 
Pinna  bicnlor 
Pinna  deltoiiles 
Pteria  peni^uin 
Saccostrea  cucullala 
Saccostrea  glomerata 
Saccostrea  echinata 
Stavilia  honida 
Pteria  penguin 

Saccostrea  eiicullata 
Amusiuni  halloti 
Amusium  halloti 

Saccostrea  cucullata 
Pinctada  nuixinia 

Puictaihl  nuniniii 


No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

No 
No 
No 

No 
No 

No 


Mine  &  Thome  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thome  (2001));  Humphrey  et  al.  (I'jyS) 

Hine  &  Thome  (2()0()) 

Hine  &  Thorne  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thome  (2000) 

Hine  &  Thorne  (2000) 
Lester  et  al.  (1980) 
Lester  et  al.  (1980) 

Hine  &  Thome  (2000) 
Humphrey  et  al.  (1998) 

Humphrey  et  al.  (1998) 


tory  response.  With  a  prevalence  of  less  than  O.OOS'v?'  it  is  not 
feasible  to  attempt  follow-up  sampling,  but  it  does  indicate  that 
parasitic  organisms  can  be  present  al  extremely  low  prevalence  in 
a  population. 

Another  proctistan  was  detected  at  a  low  prevalence  in  P. 
maxima  from  the  Exmouth  Gulf  during  investigations  into  the 
ciliate  parasite.  The  parasite  was  elongated  (30  \xm  x  20  (j,m)  and 
intimately  associated  with  the  digestive  gland  epithelial  cells  to 
which  it  appeared  to  have  a  sessile  attachment  (Fig.  3).  The  tubule 
epithelial  cells  beneath  the  site  of  attachment  were  multinucleated 
and  ultrastructural  exatnination  indicated  the  multiple  nuclei  were 
of  molluscan  origin,  suggesting  the  proctistan  had  induced  this 
chanae  within  the  host. 


^ 


# 


Kfy. 


S 


Figure  1.  Ciliate  in  digestive  tubules  of  Pinctada  maxima  spat  from 
Exmouth  Gulf  (arrow),  H&E,  scale  bar  =  Id  pm. 


A  pidctislaii  tentatively  attributed  to  the  Thraustochytridea  was 
identified  in  moribund,  gaping  P.  iiniximn  from  a  farm  that  had 
experienced  losses  after  a  cyanobucterial  {Trichodesmium  sp. ) 
bloom.  The  affected  oysters  showed  extensive  necrosis  of  external 
epithelial  surfaces  of  the  palps  and  tnantle  with  invasion  of  the 
underlying  leydig  tissues  by  brown  pigmented  and  eosinophilic, 
segmented  unicellular  organisms  10-15  p-in  in  diameter,  and 
smaller  dense  basophilic  5-(j.m  diameter  cells  that  appeared  to  be 
etnbedded  in  a  mucinous  matrix  (Fig.  4). 

Rock  Oysters 

One  of  4 1 1  Saccostrea  glomerata  (Gould)  collected  between 
Carnarvon  to  the  Dampier  Archipelago  during  1095  was  infected 


,     «»   - 


Kiyurc  2,  L  nidcntifled  proctistan  parasite  (arrow)  in  pearl  oysters 
Pinctada  maxima  from  Exmouth  Gulf.  The  parasite  fills  the  digestive 
gland.  H«S:E.  scale  bar  =  30  pm. 


•*-- 


236 


Jones  and  Creeper 


» 

* 

A 

k 

• 
Ik 

i 

Jv 

* 

x-- 

* 

* 

^ 

% 

m 

^ 

iS: 

>>"        :■ 

- 

Hnn         ^ 

i. 

■:- 

Figure  3.  A  larye  pniclisUm  intimately  attached  to  dlnestive  tuliule 
epithelial  cells  by  apparent  cytoplasmic  attachments  with  hyperplasia 
of  tubule  nuclei,  in  I'iiicladn  maxima.  H&K,  scale  bar  =  1(1  pm. 


with  a  parasite  liistologically  identical  to  Mcirtcilia  sydiieyi  Perkins 
and  Wolf,  the  cause  of  QX  disease  in  Sacccislerci  commercialis 
(Iredale  and  Roughley)  in  Queensland  and  New  South  Wales.  The 
same  pathogen  was  also  found  in  S.  glomerata  by  Hine  and  Thome 
(2000).  On  the  eastern  seaboard  where  QX  occurs,  it  has  caused 
losses  of  over  90%  (Witney  et  al.  1988)  and  has  resulted  in  a 
decline  in  New  South  Wales  rock  oyster  production  since  the 
1970s. 

5.  cuciiilatii  (Born)  from  Airlie  Island.  Rosily  Island.  Varanus 
Island.  Hermite  Island,  King  Bay  and  East  Lewis  Island  in  the 


north  of  Western  Australia  are  infected  by  a  second  species  of 
pathogenic  haplosporidan  protozoan,  Hciplosporidium  sp.  The 
parasite  was  identified  as  the  cause  of  a  significant  moilality  (up  to 
80%)  of  rock  oysters  at  Airlie  Island  (Hine  &  Thome  2000).  The 
presence  of  this  haplosporidan  will  threaten  the  viability  of  any 
rock  oyster  farm  sited  north  of  E.xmouth. 

Mussels 

The  ova  of  mussels  in  Cockburn  Sound,  Western  Australia  are 
infected  with  the  microsporidan  Steinluuisia  iiiytiloviim  but  the 
parasite  has  not  been  found  in  mussels  from  t)lhcr  growing  areas. 
Heavily  infected  mussels  are  readily  identified  by  the  gross  ap- 
pearance of  the  mantle  of  cooked  females.  Infected  mantle  tissue 
has  an  uneven  surface  with  depressed  cream  white  patches  and 
swollen  tubercles  forming  spots  against  the  orange-pink  back- 
ground color  of  healthy  female  gonad.  Mussel  samples  in  August 
and  October  1995  trom  sites  around  the  Sound  showed  a  preva- 
lence of  Swinhausia  sp.  ranging  from  22%  to  57%,  or  44.4% 
overall.  Histology  revealed  that  the  patches  and  tubercles  were 
associated  with  a  marked  infiltration  of  circulating  granulocytes 
and  large  basophilic  hemocytes  into  affected  follicles  with  resorp- 
tion of  the  germinal  epithelium  and  ova  (Fig.  5).  Small  basophilic 
hemocytes  were  not  prominent  in  the  response.  Also  present  in  2%; 
to  4%  of  the  ova  were  parasitophorous  vacuoles  closely  associated 
with  the  nucleus.  These  vacuoles  measured  13.27  ±  2.37  |xiti  (n  = 
20)  and  contained  over  30  small  spores  2.5-(j.m  diameter.  There 
was  usually  only  one  vacuole  in  an  ovum,  but  occasionally  up  to 
three  parasitophorous  vacuoles  could  be  seen.  In  histological  sec- 
tions the  presence  of  resorbing  follicles  and  focal  accumulation  of 
granulocytes  among  the  developed  ova  was  evidence  of  infection, 
but  infected  oocytes  were  also  observed  in  apparently  healthy  fol- 
licles. Ova  (normal,  infected  and  degenerating),  granulocytes, 
large  basophilic  granular  heinocytes  and  cell  debris  occurred  in  the 
ciliated  gonad  ducts.  Parasitophorous  cysts  containing  spores  also 
occun-ed  free  in  the  lumen  of  the  ducts.  The  spore  walls  and 
contents  stained  negative  to  Feulgen,  Ziehl-Neelsen  and  Grocotts, 
were  Gram  positive  and  Periodic-Acid-Schiffs  negative. 


I.* 


Figure  4.  Large  15  |jni  dia.  segmented  retractile  eosinophilic  cells  and 
smaller  5-pm  basophilic  cells  within  the  levdig  tissues  of  I'iitctada 
maxima,  tentatively  attributed  to  a  thrau.stochytrid.  H&E,  .scale  bar  = 
2(1  \xm. 


Figure  5.  Steinluuisia  mylilovum  in  Mylilus  lialldpiinuu  lalis  limn 
Cockburn  .Sound,  Western  .\ustralia  (arnnvsl,  main  picture  and  in- 
sert. Note  inllammatory  response  in  main  picture.  H&K,  scale  bar  = 
10  fim. 
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The  reliilionship  between  this  SlciiilniKsici  sp.  and  the  one 
previously  deseribed  by  Anderson  el  al.  (HW5l  tVoni  cysts  with- 
in ova  of  the  rock  oyster  S.  coiniiiercialis  in  Queensland.  Australia 
is  unknown.  The  biology  of  Sleiiilunisia  sp.  is  not  well  under- 
stood. Field  (1923)  reported  that  infected  eggs  were  shed  along 
with  normal  eggs.  Sparks  (1985)  suggested  that  infected  eggs 
do  not  seem  to  become  necrotic  or  degenerate  though  Rybakov 
and  Kholodkovskaya  (1987)  noted  that  Stciiiluiiisia  sp.  clearly  dis- 
torts the  nucleus  of  the  ovum  and  can  also  cause  the  destruction 
of  the  egg,  as  has  been  seen  in  Western  Australian  mus,sels.  It  is 
likely  that  the  loose  spores  are  released  along  with  intact 
eggs  or  through  phagocytosis  and  subsequent  diapediasis.  Figueras 
(1991)  reported  that  the  presence  of  the  parasite  is  always  ac- 
companied by  a  strong  hemocyte  response  and  the  impact  on 
the  host  has  been  described  as  severe  (Rybakov  &  Kholod- 
kovskaya 1987)  to  negligible  (Maurand  &  Loubes  1979).  In  the 
case  of  the  5.  myiiloviim  infection  seen  here,  there  is  an  absence 
of  the  typical  bivalve  inflammatory  response,  which  involves 
invasion  of  the  site  of  trauma  primarily  by  small  agranular  hya- 
linocytes  (90%),  granular  basophils  (89^)  and  granular  acido- 
phils (2%)  (Bayne  et  al.  1979,  Brereton  &  Alderman  1979). 
Instead  the  major  components  are  the  phagocytic  hemocyte  and 
the  granular  acidophil  and  the  process  closely  resembles  gonad 
resorption.  Pre\  alence  of  Stclnlniusiii  liiyliloriiiii  does  not  increase 
with  the  size  ol  the  mussel,  suggesting  that  infection  is  annual 
(Table  2). 

The  proctistun  observed  in  the  ova  of  Western  Australian  blue 
mussel  has  the  same  measurements  and  appearance  under  the  light 
microscope  as  S.  inytiloviiiu  from  both  European  and  American  M. 
galloprovincialis.  The  taxonomy  of  the  blue  mussel  in  Western 
Australia  is  disputed.  Still  referred  to  as  M.  edulis  plunulatus  (L), 
electrophoretic  studies  have  shown  that  the  species  is  M.  f>aUo- 
proviiicialis  and  that  M.  galloprovincialis  from  Australasia,  east- 
ern Asia,  Western  Europe,  the  MediteiTanean  and  California,  and 
M.  cdiilis  from  eastern  North  America  and  Western  Europe  are 
electrophoretically  distinct  species  with  an  overlapping  distribu- 
tionlKoehn  1991.  McDonald  et  al.  1991,  Geller  et  al.  1993).  There 
is  a  fossil  record  of  mussels  in  Australian  waters  and  Koehn  ( 1991 ) 
hypothesized  that  M.  galloprovincialis  may  have  been  an  early 
introduction  into  the  Northern  Hemisphere  as  a  hull-fouling  or- 
ganism. Distribution  of  parasites  often  reflects  the  distribution  of 
their  primary  hosts  so  5.  mytilovum  may  also  be  an  introduction 
from  the  Southern  Hemisphere.  Swiiilidiisia  inxtilnyitm  is  reported 
to  infect  the  ova  of  M.  edulis  along  the  Atlantic  coast  of  the  USA 
(Field  1923.  Figueras  et  al.  1991a).  Sparks  (1985)  reported  that. 

TABLE  2. 

Prevalence  of  Sleinhausia  sp.  in  female  Mytilus  galloprovincialis 
from  Cockburn  Sound,  Western  Australia. 


Number 

Total  number 

Size  of  host  (mm) 

infected 

examined 

<7f  infected 

<50 

16 

34 

47.0 

50-59 

33 

65 

50.7 

60-69 

23 

80 

28.7 

70-79 

93 

189 

49.2 

80-89 

51 

114 

44.7 

>yo 

7 

10 

70.0 

Overall 

223 

492 

45.3 

There  is  no  increase  in  prevalence  of  inlectuiii  with  nuisscl  size. 


based  on  examination  of  thousands  of  mussels,  the  parasite  was 
absent  from  California.  Oregon  and  Washington  and  it  was  unre- 
ported from  Europe.  It  now  occurs  in  M.  galloprovincialis  from 
Spain  (Figueras  et  al.  1991b).  Italy  (De  Vincentiis  &  Renzoni 
1963).  Greece  (Rayyan  et  al.  2004).  the  Black  Sea  (Rybakov  & 
Kholodkovskaya  1987.  Gayevskaya  &  Machkevskiy  1991 ).  north- 
ern France  (Comtet  et  al.  2004)  and  the  west  coast  of  the  USA 
(Hillman  1990,  1991).  Hillman  (1990)  noted  that  M.  galloprovin- 
cialis had  been  accidentally  introduced  into  southern  California 
and  suggested  that  S.  iii\iilo\iiiii  had  been  introduced  with  the 
mussels. 

Scallops 

There  are  two  nematode  larvae  found  in  scallops  {Amusiwn 
balloti)  in  the  Shark  Bay  area  of  Western  Australia.  The  "com- 
mon"" nematode  in  scallops  is  Sulcascaris  sulcata.  This  was  re- 
ported by  Lester  et  al.  (1980)  to  infect  up  to  64 Vr  of  the  landed 
catch  in  Shark  Bay  and  occurs  in  a  brownish  capsule  3-7  mm  dia. 
The  adult  nematodes  of  S.  sulcata  live  in  the  loggerhead  turtle 
Carelta  carctia  (L)  and  have  a  wide  geographic  distribution  and 
range  of  molluscan  hosts.  The  second  species,  Echinocephalus  sp.. 
forms  small  yellow-brown  cysts  2-3  mm  dia.  Lester  et  al.  (1980) 
reported  that  only  2  of  10  scallops  he  examined  were  infected,  but 
in  recent  years  the  nematode  has  been  much  more  common  and  in 
2001  was  the  dominant  nematode  in  A.  balloti.  The  genus  Echi- 
udcephalus  occurs  widely  in  molluscs  in  warm  waters,  and  prob- 
ably matures  in  marine  skates  or  rays. 

.Ahalone 

The  Western  Australian  component  of  a  national  health  survey 
of  abalone  has  recently  been  completed.  In  this  survey,  up  to  25% 
of  wild-caught  green-lipped  abalone  iHaliotis  laevigata)  were  in- 
fected with  trematode  metacercariae.  Low  prevalences  of  proc- 
tistans  in  the  lumen  of  the  stomach  and  digestive  gland,  apicom- 
plexans  and  putative  viral  inclusions  in  the  intestinal  tract  were 
observed.  Abalone  in  Western  Australia  are  free  of  the  disease 
perkinsosis.  found  in  South  Australia  and  New  South  Wales,  but 
the  organism  does  exist  on  the  south  coast  of  Western  Australia. 
Pcrkinsus  is  a  primitive  fungus-like  organism  of  uncertain  taxo- 
nomic  status,  probably  in  the  phylum  Labrinthulomycota.  A 
worldwide  effort  to  understand  the  taxonomy  of  this  organism  (or 
group  of  organisms)  is  underway.  In  South  Australia  and  New 
South  Wales  Perkinsus  olscni/udanticus  affects  abalone  with  yel- 
low-green pus  filled  blisters  (0.5-8  mm  dia.)  containing  a  creamy 
brown  deposit.  Once  processed  the  lesions  appear  as  pale  brown 
circles.  Perkinsosis  occurs  in  a  variety  of  shellfish  in  the  north  of 
the  State  ( Hine  &  Thorne  2000).  however,  a  survey  of  300  abalone 
from  six  sites  along  the  south  and  west  coasts  of  Western  Australia 
in  1995  were  negative  for  Pcrkinsus  sp.  by  the  thioglycolate  media 
method.  Subsequently,  in  2003  Perkinsus  sp.  was  cultured  from 
the  gill  tissue  of  one  clinically  normal  abalone  {H.  laevigata)  from 
the  .south  coa.st. 

FUTURE  TRENDS 

Whereas,  overall,  disease  has  not  been  a  problem  for  the  mol- 
lusc industry  in  Western  Australia,  it  is  certain  that  many  more 
pathogenic  organisms  remain  to  be  discovered,  particularly  as  mol- 
luscs become  subject  to  aquactilture  or  are  subject  to  environmen- 
tal stresses  associated  with  economic  activity.  Because  of  the  age 
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of  the  Austialiun  coiitiiieiu  and  iIk-  relative  isolatiem  of  the  coastal 
fauna  it  is  likely  that  many  of  these  will  prove  to  be  unique  to 
Western  Australia.  Strict  controls  are  therefore  imposed  to  limit 
translocation  of  parasites  by  aquaculture.  Whereas  these  pathogens 
may  represent  an  economic  threat,  it  is  probable  that  they  will  also 
provide  new  insights  on  the  zoogeography  and  derivation  of  the 
Western  Australian  mollusc  fauna. 
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GROWTH  AND  SURVIVAL  OF  JUVENILE  GREENUP  ABALONE  (HALIOTIS  LAEVIGATA) 
FEEDING  ON  GERMLINGS  OF  THE  MACROALGAE  VLVA  SP 
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ABSTRACT  Gernilings  of  the  green  alga  Ulva  sp.  were  developed  as  a  diet  for  juvenile  Hcdiolis  kievigatu  {a3.5  mm  shell  length) 
and  compared  with  a  current  commercial  diet  consisting  of  Ulvetki  lens  plus  the  diatom  species  Naviciiia  cf.  jeffreyi.  The  utilization 
of  niacroalgae  germlings  (juvenile  ganiotophyte  and  sporophyte)  allowed  3-dimensional  growth  and  subsequently  provided  greater  feed 
biomass  in  comparison  with  the  current  2-dimensional  commercial  feed  for  the  later  nursery  phase  consisting  of  5-10  mm  (shell  length) 
juvenile  abalone.  The  juvenile  abalone  showed  active  feeding  on  both  the  Ulva  germling  diet  and  the  current  commercial  diet.  The 
Ulvella  lens/Naviciilci  cf.  jeffreyi  diet  resulted  in  abalone  of  significantly  larger  shell  length  at  the  end  of  the  14-wk  feeding  trial. 
However,  the  Ulva  germling  diet  recorded  significantly  larger  abalone  for  the  first  4-5  wk,  whereas  the  commercial  diet  produced 
significantly  larger  abalone  from  week  6  to  the  end  of  the  trial.  The  growth  rate  on  both  diets  exceeded  100  (xm.day"'  and  the  specific 
growth  rates  were  maintained  above  l^-.day"'  for  the  duration  of  the  feeding  trial  with  neither  measure  portraying  significant 
differences  between  diets.  There  was  no  significant  difference  in  juvenile  abalone  mortality  feeding  on  the  two  diets.  The  Ulva  germling 
consumption  e.vhibited  a  spike  (500  germling  blades. abalone^'.day"' )  in  consumption  at  week  three  then,  once  reduced,  a  gradual 
increase  occurred  until  the  end  of  the  trial.  Ulvella  lens  consuinption  demonstrated  a  similar  pattern  to  Ulva  germlings  consumption 
and  was  significantly,  positively  correlated.  Consumption  rates  for  the  two  green  algae  both  correlated  with  juvenile  abalone  growth. 
The  diatom  (Navienla  cf.  jeffreyi)  consumption  was  affected  by  plate  rotation  (light  intcnsily  and  grazing  pressure)  rather  than  |U\enile 
abalone. 

KEY  WORDS:     |u\enile  abalone.  Haliolis  laevii^ala.  Ulva.  germlings.  Ulvella  lens,  diatoms,  dietary  value 


INTRODUCTION 

To  ctiltiire  qtiallty  abalone  to  commercial  harvest  size  within  an 
economical  time  frame,  current  culture  protocols  and  in  particular, 
juvenile  nutrition  need  to  be  improved.  To  advance  this  area  of 
production,  new  juvenile  diets  must  be  explored  that  supply  suf- 
ficient biomass  and  provide  greater  nutritional  benefits. 

The  main  diet  of  postlarval  and  early  juvenile  abalone  (up  to  ~5 
mill)  111  the  natural  environment  consists  of  epiphytic  and  epilithic 
diatoms,  crustose  coralline  algae,  turf  algae  and  bacteria,  whereas 
larger  juveniles  consume  niacroalgae  (Dunstan  et  al.  2002.  Kawa- 
mura  et  al.  1995,  Kawamura  1996,  Kawamura  &  Takami  1995. 
McShane  et  al.  1994,  Takami  et  al.  1998).  Once  abalone  reach  the 
transition  phase  from  a  diatom-based  diet  to  a  macroalgae  diet, 
diatoms  such  as  Cyliiulrotheca  clnsteriiim  (Ehreiiberg)  alone  are 
no  longer  sufficient  to  maintain  adequate  growth  rates  in  an  aqua- 
culture  system  (Takami  et  al.  200.3).  At  this  stage  additional  algal 
food  is  required  to  sustain  maximum  growth  rates  and  reduce  the 
variability  of  growth  and  survival  rates.  Maintenance  of  an  ad- 
equate food  supply  to  the  5-10  mm  juveniles  is  seen  as  a  major 
limiting  factor  in  the  intensification  of  abalone  nurseries  (Krsinich 
et  al.  2000). 

Currently  in  .Australian  commercial  abalone  nurseries,  postlar- 
vae  are  supplied  with  diatoms  (e.g..  Navictita  cf.  jeffreyi)  and  as 
they  develop  into  juveniles  they  are  provided  with  the  crustose 
green  alga  Ulvella  lens  crouch  (Daume  &  Ryan  2004,  Daume  et  al. 
2004).  U.  lens  has  been  shown  to  induce  higher  settlement  rates  of 
abalone  larvae  compared  with  monospecific  benthic  diatom  films 
(Daume  et  al.  2000.  Krsinich  et  al.  2000).  By  itself  U.  lens  only 
supports  moderate  growth  rates  but.  when  combined  with  an  easily 
digestible  diatom  such  as  N.  jeffreyi.  the  diet  can  sustain  high 
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growth  rates  (Daume  &  Ryan  2004,  Kawamura  et  al.  1998). 
Takami  et  al.  (1997)  also  found  that  rapid  abalone  growth  is 
only  achievable  on  crustose  coralline  algae  iLitlwphylhtni  yes- 
.saense)  if  diatoms  are  present.  Once  abalone  exceed  about  5  mm 
in  length,  the  combined  diet  of  U.  lens  and  A',  jeffreyi  is  unable  to 
adequately  suppon  the  high  abalone  biomass  per  plate  (Daume  & 
Ryan  2004). 

A  potential  alternative  coinmercial  feed  for  juvenile  abalone 
(5-10  mm)  may  be  macioalgae  sporelings.  The  majority  of  juve- 
nile abalone  dietary  studies  have  been  conducted  with  mature  mac- 
roalgae; however,  they  may  have  different  nutritional  and  struc- 
tural properties  to  juvenile  macroalgae  of  the  same  species  (Van 
Alstyne  et  al.  1999).  The  juvenile  macroalgae  (germlings)  can 
potentially  provide  a  greater  biomass  per  plate  because  of  their 
3-dimensional  morphology  compared  with  the  2-dimensional  en- 
crusting algae  and  have  been  shown  to  support  moderate  to  rapid 
growth  of  90-130  fxm.day"'  (Maesako  et  al.  (1984)  as  cited  in 
Kawamura  et  al.  (1998)). 

The  3-dimensional  growth  reduces  the  surface  area  required 
and  gives  the  feed  the  potential  to  combat  the  juvenile  abalone"s 
ability  to  consume  5%  to  309c  of  their  body  weight  in  algae  each 
day  (Corazani  &  lllanes  1 998.  Hahn  1989).  Ulva  has  been  used  in 
numerous  studies,  both  indi\idually  or  as  part  of  mixed/rotation 
diets  but  is  considered  a  relatively  poor  nutrition  source  (Simpson 
&  Cook  1998).  Shpigel  et  al.  (1999)  has  shown  that  specific 
growth  rates  of  0.6  to  1  %.day~'  can  be  attained  for  juveniles  8-15 
mm  in  shell  length  and  that  some  abalone  species  grow  better  on 
Ulva  cultured  in  high  ammonia-N  enriched  seawater.  underlying 
the  importance  of  the  feed's  nutritional  value. 

In  this  study,  the  dietary  value  of  an  Ulva  sp.  germling  diet 
was  compared  with  a  currently  used  commercial  diet  consisting  of 
the  green  alga  U.  lens  plus  the  diatom  species  N.  jeffreyi  on  the 
growth  and  survival  of  juvenile  greenlip  abalone  (Haliolis  luevi- 
•jala  Donovan). 
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MATERIALS  AND  METHODS 


Location 


The  feeding  trial  was  conducted  in  a  greenhouse  at  the  Aqua- 
culture  Development  Unit.  Challenger  TAFE,  Fremantle.  Western 
Australia  between  March  and  August  2004.  Juvenile  greenlip  aba- 
lone  (Haliotis  laevigata)  were  supplied  by  Great  Southern  Marine 
Hatcheries  in  Albany.  Western  Australia. 

Algal  Culture — Diets 

Uha  .sp.  Germling  Diet 

Uha  sp.  thalli  were  collected  from  submerged  limestone  rocks 
on  South  Mole  in  Fremantle  and  exposed  to  a  cold  (4°C)  treatment 
to  induce  gametogenesis.  Uha  thalli  were  arranged  in  layers  in- 
between  moist  newspaper  then  refrigerated.  After  7  days  of  cold 
treatment.  10  kg  blotted  wet  weight  of  Ulva  thalli  was  placed  into 
each  of  the  five,  400  L  tanks  filled  with  a  modified  f/2  culture 
medium  (Guillard  &  Ryther  1962),  that  lacked  PII  metals,  sodium 
metasilicate  and  vitamin  stock  solutions.  Each  tank  held  3  baskets 
of  12,  30  X  60  cm  PVC  plates  lying  horizontally.  The  tanks  re- 
ceived only  light  aeration  to  reduce  water  motion  and  allow  maxi- 
mum spore  attachment. 

The  Uha  thalli  were  remo\'ed  from  the  fi\e  tanks  after  6  days 
and  the  germling  seeded  PVC  plates  redistributed  into  three  400  L 
tanks  each  containing  3  baskets  of  20  plates  now  orientated  ver- 
tically. The  germlings  were  then  cultured  over  5  wk  in  the  modi- 
fied f/2  medium,  which  was  exchanged  twice  weekly. 

Vlvella  lens  Plus  Naiicula  cf.  Jeffrey!  Diet 

The  diatom  Navicitia  cf  Jeffrey!  (CSIRO  Hobart,  CS-.'i  14)  was 
cultured  in  standard  f/2  medium  (Guillard  &  Ryther  1962)  with 
cultures  starting  indoors  in  4  petri  dishes  that  were  then  scaled  up 
through  four,  1.5  L  horizontally  laid  culture  bags  and  finally  to 
one,  60  L,  shallow  tank  outdoors.  20  L  of  the  N.  jeff'rcvi  inoculum 
was  added  to  each  of  the  three  U.  lens  tanks. 

Sixty  U.  lens  seed  plates  (30  x  60  cm  PVC)  (Dauine  &  Ryan 
2004.  Daume  et  al.  2004)  were  placed  at  regular  intervals  between 
clean  30  x  60  cm  PVC  plates  and  exposed  to  sunlight  for  3  days, 
then  removed.  The  aeration  was  low  to  allow  the  U.  lens  spores  to 
attach  to  the  plates  and  the  modified  f/2  medium  was  exchanged 
twice  weekly. 

Feeding  Trial 

For  each  of  the  2  treatments  (Ulva  germling  diet  and  U.  lenslN. 
Jeffrey!  diet),  three.  400  L  tanks  were  stocked  with  three  baskets  of 
20  vertically  arranged  seeded  plates  (30  x  60  cm).  The  tanks  were 
aerated  by  three  airlines  spaced  evenly  along  the  bottom  and 
shaded  with  lO'/i  shade  cloth;  1  |a,iii  filtered  bore  seawater  was 
supplied  at  10  L.min"'  via  a  spray  bar  above  the  water  surface.  The 
water  temperature  over  the  3  mo  feeding  trial  started  at  20.8  ± 
0.13°C  (May)  then  reduced  to  19.7  ±  0.18°C  (June)  and  finished  at 
I9.0±0.0S°C  (July). 

Juvenile  greenlip  abalone  (A/,  laevigata)  were  taken  off  an  U. 
/e».s/naturally  occurring  diatoms  diet  and  transported  (4  h)  on  PVC 
plates  seeded  with  U.  lens  between  wet  sponge  sheets  in  insulated 
containers.  The  PVC  plates  with  juveniles  attached  were  placed 
across  the  top  of  the  baskets  in  each  tank  and  left  for  2  wk  to  allow 
the  juveniles  to  migrate  onto  the  experimental  diet  plates.  Seven- 
teen hundred  juveniles  of  3.5—1  mm  shell  length  were  stocked  in 


each  of  the  six  tanks  giving  approximately  28  juveniles  per  30  x  60 
cm  plate. 

The  feeding  trial  was  for  a  period  of  14  wk  and  the  three  U.  tens 
tanks  were  reinoculated  with  N.  Jeffrey!  during  weeks  2.  4  and  8. 
The  plates  in  all  tanks  were  rotated  twice,  180°  about  the  horizon- 
tal in  weeks  3  and  10. 

Measurements 

Abalone  shell  length  (mm)  and  weight  (g)  were  measured  at  the 
beginning  of  the  trial  and  then  weekly  by  collecting  a  sub  sample 
of  50  juveniles  from  10  randomly  selected  plates  in  each  tank. 
After  the  juvenile  abalone  had  been  measured  the  contents  of  each 
tank  were  siphoned  through  50  )j.m  mesh  and  the  dead  abalone 
counted. 

Ulva  germling  abundance  was  determined  by  counting  the 
number  of  germling  blades  per  cm~  of  plate  at  weekly  intervals. 
Every  fifth  plate  was  counted  with  5  randomly  selected  fields  of 
view  (0.785  cm")  counted  diagonally  across  the  plate.  The  density 
of  the  U.  lens  was  determined  by  estimating  percentage  cover 
along  a  graticule  using  the  same  sampling  procedure  as  the  Ulva 
germlings.  The  density  of  N.  Jeffrey!  was  measured  on  2  removable 
notches  cut  from  the  side  of  every  sixth  plate.  The  notches  were 
approximately  16  cm"  and  positioned  3  cm  from  the  top  and  bot- 
tom. The  number  of  cells  present  on  these  notches  was  then 
counted  for  a  defined  area  in  20  randomly  chosen  fields  of  view 
and  the  number  of  cells. cm""  calculated. 

Biochemical  Analysis 

Samples  were  taken  by  scraping  diagonally  across  the  plates 
that  were  used  for  determining  weekly  algal  abundance.  Scrapings 
were  stored  at  -20  C  until  needed. 

Algal  Dry  Weight 

Five  milliliters  of  the  U.  lens/N.  Jeffrey!  samples  and  0.05  g  of 
the  Ulva  germling  sample  were  filtered  through  Whatman  GF/C 
(2.5  cm)  glass  microfiber  filters  that  had  been  washed,  precom- 
busted  and  preweighted.  The  filtrate  was  then  washed  with  10  mL 
of  animonium  formate  solution  (0.65  M)  to  remove  excess  salts, 
dried  in  an  oven  for  12  h  (80°C)  and  placed  in  a  vacuum  desiccator 
overnight.  They  were  then  weighted  to  4  decimal  places  on  an 
analytical  balance. 

Lipid  Determination 

The  lipid  content  of  the  algal  diets  were  detemiined  based  on 
the  method  of  Bligh  and  Dyer  (1959)  as  modified  by  Kates  and 
Volcani  ( 1966)  and  adapted  by  Mercz  ( 1994). 

Five  milliliters  of  the  U.  lens/N.  Jeffrey!  samples  and  0.025  g  of 
the  Ulva  germling  samples  were  filtered  onto  Whatman  GF/C  (2.5 
cm)  glass  microfiber  filters,  rinsed  with  10  niL  ammonium  formate 
(0.65  M)  and  stored  at  -20°C  for  approximately  2  mo. 

Once  thawed,  filters  were  homogenized  in  a  glass  mortar  and 
pestle  with  5  mL  of  a  methanol:chloroform:deionised  water  solu- 
tion (2:1:0.8  v/v/v).  The  extract  was  centrifuged  at  3000  rpm  for  5 
min  and  the  supernatant  transferred  to  a  second,  10  niL  graduated 
glass  centrifuged  tube.  The  volume  was  made  up  to  5.7  mL  with 
fresh  methanol:chloroform:deionised  water,  then  1.5  mL  chloro- 
form and  1.5  mL  deionized  water  were  added  while  mixing  well. 

The  tubes  were  recentrifuged  (3.000  ipm  for  5  min),  after 
which  phase  separation  was  complete  and  the  lower  green  chlo- 
rororni  layer  containing  the  lipids  were  carefully  transferred  into 
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dry.  preweightcd  4  iiiL  glass  vials.  A  few  dnips  of  toluene  were 
added  and  the  extract  dried  under  ultra  pure  nitrogen.  The  vials 
were  placed  in  a  vacuum  desiccator  (KOH  pellets)  overnight  and 
weighted  to  4  decimal  places. 

I'liiliiii  DclcrmiiHiliim 

The  protein  content  of  the  algal  diets  were  determined  utilizing 
a  modification  of  the  Lowi-y  et  al.  ( 1951 )  method  by  Dorsey  et  al. 
(1978)  and  Mercz  (1994).  Samples  were  prepared  as  in  the  Lipid 
Determination  procedure  (above)  with  0.0125  g  of  Ulva  germlings 
used  for  each  sample. 

Filters  were  homogenized  with  5  mL  Biuret  reagent  in  a  glass 
mortar  and  pestle,  then  transfeired  into  10  niL  graduated  glass 
centrifuged  tubes  and  0.14  mL  of  deioni/ed  water  added.  Protein 
standards  (Bovine  Serum  Albumin)  of  0.  10.  20,  30,  40.  50,  60  and 
70  fxg  were  made  up  to  0.14  mL  with  deionized  water,  and  5  mL 
Biuret  reagent  was  added. 

■Ml  tubes  were  incubated  at  lOO'C  for  60  min  and  immediately 
after  0.5  mL  Folin  Phenol  reagent  was  added  while  mixing  on  a 
Vortex  stirrer.  The  tubes  were  cooled  for  15  min  at  10°C  to  15°C 
and  15  min  at  room  temperature,  then  centrifuged  (.3,000  rpm  for 
5  min).  The  absorbance  of  the  supernatant  was  read  at  660  nm  and 
the  protein  content  determined  from  the  standard  curve. 

Carbohydrate  Determination 

The  carbohydrate  content  of  the  algal  diets  were  determined 
using  the  method  of  Kochert  (1978)  incorporating  modifications 
by  Ben-Amotz  et  al.  (1985)  and  Mercz  (1994).  Samples  were 
prepared  as  in  the  lipid  determination  procedure  (earlier)  with 
0.012  g  of  Ulva  germlings  being  used. 

Five  milliliters  of  H2SO4  (1  M)  was  used  to  homogenize  filters 
in  a  glass  mortar  and  pestle  before  being  transferred  into  10  mL 
graduated  glass  centrifuged  tubes  and  incubated  at  100  C  for  60 
min.  After  cooling  to  room  temperature  and  centrifuging  (3,000 
rpm  for  5  min)  a  known  volume  of  supernatant  (<50  |a.g  total 
carbohydrate,  which  is  between  0.1-0.5  mL,  depending  on  initial 
algal  concentration)  was  taken  and  made  up  to  2  mL  with  deion- 
ized water  in  10  mL  graduated  glass  centrifuged  tubes.  Carbohy- 
drate standards  (Glucose)  of  0.  10.  20,  30,  40  and  50  |j.g  were  made 
up  to  2  mL  with  deionized  water. 

One  milliliter  of  5%  (w/v)  phenol  solution  was  added  and 
mixed  well  on  a  Voilex  stiiTcr.  Five  milliliter  of  concentrated 
H^SOj  (98<7f,  18  M)  was  added  rapidly  and  then  the  tubes  left  for 
30  min  to  cool.  Absorbance  was  measured  at  485  nm  and  the 
carbohydrate  content  determined  from  the  standards. 

Data  Analysis 

Juvenile  abalone  growth  and  density  for  the  2  dietary  treat- 
ments Viva  gemiling  and  U.  lenslN.  jeffreyi  were  compared  by 
analysis  of  variance  (1-way  ANOVA).  A  univariate  analysis  of 
variance,  posthoc  (Tukey  HSD)  test  was  applied  to  test  for  differ- 
ences between  mean  abalone  interval  sizes  (shell  length)  on  the 
two  diet  treatments  at  each  time  interval.  Comparisons  of  the  algae 
diets  consumption  and  biochemical  composition  were  achieved 
through  Bivariate  Correlation  and  analysis  of  variance  (1-way 
ANOVA)  respectively.  The  plate  rotation  was  analyzed  with  an 
Independent  /-test. 

RESULTS 

Abalone  Growth 

At  the  commencement  of  the  feeding  trial  there  was  no  signifi- 
cant difference  between  the  average  shell  lengths  of  the  abalone 


distributed  to  the  2  diets  (F,j,  ,,c«,  =  0.49  \P  =  0.484]).  The 
juvenile  abalone  grew  on  both  diets  with  the  Ulva  germling  diet 
producing  significantly  larger  abalone  (shell  length)  for  the  first  5 
wk  (F,df  , .2.198,  =  f'-779  {p  <  0.051)  (Fig.  1). 

During  the  first  4  vvk  the  mean  weekly  increase  in  shell  length 
of  the  abalone  on  the  Ulva  germling  diet  was  0.51  ±  0.1  mm  with 
each  increase  shown  to  be  significant  (Table  1 ).  The  abalone  on  the 
U.  lens/N.  jejfrexi  diet  only  averaged  a  weekly  increase  in  shell 
length  of  0.41  ±  0. 1  mm  lor  the  first  4  wk  but  were  able  to  maintain 
significant  increases  in  shell  length  until  week  7  (Table  1).  The 
subsequent  extended  period  of  significantly  faster  growth  resulted 
in  the  abalone  on  the  U.  lens/N.  jeffreyi  diet  surpassing  the  size 
(shell  length)  of  the  abalone  on  the  Ulva  germling  diet  and  this 
transition  is  evident  in  Figure  I  where  the  two  growth  profiles 
intersect  between  weeks  5  and  6.  The  U.  lens/N.  jeffreyi  diet  then 
proceeded  to  yield  significantly  larger  abalone  (shell  length) 
lF,j,  ,.,f,c,s,  =  24.671  (V<0.05)). 

The  weekly  growth  rates  of  juvenile  abalone  were  very  variable 
(reaching  over  100  pim.day"')  on  both  the  Ulva  germling  diet  and 
the  U.  lens/N.  jeffreyi  diet  during  the  fiist  6  wk  (Table  1.  Table  2). 
The  Ulva  germling  diet  sustained  a  higher  specific  growth  rate  for 
abalone  over  the  first  4  wk.  reaching  a  maximum  of  1.5% .day"' 
(Fig.  2). 

After  the  8th  wk  of  the  feeding  trial,  shell  length  was  not 
significantly  different  between  adjacent  weeks  on  either  diet 
(Table  1),  indicating  a  reduction  in  absolute  growth  rate  (Table  2) 
and  specific  growth  rate  (Fig.  2).  From  Table  2  it  is  evident  that  the 
Ulva  gennling  diet  produced  slightly  lower,  not  significantly 
lower.  (F,j,  ,  x2i  =  0.583  \P  =  0.448))  growth  rates  over  the  entire 
feeding  trial.  Consequently,  the  specific  growth  rate  of  the  juvenile 
abalone  was  not  significantly  affected  by  diet  (F,;jf  i,s2,=  1-968  (P 
=  0.164])  with  both  recording  l%.day"'  by  the  end  of  the  14  wk 
trial  (Fig.  2). 

The  juveniles  consuming  the  Ulva  germling  diet  were  smaller 
at  the  completion  of  the  trial  with  an  average  of  9.61  ±  0.1  mm 
shell  length,  compared  with  the  average  shell  length  of  10.29  ±  0.1 
mm  the  abalone  on  the  U.  lens/N.  jeffreyi  achieved  (Fig.  1).  The 
final  abalone  shell  lengths  were  significantly  different  indicating 
that  the  U.  lens/N.  jeffreyi  diet  produced  significantly  larger  aba- 
lone than  the  Ulva  germling  diet  lF,j,  ,.,,^,  =   10.335  [P  <  0.05]). 
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Ulvella  lens  diet 
Ulva  sp.  germling  diet 
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Figure  1.  Growth  (shell  lonjjih)  of  jiiMnile  Haliotis  laevigata  over  the 
14  Hk  feeding  trial  iin  an  I  ha  mrnillnH  diet  and  an  L'ha  lens/.\aviciila 
cf.  jeffreyi  diet.  Mean  ±  std.  error  (;i  =  3 1. 
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Strain  et  al. 


TABLE  1. 

Weekly  changes  in  shell  length  of  ju\enile  Haliotis  laevigata  grown 

on  an  Ulra  germling  diet  or  an  U.  lens/N.  jeffreyi  diet,  indicated  hy 

the  mean  increase  difference  and  significance  (Univariate  Analysis 

of  Variance,  post-hoc  Tukey  HSD  tests). 


Ulva  Gerniling  Diet 


Week  Interval 


Mean 

Difference 

(mm) 


Significance 
(/•-Value) 


U.  leiis/N.  jeffreyi  Diet 

Mean 
Difference     Significance 
(mm)  (P-Value) 


Start- 1 

1-2 

2-3 

3-i 

4-5 

5-6 

6-7 

7-8 

8-9 

9-10 

10-11 

11-12 

12-13 

13-14 


(1.24 
0.40 
0.67 
0.72 
0.52 
0.44 
0.59 
0.34 
0.41 
0.50 
0.41 
0.47 
0.08 
0.08 


0.904 
0.019 
0.000 
0.000 
0.052 
0.212 
0.010 
0.636 
0.331 
0.085 
0.322 
0.143 
1.000 
1.000 


0.(10 
0.40 
0.67 
0.56 
0.80 
0.60 
0.70 
0.44 
0.46 
0.39 
0.66 
0.38 
0.23 
0.25 


1.000 
0.018 
0.000 
0.019 
0.000 
0.009 
0.000 
0.219 
0.151 
0.663 
0.002 
0.461 
0.972 
0.949 


Abalone  Survival 

In  conjunction  with  growth,  mortality  and  the  subsequent  aba- 
lone  density  are  important  in  comparing  the  two  diets  effectiveness 
as  a  feed  for  juvenile  abalone.  Weekly  mortality  on  both  diets 
exhibited  very  similar  profiles  with  the  U.  lens/N.  jeffreyi  diet 
producing  an  average  of  91  mortalities  in  week  3  but  thereafter  the 
Ulva  germling  diet  recorded  slightly  higher  mortalities  until  week 
10  (Table  3).  Calculating  the  progressive  abalone  density  from  the 
weekly  mortality  indicated  there  was  no  significant  difference  in 


abalone  density  between  the  two  diets  (F^ 


0.569  {P 


0.433)1.  Crushed  shells  and  escapees  were  unable  to  be  considered 
in  the  weekly  mortality  giving  a  discrepancy  with  the  final  densi- 
ties. Even  though  the  number  of  abalone  at  the  end  of  the  14  wk 
trial  was  lower  on  the  Ulva  germling  diet.  1.948  abalone  (38.2% 
survival),  compared  with  the  U.  lens/N.  jeffreyi  diet.  2,390  abalone 
(46.9%  survival),  the  difference  was  not  significant  (F,j|  ,4,  = 
3.911  {P  =  0.119)). 

Algal  Consumption 

The  juvenile  abalone  consumed  entire  Ulva  germlings.  both 
blade  and  attachment  regions.  During  the  first  month  of  the  ex- 

TABLE  2. 

Weekly  growth  rales  for  Juvenile  Haliotis  laevigata  combined  into 
monthly  periods  (;/  =  31  for  both  an  Ulva  germling  diet  and  an  U. 
lens/N.  jeffreyi  diet.  The  first  2  \\eeks  were  excluded  to  allow  time 
for  the  juvenile  abalone  to  adapt  to  the  experimental  conditions 


Ulvella  lens  diet 
Ulva  sp.  germling  diet 


1      2      3      4      5      6      7      8      9     10    11    12    13    14 
Week 
Figure  2.  Specific  (Jrowth  Rate  of  juvenile  Haliotis  laevigata  on  an 
Ulva  gernding  tliet  and  an  f'/ro  lenslNavicula  ef.  jeffreyi  diet.  Mean  ± 
std.  error  in  =  3). 


periment,  consumption  of  germlings  peaked  at  500  germling 
blades. abalone" '.day^'  but  by  week  6  the  consumption  had  de- 
creased to  100  germling  blades. abalone  'day  '.  Consumption 
gradually  increased  after  that  (week  6).  doubling  by  the  end  of  the 
feeding  trial  (Fig.  3).  During  the  last  two  months  there  was  a 
positive  correlation  between  the  increase  in  Ulva  germling  con- 
sumption and  the  increase  in  abalone  shell  length  (R  =  0.583;  P 
<  0.05). 

The  consumption  of  U.  lens  followed  a  similar  trend  and  was 
significantly,  positively  correlated  (R  =  0.422,  P  <  0.05)  to  the 
Ulva  germling  consumption  but  with  a  reduced  rate  of  decline  after 
the  period  of  high  consumption  (Fig.  4).  Consumption  of  U.  lens 
also  significantly  correlated  to  the  grow  rate  (R  =  0.544.  P  <  0.05) 
and  subsequently  the  specific  growth  rate  (R  =  0.618.  P  <  0.05) 
of  the  juvenile  abalone. 

Diatom  consumption  (Fig.  5)  exhibited  a  similar  profile  to  that 
of  the  Ulva  germlings  and  U.  lens  consumption  including  the  slow 
increase  after  week  7.  However  this  increase  fluctuated  under  or  on 
zero  diatoms. abalone"'day"'  for  weeks  7-12  because  the  positive 
growth  of  algae  was  greater  than  the  consumption  by  abalone. 

TABLE  3. 

Weekly  mortality  of  juvenile  Haliotis  laevigata  for  both  the  Ulva 

germling  diet  and  the  U.  lens/N.  jejfreyi  diet.  Mean  ±  std.  error  (h  = 

i).  (Initial  number  of  abalone  per  replicate  tank  was  1,700). 


U.  lens/N.  jeffreyi 


Week 


Mean 


SE 


and  diets. 

3 
4 

Week  3-6             Week  7-10 

Week  11- 

-14 

6 

Diet 

Mean  GR              Mean  GR 

(fim.day  ')    SE    (jim.day"')    SE 

Mean  GR 

(jim.day"') 

SE 

7 
8 
10 

Ulva  germling 
U.  lens/N.  jeffrexi 

84.1           9.5            66.1            8.7 
94.1           5.0           68.2           7.5 

.35.7 
52.9 

11.8 
11.7 

12 
14 

63 
81 
91 
64 
53 
27 
16 
18 
24 
17 
15 


5.86 

23.16 

22  4 

14.19 

3.21 

2.91 

3 

2.65 
1.73 
4.63 
1.76 


Ulva 

Germling 

Mean 

SE 

71 

5.81 

85 

22.15 

56 

6.44 

72 

12.01 

57 

3.53 

59 

22.21 

45 

11.35 

28 

2.33 

25 

1.67 

12 

2 

12 

0.88 

Ulva  Germling  Dikt  for  Juvenile  Greenlip  Abalone 
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Figure  5.  The  consumption  rate  of  Suvkula  cf.  Jeffrey!  b)  Haliolis 
laevigata  juveniles  over  14  \vk  (diatom  cells.abalone  '.day  ').  Mean  ± 
std.  error  (/i  =  3).  The  arrows  at  the  top  Indicate  plate  rotation  and  the 
arrows  at  the  bottom  indicate  Inoculation. 


Subsequently  the  diatom  eonsumptidii  did  not  coiTelate  with  either 
the  Ulva  germlings  or  the  U.  lens  consumption,  nor  did  it  appear 
to  relate  to  abalone  growth. 

During  the  feeding  trial  N.  jeffreyi  was  reinoculated  and  the 
PVC  plates  rotated  as  illustrated  in  Table  4  and  Figure  5.  The 
consumption  of  diatoms  corresponds  to  the  plate  rotation  rather 
than  to  reinoculation.  When  comparing  the  two  rotational  profiles 
( 1  =  start  at  top  -  bottom  -  top  and  2  =  start  at  bottom  -  top  - 
bottom)  of  diatom  consumption  they  were  shown  to  be  statistically 
different  (t.j,  4,,=  -2.986  [P  =  0.005]).  However,  if  the  plates 
were  not  rotated  then  consumption  was  not  significantly  different. 
This  indicates  that  rotating  the  plates  had  a  considerable  effect  on 
the  consumption  of  N.  jeffreyi. 

Two  other  species  of  diatoms.  Melosira  cf.  inoiulifornm  and 
Synedra  sp.  contaminated  the  Ulva  germling  treatment  at  various 
stages  (Table  4).  These  diatoms  were  present  throughout  the  14 
wk.  however  they  only  bloomed  at  the  top  of  the  plates  on  3 
separate  occasions  (start,  week  1  1  and  week  I3|.  The  contamina- 
tion was  quickly  removed  by  physically  detaching  (hand  abrasion) 
it  from  the  substrate  then  siphoning  the  tanks"  contents. 
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Figure  4.  The  consumption  rate  of  Ulvella  leas  by  juvenile  Haliolis 
laevifiala  over  14  wk  ( %  cover.abalone  '.day  ' ).  Mean  ±  std.  error  (;i  = 

3). 


Biochemical  Composition  of  Algal  Diets 

The  proximate  biochemical  composition  of  the  U.  lenslN.  jef- 
frevi  diet  and  Ulva  germling  diet  can  be  seen  in  Table  5.  The  two 
diets  both  exhibit  diy  weights  of  approximately  12.5%  with  the  U. 
lenslN.  jeffreyi  only  slightly  higher.  Even  though  the  lipid  and 
carbohydrate  components  were  greater  in  the  Ulva  germling  diets 
the  difference  was  not  significant  ((F|j|  ,15,  =  2.141  [P  =  0.164]) 
and  (F,j,  ,  ,4,  =  1.767  [P  =  0.205])  respectively).  The  protein 
level  in  the  Ulva  germling  diet  however  was  shown  to  be  signifi- 
cantly higher  (F,j,^  ,f„  =  10.893  [P  =  0.005]).  The  total  extract- 
able  component  (sum  of  protein,  lipid  and  carbohydrate)  was 
higher  for  the  Ulva  germlings  diet. 

DISCUSSION 

The  e.\perimental  juvenile  macroalgae  diet  of  Ulva  germlings 
was  comparable  to  the  current  commercial  diet  consisting  of  Ul- 
vella lens  and  Navicula  cf.  jeffreyi  for  the  growth  and  survival  of 
juvenile  Haliolis  laevigata.  The  two  diets  demonstrated  similar 
absolute  and  specific  abalone  growth  rates  but  the  U.  lenslN.  jef- 
freyi diet  produced  significantly  larger  abalone  at  the  completion 
of  the  14  wk  feeding  trial.  Juveniles  feeding  on  the  U.  lenslN. 
jeffreyi  diet  reached  10  mm  (SL)  in  less  than  13  wk  whereas  the 
Ulva  germling  diet  produced  juveniles  of  9.61  mm  (SL)  at  week 

TABLE  4. 

The  weeks.  In  which  inoculation  of  jV.  jeffreyi  occurred,  the  plates 

were  rotated  and  when  contaminant  diatom  species  were  observed, 

including  their  relative  size. 


1st 

2nd 

3rd 

Inoculation 

Week  2 

Week  4 

Week  8 

Plates  rotated 

Week  3 

Week  10 

Contamination  present 

Melosira  cf.  mnniliformis 

Before  start 

Week  1 1 

Week  13 

Sxnedra  sp. 

Before  start 

Week  1 1 

Week  13 

Contamination  size 

Cell  length 
(|xm) 

.SE 

Cell  width 
(jjim) 

SE 

Melosira  cf  moniliformis 

1(W.5 

2.09 

8.9 

0.29 

Synedra  sp. 

21.5 

0.81 

19.7 

1.42 
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TABLE  5. 

The  biochemical  composition  of  both  the  Ulva  germling  diet  and  the 

U.  leiis/.\.  jeffreyi  diet.  X'alues  are  on  dry  matter  basis  and  expressed 

as  g/lOdj;  dry  weight  «ilh  standard  errors  in  parentheses  («  =  9). 


Diet  Dry  Weight        Lipid  Protein  Carbohydrate 

(//iw  germling  12.44(0.54)  7.12(1.5?)  32.30(1.84)      43.86(5.87) 
U.  lens/N. 

jeffreyi  12.82(0.57)  4.37(0.95)  24.17(1.64)       35.85(2.76) 


14.  Daume  and  Ryan  (2004)  found  that  for  abalone  of  a  similar 
initial  size  to  the  present  trial  (4  mm  SL),  it  took  less  than  15  wk 
to  reach  10  mm  (SL)  on  just  U.  lens  with  a  stocking  density  of 
appro.xiniately  50  animals  per  plate. 

The  transition  at  week  5.  between  the  Ulva  germlmg  diet  and 
U.  lens/N.  jeffreyi  diet,  producing  significant  larger  abalone  (Fig. 
I )  indicates  that  Ulva  gennlings  were  a  more  successful  diet  for  H. 
laevigata  in  the  range  of  3.5-6  mm.  The  failure  to  sustain  a  growth 
advantage  to  week  14  indicates  better  performance  of  the  U.  lens/ 
N.  jeffreyi  diet  for  H.  laevigata  in  the  range  of  6-10  mm.  The  Ulva 
germling  diet  can  therefore  be  considered  an  acceptable  commer- 
cial diet  for  juvenile  abalone  (<6  mm)  and  used  either  as  an  alter- 
native or  in  conjunction  with  the  current  commercial  diet  of  U. 
lens/N.  jeffreyi. 

In  the  later  phase  of  the  trial.  Ulva  germlings  were  either  no 
longer  able  to  supply  the  juvenile  abalone  with  specific  nutrients  or 
there  was  not  enough  biomass.  Lack  of  bioniass  was  an  unlikely 
cause  as  only  25%  of  the  Ulva  gennlings  had  been  consumed  al 
this  point.  To  overcome  either  of  these  problems,  freshly  seeded 
plates  could  be  cycled  through  to  maintain  a  constant  supply  of 
new  Ulva  germlings.  Daume  et  al.  (2004)  utilized  this  procedure 
for  U.  lens,  which  enabled  the  high  initial  growth  rates  of  newly 
settled  Haliotis  rubra  to  be  maintained  for  I  14  d. 

The  abalone  on  the  Ulva  germling  diet  recorded  •■)  out  of  tlie  last 
10  weekly  increases  as  not  significant,  which  was  fuilher  com- 
pounded by  the  reduction  in  abalone  weekly  growth  to  only  0.08 
mm  (SL)  for  the  last  2  wk  (Table  I).  However  the  U.  lenslN. 
jeffreyi  diet  also  sustained  a  low  weekly  abalone  growth  rate  of 
0.24  mm  (SL)  for  the  last  2  wk.  H.  rubra  has  been  shown  to 
achieve  steady  growth  for  100  d  and  then  fail  to  grow  further  on 
some  monospecific  algal  diets  (Day  &  Fleming  1992). 

The  reduction  of  juvenile  growth  towards  the  end  of  the  feeding 
trial  occun'ed  at  the  peak  of  the  winter  season  with  water  tempera- 
tures dropping  from  20.8°C  to  19°C.  The  colder  water  tempera- 
tures may  have  resulted  in  the  metabolic  activity  of  the  abalone 
reducing,  causing  less  consumption  of  both  algal  diets  and  subse- 
quently slower  growth  rates. 

By  week  12  both  diets  had  produced  abalone  of  appro.xiniately 
9.5  mm  (SL)  with  decreasing  growth  rates  and  at  this  stage  could 
be  weaned  onto  formulated  feed  (Dunstan  et  al.  2002.  Fleming  et 
al.  1996).  However,  it  could  be  beneficial  to  maintain  the  abalone 
on  its  original  diet  for  as  long  as  possible  by  incorporating  fresh 
seeded  plates  to  reduce  competition  for  food  as  well  as  the  stress 
caused  by  handling  (Daume  el  al.  2004.  Fleming  1995). 

An  alternative  to  weaning  may  be  to  incorporate  the  Ulva 
germling  diet  as  part  of  a  mixed/rotational  diet  when  it  no  longer 
supports  adequate  growth  by  itself  (Day  &  Fleming  1992).  The 
consumption  of  the  subsequent  algae,  rotated  through,  may  ac- 
count for  the  deficiencies  in  the  initial  diet,  in  this  case  Ulva 
germlings  (Simpson  &  Cook  1998).  The  plate  method  of  feeding 


juvenile  abalone  directs  itself  to  diet  rotation  or  a  mixed  diet  plan 
whereby  plates  seeded  with  different  diets  can  be  interspersed 
throughout  the  tanks.  Simp.son  and  Cook  (1998)  and  Stuart  and 
Brown  (1994)  demonstrated  that  Ulva  sp.  as  a  singular  diet  pro- 
duced the  lowest  abalone  growth  rates  but  when  presented  in  a 
rotational/mixed  diet  it  sustained  excellent  growth  rates. 

Growth  rates  of  H.  laevigata  fed  the  Ulva  germling  diet  were 
not  significantly  different  from  those  produced  on  the  U.  lens/N. 
jeffreyi  diet  (Table  2).  The  growth  rate  profile  was  similar  to  that 
obtained  by  Daume  and  Ryan  (2004)  utilizing  U.  lens,  where  once 
the  first  2  wk  had  been  removed,  the  next  6  wk  recorded  84 
(xm.day"'  and  the  final  6  wk  63  p.m.day"'.  The  growth  rates  dur- 
ing the  first  2  wk  were  removed  from  Table  2  as  any  nutrient 
deficiency  in  a  diet  may  be  masked  by  the  abalone  ability  to  utilize 
its  own  energy  stores  (Fleming  el  al.  1996).  As  the  juvenile  aba- 
lone were  taken  off  an  U.  /cfi.v/naturally  occurring  diatom  diet,  the 
weaning  process  was  considered  minimal  compared  with  the  rec- 
ommendation of  approximately  50  d  (Day  &  Fleming  1992).  How- 
ever it  was  important  to  run  the  feeding  trial  for  as  long  as  possible 
to  detect  any  effects  of  nutrient  limitation  and  to  determine  the 
capacity  of  an  alga  to  maintain  acceptable  abalone  growth  (Day  & 
Fleming  1992). 

The  Ulva  germling  diet  achieved  growth  rates  of  over  100 
(j.m.day~'  during  the  first  6  wk.  This  was  comparable  to  Haliotis 
ili.'iciis  discus  growth  rates  attained  over  a  month  on  a  variety  of 
macroalga  germlings  including  Colpomenia  siniiosa,  Ectocarpiis 
siliciilosiis  and  Enteroinorpha  sp.  (Maesako  et  al.  (1984)  as  cited 
in  Kawamura  et  al.  [1998]).  Takami  et  al.  (2003)  showed  that 
Haliotis  ilisviis  hannai  of  approxiniately  1.8-2.2  mm  and  2.8-2.9 
mm  shell  length  could  reach  growth  rates  of  80  and  101)  jxm.day"' 
respectively  on  juvenile  sporophytes  of  Laminaria  japonica. 

The  specific  growth  rate  reached  over  1.39^-. day"'  and  finished 
at  l%.day"'  on  both  diets  with  no  significant  difference  between 
them.  The  Ulva  germling  diet  achieved  l.S'/f.day"'  at  week  4  but 
then  exhibited  a  slow  decline.  Corazani  and  Illanes  ( 1998)  reported 
that  H.  discus  hannai  obtained  a  higher  specific  growth  rate 
(0.69'7r.day"')  utilizing  adult  Ulva  rigida  than  other  macroalgal 
diets,  whereas  Haliotis  rufescens  achieved  the  lowest  specific 
growth  rate.  This  was  comparable  to  the  0.71% .day"'  achieved  by 
H.  discus  hannai  on  an  Ulva  sp.  (Uki  &  Watanabe  1992).  Ulva 
lactiica  has  been  found  to  have  reasonable  dielai'y  value  for  Hali- 
otis tiiberculata  (1.16'y^.day"')  but  significantly  lower  for  H.  dis- 
cus Inutnai  (0.75%.day~')  (Mai  et  al.  1996).  Haliotis  iris  was  only 
able  to  achieve  O.l'/r.day"'  on  U.  lactiica  (Stuart  &  Brown  1994). 
Simpson  and  Cook  (1998)  also  found  that  the  suitability  of  Ulva 
sp..  as  a  feed  was  dependent  on  the  abalone  species. 

The  Ulva  sp.  being  used  in  the  present  study  was  not  manipu- 
lated through  nutrient  enrichment  during  the  14  wk  feeding  trial. 
Enriched  Ulva  rigida  has  been  shown  to  produce  growth  rates  of 
juvenile  Haliotis  roei  comparable  to  those  achieved  on  the  best 
performing  artificial  diets  (Boarder  &  Shpigel  2001).  Taylor  and 
Tsvetnenko  (2004)  showed  that  only  15  mgN.L"'  enriched  U. 
rigida  produced  significantly  higher  specific  growth  rates  (0.28 
(jim.day"')  than  unenriched  U.  rigida.  Shpigel  et  al.  (1999)  re- 
ported growth  rates  of  44.47  and  121.47  (xmday"'  for  H.  discus 
hannai  and  H.  ruberculata  respectively  on  a  high  ammonia-N  en- 
riched U.  lactuca  compared  with  31 .7  and  80.72  fxm.day"'  on  low 
amnionia-N  enriched  U.  lacluca. 

The  growth  rate  for  H.  tiiberculata  produced  on  the  high- 
enriched  U.  lactuca  (Shpigel  et  al.  1999)  was  the  only  growth  rate 
to  exceed  that  obtained  on  the  Ulva  aermlina  diet  in  this  studv. 
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Diirini;  llic  (jiiltuiing  process,  bclore  the  Iccdiiiy  liial  bcyiiii,  the 
Ulva  gemiiings  were  grown  in  ill  media  (minus  the  Pll  nietuls. 
sodium  metasilicate  and  vitamin  stock  solutions)  (Guiliard  & 
Ryther  1962).  The  elevation  in  nutrients  at  the  start  may  have  led 
to  the  extremely  high  level  of  consumption  (week  3.  Fig.  3)  re- 
sulting in  the  significantly  larger  abalone  si/e  during  the  first  5  wk 
and  in  turn  the  rapid  1.5<7f  .day"'  specific  growth  rate.  Therefore  it 
is  important  to  investigate  the  benefit  of  culturing  nutrient  enriched 
(high  ammonia-N  seawater)  Ulva  germlings  to  achieve  the  best 
juvenile  abalone  growth  rates. 

The  consumption  rate  of  Ulva  germlings  was  extremely  liigh 
during  the  first  month  and  subsequently  the  abalone  grew  rapidly. 
However,  once  the  consumption  rate  reduced  so  did  the  growth 
rates  giving  a  significant  coirelation  (Fig.  3).  Hone  (1992)  showed 
that  Ulva  aiislralis  was  rapidly  consumed  by  abalone.  On  a 
quantitative  basis  Ulva  sp.  had  the  lowest  consumption  in 
g.abalone"'.day~'  compared  with  five  other  adult  macroaige  and 
subsequently  produced  the  lowest  growth  rates  for  Haliotis  niidac 
(Simpson  &  Cook  199S).  Boarder  and  Shpigel  (2001 )  reported  that 
inorganically  enriched  U.  rifiida  had  the  lowest  consumption  rate 
but  was  still  able  to  produce  growth  rates  of//,  rnei  comparable  to 
that  achieved  on  some  of  the  best  artificial  diets.  As  mentioned 
before.  ammonia-N  enriched  U.  lactiica  produced  the  highest 
growth  rates  for  both  H.  discus  hannai  and  H.  tubciculala  but 
these  rates  were  recorded  while  consuming  significantly  less  bio- 
mass  (Shpigel  et  al.  1999).  This  indicates  that  nutrient  enriched 
Ulva  sp.  produces  greater  growth  rates,  while  requiring  less  bio- 
mass  to  achieve  them. 

Daume  and  Ryan  (2004)  reported  that  at  the  start  of  a  feeding 
trial  U.  lens  had  55%  coverage  and  decreased  until  1 1%  was  left 
at  9  wk,  when  new  plates  were  introduced.  That  consumption 
pattern  is  considerably  faster  than  recorded  in  this  study  with  14 
wk  needed  to  achieve  approximately  WTr  cover  from  a  similar 
start  value.  The  different  stocking  density  accounts  for  the  differ- 
ence in  U.  lens  consumption  rates  with  the  present  study  starting 
approximately  20  fewer  animals  per  plate  (Daume  &  Ryan  2004). 

The  U.  lens  consumption  was  significantly  correlated  with  the 
Ulva  germling  consumption  indicating  that  the  juvenile  abalone 
exhibited  a  similar  preference  for  the  two  species  of  green  algae 
(Fig.  4).  This  is  understandable  because  the  biochemical  profiles  of 
the  two  diets  were  fairly  similar  (Table  5).  The  dry  weight  of  both 
diets,  even  though  similar  (12.5%),  was  lower  than  =  15%  ex- 
pected for  the  majority  of  algae  such  as  Ulva  sp.  (Mercer  et  al. 
1993,  Shpigel  et  al.  1999).  This  may  be  caused  by  the  sampling 
method  incorporating  all  the  biofilm/moisture  from  the  plates 
rather  than  just  the  two  green  algae. 

The  Ulva  germling  diet  exhibited  a  higher  overall  percentage 
extracted,  possibly  because  of  the  high  ash  content  of  diatoms 
including  Navicula  (Brown  &  Jeffrey  1995).  The  individual  bio- 
chemical components  were  also  higher.  Specifically,  the  protein 
level  (32.3%)  which  was  significantly  larger  than  that  of  the  U. 
lenslN.  jeff'reyi  diet.  It  was  nearly  identical  to  that  of  U.  rifiida 
when  enriched  from  1 1 .4%  to  32.2%  protein  by  using  high  nutrient 
water  (5  gN.m"".day"';  0.6  gP.m"-.day"')  (Boarder  &  Shpigel 
2001 ).  The  Ulva  germlings  as  a  3-dimensional  juvenile  macroalgae 
are  in  a  phase  of  high  growth  and  therefore  may  be  able  to  utilize 
the  limited  nutrient  supply  in  the  water  extremely  well  compared 
to  what  the  2-dimensional  U.  lens/N.  jejfreyi  diet  can. 

The  total  percentage  extracted  (=  65%)  from  the  U.  lens/N. 
jejfreyi  diet  may  have  been  reduced  because  of  the  combination  of 
microalgae  present  within  the  diet.  Brown  and  Jeffery  (1995)  ex- 


tracted only  56%  from  A',  jeffieyi  with  protein  as  the  major  con- 
stituent and  carbohydrate  the  lowest,  whereas  12%  lipid,  289} 
protein  and  7%  carbohydrate  have  been  extracted  for  a  combina- 
tion of  diatoms  (Brown  et  al.  1997).  The  biochemical  composition 
can  vary  considerably  between  diatom  species  let  alone  a  diet 
containing  U.  lens,  diatoms  and  biofilm  components  (Brown  1991, 
Brown  et  al.  1997,  Lewin  &  Guiliard  1963). 

Importantly  the  lower  level  of  lipid,  protein  and  carbohydrate 
present  within  the  U.  lens/N.  jejfreyi  diet  produced  significantly 
larger  abalone  at  the  end  of  the  14  wk  feeding  trial.  Therefore  the 
higher  amounts  of  the  biochemical  components  do  not  increase 
growth  but  rather  an  optimal  level  may  be  responsible.  Lipid  levels 
of  4%  to  5%  have  been  shown  to  be  optimal  for  abalone,  which 
con^esponds  with  the  U  lens/N.  jejfreyi  diet,  whereas  the  Ulva 
germling  diet  was  higher  (Dunstan  et  al.  2000.  Uki  &  Watanabe 
1992).  High  levels  (>5%)  of  dietary  lipid  have  been  shiiwn  to  be 
detrimental  to  abalone  growth  and  are  believed  to  depress  the 
digestibility  of  other  nutrients  (Britz  &  Hecht  1997,  Uki  &  Wa- 
tanabe 1992,  Van  Barneveld  et  al.  1998).  Therefore  the  high  lipid 
level  present  in  the  Ulva  germling  diet  may  have  restricted  the 
optimal  growth  rates  obtained  in  the  first  month  of  the  trial. 

Optimal  protein  levels  of  28%  have  been  reported  but  can  range 
from  20%  to  357r  depending  on  abalone  species  (Britz  &  Hecht 
1997.  Coote  et  al.  2000.  Mai  et  al.  1995.  Uki  &  Watanabe  1992, 
Vandepeer  &  Van  Barneveld  2002).  However  to  maximize  protein 
utilization  not  only  should  the  diet  contain  sufficient  readily  di- 
gestible protein  but  a  well  balanced  mixture  of  essential  and  non- 
essential amino  acids  (Britz  &  Hecht  1997,  Mai  et  al.  1995). 
Therefore  the  U.  lens/N.  jejfreyi  diet  may  provide  biochemical 
components  closer  to  the  optimal  levels  for  juvenile  H.  laevii;ala 
because  it  produced  larger  individuals. 

The  N.  jejfreyi  consumption  (Fig.  5)  did  not  correlate  with 
either  of  the  algae  species  nor  any  of  the  abalone  results.  Weeks 
7-10  and  12  all  produced  negative  consumption  indicating  that  the 
N.  jejfreyi  was  reproducing  faster  than  the  abalone  could  consume 
it.  The  consumption  rate  of  N.  jejfreyi  did  not  correspond  with  the 
reinoculation  but  rather  the  plate  rotation  180°  about  the  horizon- 
tal. 

This  can  be  accoiuited  for  by  two  reasons;  firstly  because  the 
light  gradient  through  the  tanks  allowed  N.  jeffreyi  situated  at  the 
top  to  receive  greater  light  intensity  inducing  faster  growth  and 
secondly  because  changes  in  grazing  pressure  caused  by  light  sen- 
sitivity/migration of  abalone.  These  notions  were  substantiated 
through  visual  observation  during  the  trial  because  diatom  counts 
increased  when  at  the  top  and  juvenile  abalone  were  found  on  the 
bottom  of  the  tanks  during  the  day.  Positive  relationships  between 
feed  intake  and  the  duration  of  darkness  have  been  shown  by 
Dixon  ( 1992)  and  Fleming  et  al.  ( 1996),  hence,  when  the  juvenile 
abalone  migrate  from  the  bottom  to  feed  high  density  of  diatoms 
are  closer  reducing  the  effort  expended  to  graze.  Daume  et  al. 
(2004)  indicated  that  the  light  intensity  tended  to  be  higher  at  the 
top  of  plates  and  migration  to  the  bottom  of  the  tank  was  evident. 

When  the  plates  were  rotated  at  week  3  the  high  N.  jeff'reyi 
densities  at  the  top  were  transfened  to  the  bottom.  This  caused  the 
high  densities  to  be  closer  lo  the  majority  of  abalone  and  subse- 
quently caused  a  spike  in  consumption  (Fig.  5).  N.  jejfreyi  con- 
sumption dropped  as  the  density  at  the  bottom  declined,  whereas 
the  density  increased  at  the  top  because  of  greater  light  intensity 
and  less  grazing  pressure.  At  week  7  the  consumption  became 
negative  because  the  growth  at  the  top  exceeded  the  consumption 
at  the  botti)m.  Once  the  second  rotation  at  week  10  was  performed 
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the  consumption  began  to  increase  again  as  tlic  liigli  N.  jeffreyi 
density  was  available  to  the  juvenile  abalone  at  the  bottom.  The 
two  rotational  profiles  (i.e..  top-bottom-top  vs.  bottom-top-bottom) 
were  shown  to  be  significantly  different.  Therefore  it  would  be 
beneficial  to  rotate  diatom-cultured  plates  at  least  weekly  to  main- 
tain high  diatom  densities  at  the  bottom  where  the  majority  of 
abalone  reside. 

The  contaminating  diatom  species  only  occuired  in  the  Ulva 
germling  diet  tanks  indicating  that  it  was  present  from  the  creation 
of  the  diet.  It  was  not  detemiined  if  the  juvenile  abalone  utilized 
these  contaminating  diatoms  as  a  food  source  although  Syiiedra  sp. 
was  probably  of  a  suitable  size.  It  may  have  been  difficult  for  the 
juveniles  to  deal  with  the  Mehtsiia  cf.  iiioniliftirniis  because  along 
with  its  large  cell  si/e  it  proceeded  to  rapidly  form  into  dense  mats 
with  chains  exceeding  5  cm  in  length.  The  large  blooms  of  M. 
mouilifonnis  occurring  at  week  II  and  13  may  have  had  some 
impact  on  the  declining  growth  rates  because  the  juveniles  are 
susceptible  to  smothering  and  entanglement  (Daume  et  al.  2004). 


Ulva  germlings  are  a  suitable  feed  for  juvenile  H.  laevigata 
because  they  produced  comparable  absolute  and  specific  growth 
rates  to  the  Ulvella  lens  and  Navieula  ef.jejfreyi  diet  cun'ently  used 
in  commercial  aquaculture.  Further  investigation  into  the  theoret- 
ical and  procedural  principles  behind  the  development  of  the  Ulva 
gerinling  diet  could  allow  for  the  diet  to  incorporate  a  variety  of 
different  algal  species. 
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ABSTRACT  This  study  reports  growth  rates  estimates  lor  Hcxaplcx  iTriiihiiUuuip\is)  tniiuuliis  (Gastropoda:  Muricidael  from 
mark/recapture  experiments  carried  out  in  the  Ria  Formosa  lagoon  lAlgarve  coast,  southern  Portugal).  A  total  of  726  specimens  (shell 
length  and  total  weight  ranging  between  20.65-58.36  mm  and  0.86-19.89  g.  respectively)  were  marked  with  Dymo  tape  tags  and 
released  into  a  tlsh  culture  earth  pond.  During  the  marking  process,  no  adverse  effects  on  the  whelks'  health  and  behavior  or  immediate 
postmarking  mortality  were  detected.  Periodical  recapture  operations  were  undertaken  using  a  traditional  fishing  gear  designated 
locally  as  "wallet-line"  and  by  hand  gathering  by  scuba  divers.  A  total  of  170  whelks  were  caught,  with  a  total  of  216  recaptures  (shell 
length  and  total  weight  ranging  between  .^6.22-65.97  mm  and  4.42-27.35  g.  respectively),  thus  corresponding  to  a  recapture  rate  of 
29.8'^f.  Despite  the  loss  of  one  tag.  all  remaining  tags  were  intact  and  easily  readable.  Marked  individuals  presented  low  monthly 
growth  rates,  in  terms  of  shell  length  ( 1.0  mm/month  or  2.3'7f/month).  shell  perimeter  (2.0  mm/month  or  3.l<.~<-/month)  and  total  weight 
(0.7  g/month  or  10.8'^/month).  which  were  highly  variable  between  individuals  and  higher  in  smaller  .specimens.  Data  were  used  to 
e.stimate  the  von  Bertalanffy  growth  parameters  (length  and  weight)  (A'=0.41.  L-^  =  82.76,  H'„  =  49.97  and  f,j  =  -0.05).  The  growth  rate 
of  r.  rrLiiictilus  was  compared  with  results  obtained  in  similar  studies  with  other  gastropod  species  to  evaluate  its  potential  for  molluscan 
aquaculture. 

KEY  WORDS:     Hexaplcx  (Tninciiltiriopsi.s)  ininculii.s.  Gastropoda.  Muncidae.  niark/rccapture.  grovMh  rate 


INTRODUCTION 

Marking  methods  have  been  readily  applied  to  several  species 
of  gastropods,  mainly  because  of  the  presence  of  an  external  shell 
on  which  marks  or  tags  can  be  attached  with  little  or  no  adverse 
effects  to  the  animals  (Jones  1979,  Gosselin  1993).  Such  experi- 
ments with  gastropods  have  been  used  in  diverse  types  of  studies, 
to  assess  movement  (Eversole  &  Anderson  198S,  Himmelman 
1988),  fishing  rate  (Hancock  1963).  field  of  attraction  and  effec- 
tive fishing  area  of  baited  traps  (Himmelman  1988.  McQuinn  et  al. 
1988,  Sainte-Marie  1991),  species"  behavior  towards  baited  traps 
(Ito  et  al.  1980).  population  size  and  mortality  (Hancock  1963)  and 
growth  rate  (Hancock  1963.  Eversole  &  Anderson  1988). 

Various  marking  techniques  have  been  used  in  gastropods,  such 
as  painting  the  shell  spire  with  quick  drying  paints  (Hancock  & 
Urquhart  1959,  Hancock  1963,  Jones  1979,  Ito  et  al.  1980),  ap- 
plying color  coded  nail  polish  to  the  shell  (Laxton  1970.  Gosselin 
1993).  attaching  rubber  bands  or  nylon  lines  with  tags  around  the 
shell  (Appeldoorn  1988.  Himmelman  1988,  McQuinn  et  al.  1988. 
Sainte-Marie  1991),  gluing  a  variety  of  tags  to  the  shell  (Hancock 
&  Urquhart  1959,  Smith  1987.  Eversole  &  Anderson  1988.  Amos 
&  Purcell  2003).  scrubbing  the  shell  lip  free  from  the  periostracal 
layer  (Hancock  &  Urquhart  1959.  Hancock  1963).  drilling  and 
wiling  the  shell  (Laxton  1970,  Weil  &  Laughlin  1984,  Kideys  & 
Nash  1993,  Kideys  1994),  chemically  marking  the  shell  and  oper- 
culum with  tluorescent  dyes  (Kideys  &  Nash  1993)  and  using 
underwater  metal  detectors  to  recapture  specimens  marked  with 
aluminum  tags  (Crowe  et  al.  2001 ). 

The  muricid  gastropod  Hexaplcx  iTruiicithuidpsis)  iruuctilits 
(l-iniiacus.  1758)  is  a  common  inhabitant  o{  the  subtidal  and  in- 
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tertidal  areas  of  the  Ria  Formosa  lagoon  (Algarve  coast,  southern 
Portugal),  where  it  is  subjected  to  a  locally  important  artisanal 
fishery.  This  activity  is  traditionally  undertaken  both  by  manual 
harvesting  during  low  tide  and  with  an  illegal  and  artisanal  fishing 
gear  known  as  "wallet-line."  but  more  recently  this  species  has 
also  been  caught  by  scuba  divers  operating  illegally  inside  the 
lagoon.  Furthermore,  because  of  a  growing  demand  for  gastropods 
in  the  seafood  market,  the  commercial  value  of  T,  tnmcuhis  in 
Portugal  has  increased  markedly  in  recent  years  (reaching  prices  of 
€10  -  15/kg  for  first  sale),  which  has  been  generating  high  expec- 
tations in  terms  of  its  potential  as  a  new  species  for  molluscan 
aquaculture. 

Integrated  in  a  general  study  on  the  biology,  ecology  and  fish- 
ery of  T.  tninculus  in  the  Ria  Formosa  lagoon,  this  work  aimed  to 
assess  the  growth  rate  of  this  species  by  inark/recapture  experi- 
ments in  a  fish  culture  earth  pond.  To  the  authors"  knowledge,  this 
was  the  first  experiment  of  this  kind  ever  made  with  T.  tnmcuhis 
and  the  first  growth  data  (growth  rates  and  growth  parameters) 
available  for  this  species.  Moreover,  the  information  gathered  in 
this  study  will  be  most  useful  for  assessing  the  potential  of  T. 
tnmcuhis  for  molluscan  aquaculture.  as  well  as  for  establishing 
adequate  management  measures  for  this  artisanal  fishery. 

MATERIALS  AND  METHODS 

Mark/Recapture  ExperimiiUs 

Marking  experiments  were  carried  out  with  commercial 
samples  of  T.  trunculus  from  the  Ria  Formosa  lagoon  (Algarve 
coast,  southern  Portugal).  Prior  to  marking,  colonizing  algae  and/ 
or  encrusting  organisms  (mainly  polychaetes)  were  removed  from 
the  shell  with  a  hard  brush  and  a  small  area  of  the  largest  whorl  of 
the  shell  was  carefully  smoothed  with  sandstone  and  clean  dried 
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with  absorbent  paper.  Subsequently,  the  specimens  were  tagged 
with  Dynio  tape  with  two  alphanumeric  characters.  The  margins  of 
these  tags  were  cut  with  scissors,  ensuring  a  tag  of  =6  x  4  mm  size 
and  facilitating  adherence  to  the  rounded  and  irregular  surface  of 
the  gastropod  shell.  The  tags  were  fixed  with  cyanoacrylate  glue 
and  covered  with  epo.xy  glue  (Fig.  lA).  to  diminish  abrasion  of  the 
tag  caused  by  the  burrowing  movements  of  the  whelks  into  the 
sediment  and  the  settlement  of  encrusting  organisms  over  the  tags. 
which  could  jeopardize  mark  retention  and  readability.  The  tags 
were  generally  fixed  between  the  two  most  recently  deposited 
growth  bands  of  the  last  whorl  of  the  shell  (Fig.  lA).  to  pre- 
vent eventual  dropping  of  excessive  glue  from  the  shell  onto  the 
soft  body  of  the  gastropods.  Finally,  after  allowing  the  glue  to  dry 
for  approximately  half  hour,  marked  individuals  were  rinsed  in 
seawater  to  avoid  potential  contamination  problems  provoked  by 
glue  residues,  and  maintained  overnight  in  an  aquarium  with  run- 
ning seawater,  where  they  were  examined  for  general  condition 
(comparison  of  behavior  between  marked  and  unmarked  speci- 
mens), 

Mark/recapture  experiments  were  undertaken  in  a  fish  culture 
earth  pond  of  the  Olhao  fish  culture  experimental  station, 
which  was  previously  limited  by  a  plastic  net  fence  (area  =  100  nr: 
maximum  depth  =  2  m).  This  earth  pond  receives  water  directly 
from  the  adjacent  Ria  Formosa  lagoon  and  closely  resembles  the 
surrounding  natural  environment  in  terms  of  sediment  type,  water 
quality  and  food  availability.  Seawater  temperature  and  dissolved 
oxygen  in  the  earth  pond  were  monitored  daily  with  a  multi  pa- 
rameter monitor  (Yellow  Springs  Incorporated,  YSI  6820).  Peri- 
odic recaptures  were  undertaken  monthly,  using  a  traditional  fish- 
ing gear  designated  locally  as  "wallet-line"  baited  with  cockles 
(Cerastoderma  edule)  and  by  hand  gathering  by  scuba  di\ers 
(whenever  water  visibility  allowed  for  diving  recapture  opera- 
tions). 

During  the  marking  process  and  immediately  after  the  re- 
capture operations,  specimens  were  measured  for  shell  length 
(SL-mm)  (Fig,  IB)  with  a  digital  calliper  (MITUTOYO  Digimatic: 
CD-15D;  precision  =  0.01  mm),  shell  perimeter  (SP-mm)  of  the 
last  whorl  of  the  shell  {Fig.  IB)  and  weighed  for  total  weight 
(TW-g)  on  a  top  loading  digital  balance  (AND:  HF-2()00  G;  pre- 
cision =  0.01  g).  Particular  care  was  taken  to  drain  as  much  water 
as  possible  from  the  mantle  cavity  before  weighing.  On  both  oc- 
casions, the  position  of  the  tag  on  the  gastropod  shell  was  also 
registered  to  verify  the  degree  of  shell  deposition  (tag  position  at 
recapture  versus  tag  position  at  marking)  (Fig.  IC). 


Estimation  of  Growth  Rates 

Monthly  growth  rates  in  terms  of  unit/month  and  percentage/ 
month  (mm  and  %SL/nionth,  mm  and  %SP/month,  g  and  %TW/ 
month,  no.  and  %growth  bands/month)  were  estimated  with  the 
following  equations: 


67?: 
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%GR  =  -—*  100 


where:  GR  is  the  monthly  growth  rate  (unit/month);  VrGR  is  the 
monthly  growth  rate  (%/month):  5,  is  the  size  at  recapture  (SL- 
nun,  SP-mm,  TW-g  or  tag  position);  5„,  is  the  size  at  marking 
(SL-mm,  SP-mm;  TW-g  or  tag  position);  r,  is  the  day  of  recaptiu'e; 
and  /,„  is  the  day  of  marking. 

In  the  case  of  multiple  recaptures,  the  size  increment  used 
(length,  perimeter,  weight  and  tag  position)  was  derived  from  ini- 
tial size  and  last  recapture. 

The  relationships  between  the  individuals"  size  (shell  length  at 
marking  process,  grouped  in  5  mm  SL  classes)  and  the  respective 
monthly  growth  rates  (unit/month  and  percentage/month)  were  as- 
sessed by  regression  analysis  (least  squares  method)  and  the  de- 
grees of  association  between  variables  were  estimated  by  the  cor- 
relation coefficient  (r). 

Estimation  of  Growtli  Parameters 

Whenever  the  period  at  liberty  (interval  between  marking  and 
recapture)  is  small,  growth  rates  may  be  related  to  the  mean  length 
between  marking  and  recapture  (5„,  +  5,/2),  using  the  Gulland-Holt 
plot  (Gulland  &  Holt  1959).  Because  the  present  mark/recapture 
data  lacked  small  indixiduals  (<20  mm  SL),  data  on  growth  rates 
of  individuals  hatched  at  the  end  of  June  2004  in  the  Tavira  mol- 
luscan  aquaculture  experimental  station  were  pooled  with  data  on 
growth  rates  obtained  in  mark/recapture  experiments.  Data  were 
converted  into  weekly  growth  rates  to  increase  the  number  of 
points  in  the  plot  and  thus  enhance  the  accuracy  of  this  graphical 
method.  Additionally,  recaptured  individuals  that  did  not  grow 
during  the  study  period  were  removed  from  this  estimation  of 
growth  parameters. 

Growth  parameters  (A'  and  L,)  were  estimated  from  the  Gul- 
land-Holt plot  by  the  following  relations  (Gulland  &  Holt  1959): 


K  =  -b 


and 


L,-=- 


where:  K  is  the  growth  coefficient;  Z...    is  the  asymptotic  shell 


Figure  \.  A.  Hexaphx  (Triinenlariopsis)  Irunciilus  markt'tl  with  a  Dynio  tape  tag  (circlel;  B.  Schematic  representation  of  llie  shell  ienglh  (SL-nini) 
and  shell  perimeter  (SP-mm)  measurements:  C.  Location  of  the  shell  grovMh  bands  (arrows);  I).  T.  Iriinculus  recaptured  with  a  recently  deposited 
growth  band  (arrows);  (scale  bar  =  10  mm). 


Grovm'h  R.ATh  OF  Hexaflex  trunculus 


251 


length  (SL-min):  a  is  the  linear  regression  intercept  on  the  Y-axis; 
and  /'  is  the  linear  regression  slope. 

The  theoretical  age  at  shell  length  zero  [t„)  cannot  be  obtained 
troin  mark/recapture  data  alone  (without  specific  size-at-age  in- 
fornialion).  For  the  present  purposes  f,,  was  assumed  to  conespond 
to  the  shell  length  of  T.  trunculus  at  hatching  {L,  =  1.64  ±  (1.22 
mm  SL.  n  =  100)  (Vasconcelos  et  al.  2004a)  and  was  calculated 
from  the  following  expression  (von  Bertalanffy  1938); 
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Subsequently,  shell  growth  of  T.  tniihulus  was  modeled  hy 
applying  all  these  growth  parameters  {K.  L,,  and  /„)  in  the  von 
Bertalanffy  growth  in  length  function,  expressed  by  the  following 
equation  (von  Bertalanffy  1938); 

where:  Z.,  is  the  shell  length  at  age  r  (SL-nim);  L,  is  the  maximum 
asymptotic  shell  length  (SL-mm);  K  is  the  von  Beilalanffy  growth 
coefficient;  and  r,,  is  the  theoretical  age  at  shell  length  zero  (years). 
After  applying  the  value  estimated  for  maximum  asymptotic 
shell  length  (Z,,J  in  the  weight/length  relationship  (7W  =  a  *  SL'') 
for  this  species,  the  maximum  asymptotic  total  weight  (W,  )  was 
obtained.  Finally,  growth  in  total  weight  of  T.  iruncuhis  was  mod- 
eled by  the  von  Bertalanffy  growth  in  weight  function,  by  using  the 
following  expression  (von  Bertalanffy  1938); 


W,  =  WJ 1  -  (' 


-A.'I/-MI 


where:  VV,  is  the  total  weight  at  age  r  (TW-g);  W.,  is  the  maximum 
asymptotic  total  weight  (TW-g);  A.'  is  the  von  Bertalanffy  growth 
coefficient;  /„  is  the  theoretical  age  at  total  weight  zero  (years);  and 
n  is  the  slope  (/;)  of  the  weight/length  relationship  {TW  =  a*  SL''). 

RESULTS 

Mark/Recapture  Experiments 

A  total  of  726  whelks  were  marked  and  released  between 
March  2003  and  June  2004.  These  marked  specimens  had  an  av- 
erage shell  length  of  44.32  ±  5.34  mm  and  average  total  weight  of 
8.94  ±  3.06  g  (ranges  20.65-58.36  mm  and  0.86-19.89  g.  respec- 
tively). A  careful  inspection  of  the  condition  of  marked  individuals 
held  in  the  aquarium  did  not  reveal  any  adverse  effects  on  the 
gastropods  health  and  behavior  or  immediate  postmarking  mortal- 
ity. 

Daily  monitoring  of  temperature  and  dissolved  O,  in  the  earth 
pond  (Fig.  2)  showed  that  the  average  temperature  was  relatively 
high  (20.7  ±  4.9-'C),  varying  between  a  minimum  of  11.0'C  in 
December  2003  and  a  maximum  of  29.4°C  in  August  2003.  The 
average  dissolved  O,  was  7.2  ±  1.1  nig/L.  showing  an  opposite 
trend  relative  to  water  temperature,  with  a  maximum  in  May  2004 
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Figure  2.  Seawater  temperature  and  dissolved  oxygen  in  the  earth 
pond  where  the  niarke<l  specimens  of  Hexaplex  (Tninculariopsis)  trun- 
culus were  released. 

(11.4  mg/L)  and  an  unexpected  minimum  in  February  2004  (4.2 
mg/L). 

In  the  mark/recapture  study.  170  whelks  were  caught  (216  re- 
captures) with  an  average  shell  length  of  49.36  ±  4.92  mm  and 
average  total  weight  of  1  1.89  ±  4.08  g  (ranges  36.22-65.97  mm 
and  4.42-27.35  g,  respectively).  Overall,  these  216  recaptures  cor- 
responded to  a  recapture  rate  of  29. 89^.  In  this  context,  it  is  worth 
emphasizing  that  most  recaptures  were  caught  only  once  (133 
individuals  =  78.2%).  30  whelks  were  recaptured  twice  ( 17.7%). 
six  were  caught  three  times  (3.5%).  and  one  was  recaptured  four 
times  (0.6%).  In  all.  107  dead  whelks  were  recovered  from  the 
earth  pond  during  diving  operations,  corresponding  to  a  mortality 
rate  of  14.7%.  After  16  mo  from  the  beginning  of  the  study,  only 
one  specimen  was  recaptured  without  a  tag.  All  other  recaptured 
specimens  had  their  tags  intact  and  easily  readable,  most  of  them 
presenting  recendy  deposited  growth  bands  (Fig.  ID). 

Estimation  of  Growth  Rates 

The  recaptured  whelks  presented  average  monthly  growth  rates 
of  1.0  ±  I.O  mm  SL  (2.3  +  2.67f  SL/month),  2.0  ±  1.6  mm  SP  (3.1 
±  2.8%  SP/month)  and  0.7  ±  0.6  g  TW  ( 10.8  ±  1  1 .3%  TW/month). 
However,  growth  rates  were  highly  variable  among  indi\'iduals, 
with  some  whelks  simply  not  growing  (in  terms  of  shell  length, 
shell  perimeter  and/or  total  weight),  whereas  the  fastest  growing 
specimens  exhibited  much  higher  growth  rates  i.e.,  4.0  mm  SL/ 
month  (13.4%  SL/month).  7.4  mm  SP/month  ( 15.7%  SP/month)  or 
3.4  g  TW/month  (59.0%  TW/month)  (Table  1 ). 

Individually,  growth  rates  varied  with  size  (initial  shell  length), 
being  highly  variable  between  individuals,  and  generally  higher  in 
smaller  than  in  larger  individuals.  In  fact,  individual  monthly 
growth  rates  displayed  a  decreasing  trend  during  ontogeny,  a  phe- 
nomenon that  was  more  evident  in  the  relationships  between 
growth  in  shell  length,  shell  perimeter  and  shell  deposition  as  a 
function  of  shell  lenath  (Figs.  3 A,  B,  C,  D,  G.  H),  than  in  the  rela- 


TABLE  1. 

Monthly  growth  rates  (shell  length,  shell  perimeter  and  total  weight)  of  the  Hexaplex  {Tninculariopsis)  trunculus  specimens  recaptured  in  the 

earth  pond. 


Monthly  Growth  Rate 

Shell  Length  ( 

SL-nm) 

Shell  Perimeter 

(SP-mm) 

Total  Weight  (TW-g) 

(A' =  216) 

mm/month 

%/month 

mm/month 

%/month 

g/month 

%  month 

Mean  ±  SD 
(Min.-Max.) 

1 .0  ±  1 .0 
(0.0-4.0) 

2.3  ±  2.6 
(0.0-LV4) 

2.0  ±  1.6 
(0.0-7.4) 

3.1  ±2.S 
(0.()-Ls.7l 

0.7  +  0.6 
(0.0-3.4) 

10.8+11.3 
(0.0-59.0) 
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Figure  3.  Individual  monthly  growth  rates  of  recaptured  specimens  of  Hexaplex  (Tninculariopsis)  Irumuliis  in  terms  of  shell  length,  shell 
perimeter,  total  weight  and  shell  deposition:  A,  Sl./month;  B,  '/rSL/month;  C,  SP/nionth;  U.  ^SP/nionth;  K,  TW/month:  K,  % TVV/month;  G, 
no.  growth  bands/month;  H,  %growth  hands/month. 


tionships  between  growth  in  total  weight  in  function  of  shell  length 
(Figs.  3E,  F). 

Because  of  the  high  interindividual  variability  observed  in 
monthly  growth  rates,  individual  data  were  grouped  in  size  classes 
(5  mm  SL)  and  subjected  to  regression  analyses  (Fig.  4).  After 
pooling  data  into  size  classes,  the  inverse  relationship  between  size 
(shell  length  at  marking)  and  growth  rates  became  even  more 
evident,  further  strengthening  the  decreasing  trend  in  growth  dur- 
ing ontogeny.  This  was  particularly  evident  in  the  relationships 
SL/month  in  function  of  shell  length  (Figs.  4A,  B)  and  SP/month 
in  function  of  shell  length  (Figs.  4C.  D).  whereas  the  relationships 
TW/month  in  function  of  shell  length  (Figs.  4E,  F)  presented 
poorer  fittings.  Furthermore,  the  relationships  established  between 
shell  deposition  rate  (growth  bands/month)  and  shell  length 
(Figs.  4G,  H)  perfectly  illustrate  the  remarkable  decline  in  shell 
deposition  with  specimen  size  (i.e.,  during  growth),  reflected  by 
the  high  correlation  coefficients  (;)  registered  in  these  regressions. 

Estimation  of  Growth  Parameters 

The  Gulland-Holt  plot  of  weekly  growth  rate  versus  mean  shell 
length  (with  pooled  data  from  mark/recaptured  gastropods  and 
from  laboratory  hatched  gastropods)  is  illustrated  in  Figure  5A. 
After  applying  this  graphical  method,  the  estimated  growth  param- 


eters were  K  =  0.008/wk  (0.41/y)  and  L-_,_  =  ■^1.16  mm  ,SL.  The 
calculation  of /,,,  assuming  the  shell  length  of  T.  tnmculiis  at  hatch- 
ing of  L,  =  1.64  mm  SL.  produced  a  value  of  -0.05  y.  The  von 
Bertalanffy  growth  function  for  T.  tnmcuhis  in  terms  of  shell 


length  (L,  =  82.76|1  -  e 


-0  41(r+()05)i 


)  is  presented  in  Figure  .'iB. 


After  employing   the  weight-length   relationship   (TW   = 


0.00008SL' 


2401 


0.975;  P  <  0.05)  estimated  by 


Vasconcelos  et  al.  (2004b)  for  T.  tnmcuhis  from  the  Ria  Formosa 
lagoon  (Fig.  5C),  the  von  Bertalanffy  growth  function  for  this 
species  in  terms  of  total  weight  (W,  =  49.97[1  _  e""-""*""'^ ']'"--) 
was  obtained  (Fig.  5D). 

DISCUSSION 

Mark/Recapture  Experiments 

Marked  gastropods  are  frequently  disturbed  and  stressed  by 
tagging  procedures  (Himmelman  1988)  that  may  result  in  quite 
different  behavior  from  undisturbed  specimens  (Sainte-Marie 
1991),  often  exhibiting  a  period  of  stress-induced  inactivity  during 
release  after  extended  tagging  manipulations  (McQuinn  et  al. 
1988).  In  this  study,  the  marking  process  had  no  detectable  adverse 
effects  on  the  marked  whelks"  health  and  behavior.  When  returned 
to  the  aquarium,  marked  whelks  soon  started  crawling  (within  a 
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Figure  4.  Monthly  growth  rates  of  recaptured  specimens  ot  Hexaplex  (Trunculariopsisl  trunculus  (grouped  in  5  mm  SL  classes)  in  terms  of  shell 
length,  shell  perimeter,  total  weight  and  shell  deposition:  A,  SL/month:  B,  'VSL/month;  C  SlVnionlh;  1).  'i-SIVmonth;  E.  TW/month;  F, 
%T\V /month;  (;,  no.  growth  hands/month:  H,  %  growth  bands/month. 


maximum  of  5-10  min).  ancJ  no  behavioral  (iifferences  were  ap- 
parent between  marked  and  unmarked  individuals.  This  was 
probably  because  T.  trunculus  quickly  withdraws  into  the  shell 
when  removed  from  seawater,  preserving  most  of  the  inner  mois- 
ture. 

The  recapture  rate  obtained  during  these  experiments  (29.8%) 
was  low.  considering  that  specimens  were  released  inside  a  fenced 
area  on  an  earth  pimd.  virtually  without  potential  predators.  In  this 
case,  the  high  proportion  of  uncaught  individuals  might  have  been 
because  of  the  type  of  bottom  in  the  earth  pond  (muddy  sediment), 
which  favored  the  bunowing  movements  of  T.  trunculus  and  de- 
creased underwater  visibility  during  recapture  operations  by  hand 
gathering  by  scuba  divers. 

An  unexpectedly  high  mortality  rate  was  registered  (14.7%). 
Besides  natural  mortality,  this  might  have  been  caused  by  other 
circumstances,  namely  a  possible  weakness  and  fragility  of  some 
marked  individuals.  Indeed,  the  fact  that  specimens  were  obtained 
from  commercial  samples  meant  that  neither  date  of  capture  nor 
the  conditions  under  which  captured  whelks  were  held  were 
known.  Additionally,  despite  water  temperature  in  the  earth  pond 
closely  rellecting  the  environmental  conditions  in  the  adjacent  Ria 
Formosa  lagoon,  dissolved  oxygen  was  low  during  some  periods 


and  might  have  also  contributed  to  the  mortality  of  marked  speci- 
mens. 

However,  this  high  mortality  rate  is  probably  slightly  underes- 
timated, because  dead  individuals  could  only  be  recovered  from 
the  earth  pond  bottiim  by  diving,  frequently  in  poor  visibility. 
Moreover,  the  burrowing  behavior  of  T.  trunculus.  coupled  with 
the  high  sedimentation  rate  inside  the  earth  pond,  might  have  also 
made  difficult  the  detection  of  all  dead  specimens,  thus  probably 
contributing  to  an  underestimation  of  total  mortality  rate. 

Estimation  of  Growth  Rales 

The  monthly  growth  rates  estimated  in  this  study,  in  tenns  of 
shell  length  (1.0  mm/month  or  2.3%/month).  shell  perimeter  (2.0 
mm/month  or  3.1%/month)  and  total  weight  (0.7  g/month  or 
10.8%/month)  were  considered  somewhat  low.  taking  into  consid- 
eration that  T.  trunculus  is  supposed  to  be  a  species  with  a  short/ 
medium  life-span.  Nevertheless,  this  growth  rate  is  common 
among  muricid  species,  because  according  to  Spight  et  al.  (1974) 
a  typical  young  muricid  grows  only  1-2  mm/month.  As  expected, 
monthly  growth  rates  decreased  markedly  during  ontogeny,  with 
smaller  specimens  growing  more  rapidly  than  larger  ones.  This 
was  particularly  evident  In  growth  in  terms  of  shell  length,  shell 
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Figure  5.  A,  Gulland-Holt  plot  of  weekly  growth  rate  versus  mean  shell  length  for  Hcxaplex  (Tniiniilariopsis)  trinuiilus  (•  data  from  marked/ 
recaptured  gastropods.  ▲  data  from  laboratory  hatched  gastropods):  B,  von  Bertalanfl>  growth  functicm  in  terms  of  shell  length  for  T.  liiuHuliiw 
C,  weight-length  relationship  for  /.  Iruiiciilus  (data  from  Vasconcelos  et  al.  2(l04b);  I),  von  Bertalanffj  growth  function  in  terms  of  total  weight 
for  T.  tntnculus. 


perimeter  and  shell  deposition  rates,  btit  less  noticeable  in  terms  of 
total  weight  growth  rate.  This  phenomenon  was  probably  influ- 
enced by  the  seasonal  niictuations  in  physiological  condition  and 
total  weight  normally  associated  with  the  reproductive  cycle  of  the 
species,  being  accentuated  by  the  fact  that  it  was  virtually  impos- 
sible to  assure  the  complete  removal  of  water  from  the  shells,  thus 
contributing  to  some  variability  in  weighing  both  at  marking  and 
recapture  operations. 

Moreover,  monthly  growth  rates  were  highly  variable  among 
individuals  and  some  whelks  did  not  grow  between  marking  and 
recapture.  The  same  high  interindividual  variability  in  growth  rates 
has  been  noted  in  several  gastropod  species  and  has  been  attributed 
to  diverse  factors  (e.g..  Tallmark  198(1.  .Smith  1987  and  references 
therein).  In  fact,  most  muricid  adults  simply  do  not  grow  (Spight 
et  al.  1974).  and  in  some  experiments  with  different  species,  larger 
specimens  (presumably  adults)  did  not  grow  at  all  during  the  study 
period,  after  becoming  reproductixely  active,  even  though  they 
were  substantially  smaller  than  their  maximum  shell  length  (e.g., 
Hancock  1959,  Laxton  1970,  Fotheringham  1971.  Spight  et  al. 
1974.  Tallmark  1980,  Appeldoom  1988).  However,  in  the  present 
case,  despite  reduction  or  even  cessation  of  growth  in  shell  length. 
T.  tiituciiliis  continued  slowly  growing  in  shell  perimeter,  total 
weight  and  shell  deposition,  with  monthly  growth  rates  that  were 
invariably  higher  than  shell  length  growth  rates. 

However,  these  growth  estimates  are  most  likely  underesti- 
mated, because  despite  the  inclusion  of  some  juveniles  in  (he  ex- 
periments, marked  and  recaptured  gastropods  were  dominated  by 
adult  specimens  (consequently  with  a  much  lower  growth  rate), 
which  obviously  induced  a  significant  underestimation  of  the  over- 
all growth  rate  of  the  species.  Furthermore,  notwithstanding  the 
use  of  a  non  size-selective  fishing  gear  in  the  recapttire  operations, 
the  samples  caught  through  snorkeling  and  scuba  diving  could  be 
size-biased,  because  bigger  whelks  were  more  conspicuous  and 


more  easily  detected  than  smaller  indi\  iduals.  especially  in  a  bur- 
rowing species  and  under  low  water  visibility  conditions.  In  addi- 
tion, many  animals  were  recaptured  less  than  I  year  after  being 
marked  and  during  winter  and  spring,  when  lower  water  tempera- 
tures and  less  food  availability  in  the  earth-pond  might  have 
slowed  their  metabolism  and  decreased  growth  rates.  For  all  these 
reasons,  the  present  growth  rates  of  T.  tnmcuhis  should  be  inter- 
preted with  some  caution  and  considered  as  average  values  for  the 
size  range  used  in  this  study  (dominated  by  adults).  Extrapolation 
of  the  data  to  juveniles  is  especially  problematic.  T.  tninculus 
individuals  hatched  at  the  end  of  June  2004  and  maintained  until 
now  in  the  Tavira  molluscan  aquaculture  experimental  station  pre- 
sented a  much  higher  growth  rale,  hatching  with  1.64  ±  0.22  mm 
SL  and  reaching  1  1 .66  ±  2.0.'i  mm  SL  after  4  mo  (end  of  October 
2004),  therefore  corresponding  to  a  monthly  growth  rate  of  2.5  mm 
SL/month  during  the  first  4  mo  of  life  (Vasconcelos  et  al.  2004a). 
The  comparison  of  the  growth  rates  of  T.  tninculus  obtained  in 
this  study  with  those  obtained  for  other  gastropod  species  (namely 
some  muricids  with  high  commercial  value)  was  difficult,  becau.se 
most  studies  had  different  objectives,  different  experimental  de- 
signs (e.g..  field  vs.  laboratory,  with  vs.  without  additional  food 
supply)  and  variable  size  ranges  of  the  individuals  used  for  growth 
rate  estimations  (e.g.,  juveniles  vs.  adults)  (Table  2).  The  average 
monthly  growth  rate  of  T.  liunculus  (1.0  mm/month)  compared 
favorably  with  those  obtained  for  Ocenehni  hiiida.  Urasalpinx 
cinerea.  Busxcon  carica  and  Turbo  sanmiticus.  being  equal  to 
other  growth  rates  estimated  for  B.  ccirica.  Busycoti  canalicukuuin 
and  Ocenebra  iiiterfossa.  In  contrast,  the  present  growth  rate  was 
lower  than  those  obtained  for  B.  carica.  Ceratostonui  folia- 
niiii  and  Cehthium  nodulosum  and  nuich  lower  than  the  growth 
rates  of  Ocenebra  lumuria.  Euplenra  caudata,  Bolinus  brandaris, 
Conclwlepas  conclwlepas.  Chicorciis  viraineus.  Strombus  gigas 
and  Chicarcus  raniosus.  In  this  context,  it  is  worth  emphasizing  that 
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TABLE  2. 

Comparison  of  the  groMlh  rale  M'  HtxtipUx  {TnimiiUiriopsis)  Iniiuiiliis  ohtuini'd  throujih  mark/recapture  cxperinienls  Hilh  jjrowth  rates 

ri'piirted  for  (itlier  gastropod  species. 


Species 


Location 


Size  range  iSL-mni} 


Growtli  rale  (SL-nim) 


Author(s) 


Hexaplex  trunculus 
Ocenebra  lurida 
Busycon  canaliculatuni 
Busycon  canca 
Ocenebra  interfossa 
Ccratostoma  foliatuni 
Ceiilhittin  iioiliilo.siiiit 
Ocenebra  lumaria 
Eupleura  caiidata 
Bolinus  brandaris 
Concholepas  concholep 
Chicoreus  virgineus 
Slronibus  gigas 
Chicoreus  ramosus 
Umsatpinx  cinerea 
Busycon  cciricii 
Turbo  santioticus 
Busycon  carica 


Ria  Formosa,  Portugal 
Washington,  U.S.A. 
South  Carolina,  U.S.A. 
South  Carolina.  U.S.A. 
Washington,  U.S.A. 
Washington.  U.S.A. 
Guam,  Mariana  Islands 
Asamushi,  Japan 
Virginia,  U.S.A. 
Catalonia,  Spain 
Chile 

Cuddalore.  India 
Los  Roque,  Venezuela 
Phuket,  Thailand 
England,  U.K. 
North  Carolina,  U.S.A. 
Port  Alfred,  South  .Africa 
Virginia,  U.S.A. 


2()-.«i8  mm 
12-22  mm 


12-21  mm 
juveniles 
25-75  mm  (iuveniles) 


>5  mm  (juveniles) 

juveniles 

70-85  mm 

30-190  mm 

25-45  mm  (juveniles) 

juveniles 

juveniles 

42  mm  (juveniles) 

juveniles 


1 .0  mm/month 
0.4  mm/month 
1.0  mm/month 
1.0  mm/month 
1 ,0  mm/month 
<2.0  mm/month 
2.3^.6  mm/month 
3,7  mm/month 
4,0  mm/month 
4.3  mm/month 
4.7  mm/month 
3,0-5,0  mm/month 
4,0-15,0  mm/month 
1 1,4  mm/month 
3.0  mni/\'c(ic 
10,2  mmlyeitr 
2,4— 1 3, X  mmlyi'cir 
13.2  mm/\'('(»- 


*present  study 
Spightet  al.  (1974) 
Eversole  and  Anderson  (1988) 
Eversole  and  Anderson  (1988) 
Spight  et  al.  (1974) 
Spight  etal.  (1974) 
Yaniaguchi  (1977) 
Luckens  (1970) 
Mackenzie  (19611 
Ramon  and  Flos  (2001) 
Lara  and  Montes  (1988) 
Ramesh  et  al,  (1992) 
Weil  and  Laughlin  (1984) 
Bech (1992) 
Hancock (1959) 
Magalhaes  (1948) 
Foster  et  al.  (1999) 
Kraeuter  et  al.  (1989) 


iiios!  of  these  studies  used  newly  hatched  specuneiis  iir  small  ju- 
veniles during  growth  studies,  thus  growth  rates  are  presumably 
overestimated  considering  the  overall  size  ranges  (juveniles  + 
adults)  of  the  natural  populations  of  these  species.  Moreover,  some 
of  these  species  have  a  maximum  size  much  higger  than  T.  trun- 
culus. Comparisons  of  growth  rates  (mtii  SL/monlh)  between  gas- 
tropod species  are  complicated  and  should  be  carefully  intei-preted. 

Estimiitinn  of  Growth  Parameters 

The  von  Bertalanffy  growth  function  in  terms  of  shell  length 


estimated  for  T.  trunculus  (L,   =   82.761  l-e 


-().4iii+()().*; 


1 1  further 


confirmed  that  the  growth  of  this  gastropod  species  is  relatively 
slow  (K  =  0.41 ),  According  to  these  data  the  minimum  landing 
size  of  T.  trunculus  (MLS  =  50  mm  SL)  is  only  attained  at  2,20 
y  old.  Furthermore,  at  957f  of  its  theoretical  tnaxitiitim  shell  length 
(959f  L-,  =  82,76  mm),  the  von  Bertalanffy  growth  equation 
yielded  an  estimated  age  of  7,24  y  for  T.  trunculus.  which  can  be 
considered  a  relatively  short/medium  life  span  for  a  gastropod 
species. 

The  estimated  maximum  asymptotic  shell  length  [L ,  =  82,76 
turn)  closely  approached  the  maximum  size  attained  locally  by  T. 
trunculus.  During  a  general  study  on  the  biology,  ecology  and 
fishery  of  this  species  in  the  Ria  Formosa  lagoon,  the  largest 
specimen  sampled  measured  82,84  mm.  Nevertheless,  specimens 
of  this  size  were  exceptional,  because  among  2484  T.  trunculus 
ineasured  during  a  l-y  sampling  program,  only  one  individual  was 
bigger  than  the  asymptotic  shell  length  estimated  in  this  study  {L,- 
=  82,76  mm),  which  was  very  similar  to  the  inaximum  size  at- 
tained by  this  species  in  the  Ria  Forinosa  lagoon  (85  mm  SL) 
(Muzavor  &  Morenito  1999)  and  included  in  the  maximum  size 
range  reported  for  T.  trunculus  by  other  authors,  between  80  mm 
SL  (Poppe  &  Goto  1991)  and  90  mm  SL  (Macedo  et  al,  1999). 

The  von  Bertalanffy  growth  function  in  terms  of  total  weight 
estimated  for  T.  trunculus  (W,  =  49.97[l-e""-*"'*"""]'"--)  indi- 
cated (hat  at  2.20  y  old  (age  corresponding  to  the  minimum  landing 


size  of  7".  trunculus  -  MLS  =  50  mm  SL)  specimens  achieved 
10.86  g  in  total  weight.  The  estimated  maximum  asymptotic  total 
weight  ( W-^  =  49,97  g)  was  lower  than  the  maxiinum  total  weight 
registered  in  samples  frotii  the  Ria  Formosa  lagoon  (58,20  g),  but 
yet  again  this  was  an  exceptionally  heavy  individual,  because 
amongst  2401  T.  trunculus  weighed  during  a  l-y  sampling  pro- 
gram, only  one  specimen  was  heavier  than  the  asymptotic  total 
weight  estimated  in  the  present  study  (W-,  =  49.97  g). 

Therefore,  and  although  the  von  Bertalanffy  growth  model  has 
been  criticized  for  not  adequately  representing  growth  of  the  entire 
size  range  of  organisms,  in  the  present  case  both  size  (shell  length) 
and  weight  (total  weight)  data  fitted  the  growth  model  satisfacto- 
rily. 

AquacuUure  and  Fisheries  Considerations 

Despite  being  slightly  low  and  underestimated  because  of  the 
dominance  of  adult  specimens  in  the  samples,  the  growth  rate 
estimated  through  marlc/recapture  experiments  for  T.  trunculus 
( 1 .0  tnm/monthl  may  still  create  some  expectations  in  terms  of  the 
potential  of  this  species  for  molluscan  aquaculture,  consider- 
ing that  laboratory  hatched  specimens  grow  at  a  much  higher 
rate  (2,5  mm/month  during  the  first  4  mo  of  life)  and  that  the  von 
Bertalanffy  growth  function  indicated  an  age  of  2.20  y  to  attain 
the  minimutn  landing  size  for  this  species  (50  inm  SL  i,e., 
10.86  g  TW). 

Because  environmental  and  feeding  requirements  of  T.  truncu- 
lus are  not  demanding,  the  culture  of  this  gastropod  species  could 
become  profitable  in  the  near  future,  when  the  crucial  phases  of  the 
species  reproductive  cycle  (spawning  and  posthatching  develop- 
tnent)  are  better  known.  Moreover,  because  of  an  increasing  de- 
mand for  gastropods  in  the  seafood  market,  the  commercial  value 
of  T.  trunculus  has  been  continuously  rising  (reaching  values  of 
€10-1 5/kg  for  first  sale)  and  its  abundance  in  the  Ria  Formosa 
lagoon  apparently  has  been  decreasing  over  the  last  years,  prob- 


256 


Vasconcelos  bt  al. 


ably  caused  by  illegal  fishing  and  consequent  oveiexploitation  of 
the  resource. 
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ECONOMIC  IMPACT  ASSOCIATED  WITH  THE  RECRE- 
ATIONAL SCALLOP  SEASON  IN  CITRUS  COUNTY. 
FLORIDA,  USA.  Chuck  Adams'  and  Don  Sweat."  'Florida  Sea 
Grant  and  Food  &  Resource  Economics  Department.  University  of 
Florida.  PC  Box  110240.  Gainesville.  FL  32611.  USA.  "Florida 
Sea  Grant.  S30  First  Street  South.  St.  Petersburg.  FL  33701.  USA. 
Because  declining  stock  conditions,  the  commercial  harvest  of 
bay  scallops  (Argopecten  irradians)  in  Florida  was  banned  during 
1994.  During  that  same  year,  a  recreational  season  was  established 
on  the  Gulf  coast  of  Florida  in  the  area  between  Aripeka  and 
Mexico  Beach.  Florida.  In  1995.  the  recreational  season  was  lim- 
ited to  a  more  restricted  region — the  area  noilh  and  west  of  the 
Suwannee  River.  Because  of  a  number  of  factors,  including  efforts 
to  re-establish  bay  scallops  through  stock  enhancement  activities, 
the  recreational  season  was  re-opened  during  2002  in  the  region 
between  Aripeka  and  the  Suwannee  River.  Within  this  region,  the 
highest  concentration  of  scallops,  and  thus  recreational  scalloping 
activities,  is  near  the  mouths  of  the  Homossassa  River  and  the 
Crystal  River,  in  Citrus  County.  The  recreational  scallop  season 
runs  from  July  1  to  September  10  of  each  year.  During  this  period, 
local  businesses  experience  increase  business  volumes  because 
recreational  scallopers  arrive  in  large  numbers  attempting  to  har- 
vest daily  bag  limits.  Anecdotal  evidence  and  reports  suggest  that 
the  recreational  scallop  season  provides  a  significant  boost  to  the 
local  economy,  because  recreational  scallopers  purchase  fuel, 
food,  supplies  and  lodging  accommodations  during  their  stay.  In 
addition,  many  of  these  recreational  scallopers  come  from  outside 
the  area,  thereby  bringing  in  new  dollars  to  the  local  economy.  The 
purpose  of  this  study  is  to  estimate  the  economic  impact  associated 
with  the  2003  recreational  scallop  season  in  Citrus  County. 
Florida.  This  information  would  help  resource  managers  and 
county  business  representatives  better  understand  the  economic 
and  social  implications  of  ensuring  a  sustainable  recreational  har- 
vest of  bay  scallops.  Several  personal  interviews  were  conducted 
immediately  after  the  2003  season.  A  total  of  99  interviews  were 
conducted.  The  interviews  were  conducted  with  representatives  of 
a  variety  of  business  types  in  the  area.  The  business  types  included 
fishing  guides  and  dive  shops,  restaurants,  lodging  accommoda- 
tions, convenience  stores  and  gas  stations  and  retail  shops.  Sales 
information  associated  with  clientele  involved  in  recreational  scal- 
loping was  solicited.  Estimates  of  changes  in  business  sales  during 
the  scallop  season  were  requested.  Information  on  the  resident 
versus  non-resident  sales  was  sought.  The  sample  survey  findings 
were  then  extrapolated  to  the  total  business  population  in  the  re- 
gion. As  a  result,  the  increase  in  business  sales  activity  during  the 
2003  recreational  scallop  season  was  estimated  to  be  $1.4  million. 
Of  this  amount,  approximately  $900,000  was  associated  with  non- 
resident expenditures.  An  estimate  of  economic  impact  associated 
with  the  2003  scallop  season  was  then  developed.  The  changes  in 
business  activity  were  entered  into  a  regional  economic  modeling 
package,  IMPLAN  Pro.  This  model  provides  estimates  of  the  eco- 
nomic impacts  associated  with  changes  in  business  activity  within 
a  region.  This  impact  includes  the  "multiplier"  effects  that  recre- 


ational scalloping-related  expenditures  have  on  the  local  economy. 
As  a  result,  the  total  economic  activity  associated  with  non- 
resident expenditures  on  recreational  scalloping  activities  during 
2003  in  Citrus  County,  Florida  was  SI. 6  million.  Local  incomes 
increased  by  $636,000,  and  local  business  taxes  increased  by 
$110,000  because  of  these  non-resident  expenditures.  Approxi- 
mately 35  new  jobs  are  associated  with  the  recreational  scallop 
season.  Thus,  the  recreational  scallop  season  provides  economic 
impact  to  the  regional  economy.  Further  research  is  needed  to 
better  refine  the  economic  impact  estimates  by  business  type  and 
to  expand  the  analysis  into  other  regions  of  the  state  where  the 
recreational  scallop  .season  occurs. 


SWIMMING  BEHAVIOR  OF  PECTEN  MAXIMUS  LAR- 
VAE. Sis.sel  Andersen.  Anne  Berit  Skiftesvik  and  Howard 
Browman.  Institute  of  Marine  Research,  Austevoll.  N-5392 
Storeb0,  Norway. 

Institute  of  Marine  Research  (IMR)  is  working  to  support  the 
development  of  a  sustainable  aquaculture  in  Norway  and  great 
scallop  (Pecten  maximtis)  is  one  of  the  marine  species  on  focus. 
IMR  has  worked  for  several  years  to  improve  the  results  for  the 
production  of  great  scallop  spat.  As  part  of  a  project  to  investigate 
several  factors  on  larval  performance,  larval  swimming  behavior 
was  observed  using  Silhouette  (shadow)  video  photography.  The 
factors  larval  stocking  density,  algal  concentration,  and  light  in- 
tensity were  investigated  at  different  larval  ages.  Factors  affecting 
swimming  behavior  are  likely  to  be  important  for  the  energy  bud- 
get. Batches  of  scallop  larvae  were  transferred  from  the  bivalve 
hatchery  Scalpro  AS  3  days  after  spawning,  and  placed  in  100- 
300-L  stock  tanks  with  flow-through  of  seawater  and  algae.  Rear- 
ing methods  were  those  employed  for  flow-through  systems  at 
IMR- Austevoll:  teinperature  of  I6°C  to  17°C,  flow  rate  of  1  tank 
volume  per  day,  continuous  room  light,  continuous  addition  of  a 
mixture  of  three  algal  species  tlsocliiysis  galbana.  Tahitian).  Pav- 
lova lutheri  and  Chaetoceros  mulleri  mixed  in  the  ratio  1:1:1,  algal 
concentration  in  rearing  tanks  at  10  cells/uL  and  an  initial  stocking 
density  of  5-8  larvae/mL.  Larvae  were  starved  1 2  to  24  hours  prior 
to  experimental  treatment  and  observations.  Silhouette  (shadow) 
video  photography  (SVP)  was  used  to  record  the  behavioral  re- 
sponses of  scallop  larvae.  Image  quality  is  unaffected  by  ambient 
light-level  silhouettes  are  cast  equally  well  under  full  sun  or  in 
complete  darkness.  It  allows  filming  of  events  in  a  large  depth  of 
field  (-15  cm),  with  a  relatively  large  field  of  view  (here  -15  cm). 
The  illumination  system  consisted  of  2  components:  a  light  intensity- 
controlled  1000-W  Xenon  arc  lamp  connected  to  an  ultraviolet  (UV, 
280-400  nm)-visible  liquid  light  guide  and  a  200-W  Xenon  arc  lamp. 
Larval  swimming  behavior  was  affected  by  all  three  factors  investi- 
gated. Also,  the  ratio  of  larvae  exhibiting  the  clock-wise  helical  swim- 
ming pattern  at  an  early  stage  reflected  the  quality  of  the  larval  batch 
in  terms  of  survival.  The  effect  on  swimming  behavior  increased  as  a 
function  of  exposure  time  from  3  minutes  up  to  4  hours. 
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FLOW-THROUGH  LARVAL  SYSTEMS  WITH  DIFFER- 
ENT ALGAL  CONCENTRATIONS.  Sissel  Andersen.'  Gyda 
Christophersen"  and  Thorolf  Magnesen."  'Institute  of  Marine 
Research.  Austevoll.  N-3392  Storebo.  Norway;  "Centre  for  Studies 
of  Environment  and  Resources,  University  of  Bergen.  PO  Box 
7800.  5020  Bergen,  Norway 

Institute  of  Marine  Research  (IMR)  is  working  to  support  the 
development  of  a  sustainable  aquaculttu'e  in  Norway.  Great  scallop 
{Pecleii  iiiii.xiitnis)  is  one  of  the  marine  species  being  focused  on  in 
developing  the  aquacniture  industry.  IMR  has  worked  together 
with  the  bivalve  hatchery  Scalpro  AS  and  the  University  of  Bergen 
for  several  years  to  impi"ove  the  results  for  the  production  ot  great 
scallop  spat.  As  part  of  a  project  to  in\  estigate  several  factors  on 
larval  performance  in  production  scale  units,  larvae  were  grown 
with  different  algal  concentration  in  the  rearing  tanks.  Larval 
groups  were  transferred  3  days  after  spawning  from  Scalpro  AS  to 
large-scale  facilities  at  Austevoll,  IMR.  The  larvae  were  kept  in 
2,800  litres  up-welling  cylindrical  tanks  with  conical  bottom.  Stan- 
dard rearing  method  was  used:  a  flow  rate  of  one  tank  volume  per 
day.  temperature  I5°C  to  I7°C  and  a  diet  consisting  of  Isochrysis 
galhaiui  (Tahitian),  Pavlova  hilheri  and  Chactoceros  inuUcri 
mi.xed  in  the  ratio  1:1:1.  The  initial  lar\al  stocking  density  was  3-5 
larvae/mL,  The  variation  between  tanks  was  first  tested  keeping 
the  algal  concentration  in  the  larval  rearing  tanks  at  7  (±3)  algal 
cells/|jiL,  and  then  lar\ae  were  reared  keeping  the  algal  concen- 
tration between  3  and  20  cells/(xL,  Also,  one  lar\al  group  was 
starved  and  not  supplied  with  algae.  Larval  growth  and  survival 
was  registered,  as  was  the  yield  of  competent  larvae  retaining  on 
a  150  |xm  mesh  .screen.  The  variation  betv\een  tanks  was  low. 
There  was  no  significant  difference  between  tanks  in  mean  shell 
height  21  days  after  spawning  or  larval  yield  on  150  |j.in  mesh  24 
days  after  spawning.  Mean  shell  height  ranged  between  162  ±  26 
and  170  ±  25  jjim  for  larvae  in  the  different  tanks.  Larval  yield 
ranged  between  27.4  and  34.8%.  Algal  concentration  in  the  larval 
rearing  tanks  affected  both  growth  rate  and  metamorphosis  rate. 
Growth  of  starved  larvae  ceased  6  days  after  spawning.  There  were 
no  significant  differences  in  shell  height  between  fed  groups  up  to 
13  days  after  spawning  when  the  mean  shell  height  was  134  ±  10 
(xm.  Later  there  was  a  positive  correlation  between  algal  concen- 
tration and  shell  growth  rate.  However,  there  was  no  significant 
difference  in  shell  growth  between  the  two  highest  algal  concen- 
trations (16  and  20  cells/ |xL),  and  between  the  two  lowest  algal 
concentrations  (3  and  8  cells/jxL),  Mean  daily  shell  growth  at  3 
cells/|xL  was  237r  lower  than  at  20  cells/p.L.  Generally  survival  20 
days  after  spawning  was  not  significantly  different  between  fed 
groups  and  varied  between  85  and  96%.  Survival  in  the  starved 
groups  was  similar  to  fed  groups  15  days  after  spawning  but  de- 
creased rapidly  to  9%  20  days  after  spawning.  Larvae  were  har- 
vested on  a  150-jjim  mesh  screen  and  transferred  to  a  production 
settlement  system  in  the  hatchery.  Generally  the  yield  of  pedive- 
ligers  on  l50-|j.m  mesh  screen  increased  with  increasing  algal 
concentration.  Time  to  first  harvest  was  shortest  for  larval  groups 


with  the  two  highest  algal  concentrations:  22  days  after  spawning. 
The  groups  with  the  two  lowest  algal  concentrations  were  har- 
vested 27  days  after  spawning.  Yield  of  pediveligers  at  first  harvest 
varied  from  24%  to  489r ,  the  highest  \'alue  representing  the  highest 
alcal  concentration. 


THE  SOUTH  AFRICAN  SCALLOP  PECTEN  SULCICOSTA- 
rt'S— PRELIMINARY  RESULTS  FROM  INVESTIGA- 
TIONS OF  REPRODUCTIVE  C\  CLE.  Dale  C.  Z.  Arendse,' 
Sissel  Andersen,-  Norman  J.  Blake'  and  Grant  C.  Pitcher.' 

'Department  Environmental  Affairs  and  Tourism,  Marine  and 
Coastal  Management,  Private  Bag  .\2,  Rogge  Bay  .  8012.  Cape 
Town.  South  Africa:  "Institute  of  Marine  Research-Austevoll. 
N-5392  Storebo.  Norway:  ''College  of  Marine  Science.  University  of 
South  Fionda,  140  7th  Ave.  South,  St.  Petersburg,  FL  33701,  USA 
The  local  scallop  Pectcn  siikivostauis  is  presently  being  inves- 
tigated as  a  potential  species  for  mariculture  in  South  Africa,  As 
there  is  no  commercial  fishery  for  scallops  in  South  Africa  little  is 
known  about  the  ecology  of  the  local  species.  Therefore  this  study 
was  conducted  to  determine  the  reproductive  cycle  of  P.  siilcico- 
shitus.  Scallops  were  collected  on  a  monthly  basis  in  False  Bay  to 
calculate  the  gonadal  somatic  index  (GSI)  and  to  conduct  histo- 
logical studies  on  the  gonads.  The  study  began  in  August  2004 
as  a  part  of  a  Norwegian-South  African  cooperation  funded  by 
NORAD,  Two  size  classes  were  collected.  40  mm  to  59  mm  and 
60  mm  to  1 10  mm.  A  steady  decrease  in  the  GSI  took  place  for 
both  si/.e  classes  from  August  (winter)  to  November  (spring)  2004. 
The  GSI  in  August  2004  for  the  larger  and  smaller  size  classes  was 
12.8%  and  11.4%  respectively.  In  December  (summer)  2004  the 
gonads  of  the  larger  size  class  were  completely  spent  with  no 
discernable  difference  between  the  male  and  female  sections  of  the 
gonads.  The  mean  GSI  for  this  period  was  only  5.2%.  The  GSI  in 
both  size  classes  started  to  increase  again  in  January  2005.  The 
trend  in  gonad  development  indicates  that  P.  siilcicosiarii.s  might 
reach  its  spawning  peak  in  winter.  The  mean  concentrations  of 
chlorophvll  a  in  winter  are  lower  during  spring,  summer  and  au- 
tumn. Wind  also  shows  a  strong  seasonality  over  False  Bay,  with 
strong  south-easterly  winds  dominating  in  summer,  resulting  in 
localized  upwelling.  Because  of  a  significant  stratification,  the 
bottom  temperature  is  fC  to  3'-'C  lower  in  summer  than  in  winter. 


RISE  AND  FALL  OF  THE  CALICO  SCALLOP  (AR- 
GOPECTEN  GIBBUS)  FISHERY  OF  FLORIDA,  USA.  Bill 

Arnold.  Fish  and  Wildlife  Research  Institute.  Florida  Fish  and 
Wildlife  Conservation  Commission,  100  Eighth  Avenue  SE,  St, 
Petersburg.  Florida  33701,  USA, 

The  calico  scallop  (Argopecteii  gibbus)  supports  an  important 
commercial  fishery  on  the  east  coast  of  Florida,  USA.  Peak  land- 
ings were  realized  from  the  east  Florida  shelf  during  the  1980s. 
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with  substantially  fewer  landings  before  and  after  that  lime.  That 
pattern  of  landings  could  indicate  that  scallops  were  unusually 
abundant  during  the  lySOs  and  that  pre-  and  post-l9S()s  landings 
data  reflect  more  typical  standing  stock  values.  However,  results 
from  exploratory  fishing  cruises  conducted  by  federal  fishery  re- 
search vessels  beginning  in  the  late  1940s  and  continuing  through 
the  1960s  suggest  that  large  stocks  of  calico  scallops  were  extant 
off  North  Carolina,  east  Florida,  and  in  the  Gulf  of  Mexico.  Those 
stocks  were  not  exploited  until  the  19S()s  because  the  processing 
machinery  necessary  to  eft'icientl\  handle  the  landed  product  v\as 
not  previously  available.  Once  an  efficient  processing  method  was 
developed  and  implemented,  the  fisherv  rapidly  expanded  and 
calico  scallop  populations  on  the  east  Florida  shelf  were  inten- 
sively exploited.  Subsequent  to  the  l9S0s.  har\est  and  processing 
capabilities  remained  in  place,  but  commercial  landings  fell  to  near 
zero.  It  is  therefore  possible  to  define  three  phases  in  the  history  of 
the  calico  scallop  fishery  in  Florida.  During  phase  I  (approxi- 
mately 1930-1980).  exploratory  fishing  activities  indicated  that 
large  numbers  of  scallops  were  known  to  exist  on  the  east  Florida 
shelf  and  in  other  areas  of  Florida.  Those  exploratory  fishing  ef- 
forts extended  over  many  years,  indicating  that  the  abundance  of 
calico  scallops  was  not  an  ephemeral  situation  hut  was  instead  a 
relatively  constant  feature  of  the  east  Florida  shelf.  During  phase 
2  (approximately  1980-1990),  the  needed  processing  ei.|uipment 
was  deployed  and  the  commercial  fishery  expanded  rapidly.  To 
estimate  harvest  during  this  phase  of  the  scallop  fishery,  consider 
that  a  large  calico  scallop  adductor  muscle  weighs  approximately 
4  g.  equi\alent  to  about  1 10  scallops  harvested  per  pound  of  meat 
landed.  Thus,  during  1984  alone,  more  than  4.4  billion  scallops 
were  harvested.  During  phase  3  (approximately  1990  to  present), 
the  scallop  population  on  the  east  Florida  shelf  declined  and  the 
commercial  industry  went  with  it.  Small  numbers  of  scallops  were 
harvested  from  that  area  during  the  early  199()s.  but  the  commer- 
cial fishery  at  the  beginning  of  the  21st  century  is  essentially 
non-existent.  Possible  causes  of  the  purported  collapse  include  one 
or  a  combination  of  the  following  factors:  overfishing,  habitat  loss, 
disease,  or  natural  variation.  Fishing  activities  target  high-density 
patches  of  scallops,  so  it  is  possible  that  removal  of  large  numbers 
of  scallops  during  the  1980s  eliminated  many  high-density  patches 
and  reduced  the  reproductive  viability  of  the  population,  ultimately 
leading  to  population  collapse.  Harvesting  activities  also  remove 
large  amounts  of  calico  scallop  and  other  shell.  That  shell  provides 
a  primary  settlement  substrate  for  calico  scallops  in  what  is  an 
otherwise  featureless  sand  bottom.  Thus,  fishing  activity  has  re- 
sulted in  the  destiiiction  of  the  very  habitat  upon  which  recruiting 
scallops  depend.  A  protistan  parasite  of  the  genus  Maiteillia  was 
first  recorded  from  the  east  Florida  calico  scallop  beds  in  1991. 
Although  there  is  no  direct  evidence  that  this  parasite  caused  mor- 
tality in  the  scallop  population,  species  of  Marteillia  have  been 
implicated  in  other  bivalve  mass  mortality  events.  Finally,  the 
east  Florida  shelf  is  characterized  by  a  dynamic  oceanographic 
regime  that  is  strongly  influenced  by  Gulf  Stream  meanders 


and  resultant  seasonal  upwelling.  Changes  in  that  regime,  espe- 
cially relatively  long-term  changes  associated  with  ENSO  or 
NAO  e\  ents.  could  have  altered  the  population  dynamics  of  calico 
scallops  on  the  east  Fkirida  shelf.  Economic  factors  inay  prevent 
the  return  of  the  calico  scallop  fishery  in  Florida  even  if  the  scallop 
population  rebounds.  First,  a  bay  scallop  {Argopecten  irradians) 
aquaculture  industry  has  been  developed  in  China,  and  that 
industry  produces  scallop  meats  that  can  be  shipped  to  the  United 
States  and  sold  more  cheaply  than  calico  scallops  can  be  harvested 
from  the  wild  fishery  and  sold  in  the  United  States.  Thus,  there  is 
little  economic  incentive  to  invest  in  the  cahco  scallop  industry 
e\en  if  the  animal  once  again  became  abundant.  Second.  Port 
Canaveral.  Florida  is  the  primary  landing  port  for  calico  scallops 
on  the  east  coast  of  Florida  but  also  has  become  a  major  cruise  ship 
terminal.  Cruise  ship  activities  and  calico  scallop  processing  ac- 
tivities are  somewhat  incompatible  because  of  the  odor  and  noise 
that  emanate  from  the  processing  facilities.  Additionally,  shoreside 
sites  that  once  supported  processing  facilities  are  now  being  con- 
verted to  more  lucrative  marinas  and  terminals,  with  the  result  that 
there  is  simply  no  room  lor  the  calico  scallop  industry  at  Port 
Canaveral. 


A  BRIEF  HISTORY  OF  BAY  SCALLOP  [ARGOPECTEN  IR- 
RADIANS) RESTORATION  EFFORTS  IN  FLORIDA  USA 
WATERS.  Bill  Arnold'  and  Norman  .].  Blake".  'Fish  and  Wild- 
life Research  Institute.  Florida  Fish  and  Wildlife  Conservation 
Commission.  100  Eighth  Avenue  SE.  St.  Petersburg,  Florida 
33701.  USA;  "College  of  Marine  Science,  University  of  South 
Florida.  140  Seventh  Avenue  S.  St.  Petersburg,  Florida  33701,  USA. 
Bay  scallops  (Argopecten  irnuUans)  once  supported  important 
commercial  and  recreational  fisheries  in  Florida  waters,  and  ar- 
chaeological evidence  suggests  that  they  contributed  to  the  cultural 
fabric  of  native  Floridians  many  centuries  prior  to  European  inva- 
sion. However,  in  recent  decades  many  of  the  local  populations 
that  comprise  the  Florida  metapopulation  of  bay  scallops  have 
collapsed  with  the  result  that  the  entire  metapopulation  may  be 
imperiled.  In  an  effort  to  stabilize  the  bay  scallop  metapopulation 
in  Florida,  the  State  of  Florida  first  instituted  severe  harvest  re- 
strictions and  then  instituted  a  restoration  program.  The  goals  of 
this  combined  passive-active  approach  to  rebuilding  scallop  popu- 
lations were  to  ( 1 )  prevent  further  loss  of  reproductively  viable 
populations  and  (2)  rebuild  populations  in  areas  where  habitat 
appeared  to  be  amenable  to  supporting  viable  scallop  populations. 
Historic  and  anecdotal  information  indicates  that  bay-scallop 
populations  in  Florida  waters  once  extended  from  at  least  West 
Palm  Beach  on  the  east  coast  to  Pensacola  in  the  Florida  pan- 
handle. By  the  early  1980s,  all  populations  from  Anclote  south  had 
essentially  collapsed.  At  that  time,  the  State  instituted  regulations 
to  create  both  a  harvest  .season  and  a  five-gallon  (19  L)  bag  liinit. 
By  the  early  1990s,  additional  populations  between  Anclote  and 
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Crystal  River  also  appeared  to  have  collapsed.  In  response,  the 
State  implemented  additional  harvest  restrictions  and  initiated  a 
population  restoration  program  that  continues  to  this  day.  The 
success  of  those  management  and  restoration  efforts  is  equivocal 
and  is  the  topic  of  this  presentation.  Modifications  to  the  bay 
scallop  management  regime  were  initiated  in  1994  with  the  com- 
plete closure  of  the  commercial  fishery,  closure  of  the  recreational 
fishery  south  of  the  Suwannee  River,  reduction  of  the  fishing 
season  from  9  months  to  3  months,  and  a  reduction  in  the  bag  limit 
to  two  gallons  (7.6  L)  per  person  per  day.  The  next  year,  the  season 
was  further  reduced  to  appro.ximately  2  months  per  year.  However, 
despite  these  drastic  restrictions  on  harvest,  no  .substantial  increase 
in  scallop  abundance  was  observed  between  the  years  1994  and 
1998.  Efforts  to  restore  local  scallop  populations  were  instituted  in 
1998  as  a  joint  effort  between  the  Florida  Fish  and  Wildlife  Con- 
servation Commission  and  the  University  of  South  Florida  College 
of  Marine  Science.  This  effort  involved  planting  juvenile  .scallops 
at  high  density  in  protective  cages  at  various  sites  along  the  SW 
coast  of  Florida.  Those  juveniles  would  then  grow  to  adulthood 
within  the  cage,  thus  ensuring  high  density  and  relatively  high 
fertilization  efficiency  during  subsequent  spawns.  The  resultant 
offspring  would  then  settle  to  the  local  seagrass  beds  and  thereby 
repopulate  the  area.  Population  monitoring  within  the  target  area 
indicated  that  scallop  density  did  increase  according  to  prediction 
in  at  least  a  subset  of  the  target  area.  Scallops  were  first  planted  in 
spring  1998,  subsequently  achieved  adulthood,  and  spawned  dur- 
ing fall  1998.  Thus,  it  would  be  expected  that  offspring  from  those 
planted  scallops  would  achieve  adulthood  in  spring  1999  and 
would  be  detected  during  sampling  surveys  conducted  in  the  sum- 
mer of  1999.  That  e.xpectation  was  realized  as  an  order-of- 
magnitude  increase  in  scallop  abundance  at  the  Homosassa  study 
site  between  June  I99S  and  June  1999.  Additional  planting  efforts 
were  conducted  in  1999  and  2000.  with  the  result  that  scallops 
increased  by  yet  another  order  of  magnitude  between  June  1999 
and  June  2000  and  remained  similarly  abundant  in  2001.  However, 
funding  for  the  restoration  effort  ended  in  2000  so  no  scallops  were 
planted  in  spring  2001.  Scallop  abundance  immediately  decreased 
in  the  Homosassa  target  area,  and  by  June  2004  scallop  abundance 
had  fallen  to  background  levels  despite  a  continuing  but  smaller- 
scale  restoration  effort.  Initial  interpretation  of  the  results  of  man- 
agement and  restoration  activities,  including  data  acquired  through 
summer  2001,  suggested  that  efforts  to  rebinid  scallop  populations 
in  Florida  waters  had  been  successful  although  it  was  not  clear  if 
management,  restoration  or  a  combination  of  the  two  was  respon- 
sible for  the  resurgence.  Inclusion  of  more  recent  data,  as  de- 
scribed earlier,  suggests  that  restoration  acti\  ities  may  have  been 
the  pre-eminent  factor,  because  scallop  abundance  at  the  Homo- 
sassa restoration  site  rose  and  fell  in  concert  with  restoration  ac- 
tivities. Whether  governmental  organizations  are  willing  to  de\  ote 
the  necessary  resources  to  a  continuing  scallop  restoration  program 
remains  to  be  seen. 


SEASONAL  VARIATIONS  IN  CHEMICAL.  PHYSICAL, 
TEXTURAL  AND  MICROSTRLICTURAL  CHARACTERIS- 
TICS OF  ADDUCTOR  MUSCLES  OF  GIANT  LION'S  PAW 
SCALLOP  (NODIPECTEN  SUBNODOSUS).  Ana  I.  Beltran- 
Lugo,'  Alfonso  N.  Maeda-Marti'nez'  and  Ramon  Pacheco- 
Aguilar."  'Centro  de  Investigaciones  Biologicas  del  Noroeste 
(CIBNOR).  Mar  Bemiejo  No.  195,  Col.  Playa  Palo  de  Santa  Rita. 
La  Paz.  Baja  California  Sur  23090.  Mexico;  "Centro  de  Investi- 
gacion  en  Alimentacion  y  Desarrollo  (CIAD).  Carretera  a  la  Vic- 
toria Km.  0.6  Hermosillo,  Sonora  83000.  Mexico 

The  giant  lion's  paw  scallop  {Noclipeclcn  suhntulosiis)  is  one  of 
the  most  commercially  important  species  of  scallops  in  Mexico. 
The  quality  of  its  adductor  muscle,  the  main  edible  portion,  de- 
pends greatly  on  texture  and  color  characteristics.  The  texture  of 
fish  muscle  is  determined  by  many  factors,  including  chemical 
composition  (Crapo  et  al.  1999)  and  muscle  structure  (Bjornevik  et 
al.  2004).  These  characteristics  vary  seasonally  in  response  to  re- 
productive activity  and  a\ailability  of  food.  For  lion's  paw  scallop, 
how  the  quality  parameter  is  intJuenced  by  seasonal  variations  in 
the  composition  of  the  adductor  muscle  have  not  been  investigated. 
This  study  analyzed  the  elTects  of  .season  on  chemical,  physical, 
textural  and  microstructural  characteristics  of  adductor  muscles  of 
giant  lion's  paw  scallop  (Fig.  1 ).  Samples  of  scallops  (average  size 
66.3  ±  6.9  mm)  were  harvested  in  winter  (January),  spring  (April), 
summer  (September)  and  fall  (No\ ember)  2003  from  an  aquacul- 
ture  farm  on  the  Pacific  coast  of  the  Baja  California  Peninsula, 
Mexico.  Morphometric  variables  were  recorded  for  a  sample  of  30 
specimens  to  calculate  muscle  index  and  gonadosomatic  index. 
The.se  indices  were  used  as  indicators  of  physiological  condition  of 
the  organisms  at  the  time  of  harvest.  To  assess  the  quality  of  the 
adductor  muscles;  proximate  composition  (moisture,  protein,  lip- 
ids, ash,  and  carbohydrates);  postmortem  pH;  color  parameters 
(L*,  a*  and  b*);  water-holding  capacity;  texture  (Warner-Brat/ler 
shear  test)  and  microstructure  were  analyzed  (Fig.  2).  We  observed 
that  organisms  sampled  in  summer  showed  higher  muscle  and 
gonadosomatic  indices.  Chemical  composition  varied  throughout 
the  year.  Levels  of  moisture  and  lipids  were  significantly  lower  in 
the  summer  samples  but  carbohydrate  content  was  higher.  Post- 
mortem pH  in  summer  was  lower  than  other  seasons.  Lower  water- 
holding  capacity  in  the  summer  samples  seems  to  be  influenced  by 
the  lower  pH  in  adductor  muscles.  Slight  but  significant  changes  in 
color  characteristics  of  adductor  muscles  were  observed  in  all  sea- 
sons. Color  is  known  to  be  related  to  lipids  content;  however,  we 
found  no  support  for  seasonal  color  differences  to  be  related  to  this 
chemical  component.  Warner-Bratzler  shear  test  values  yielded  the 
poorest  muscle  texture  in  summer;  most  likely  related  to  lower  pH. 
water-holding  capacity,  and  wider  spacing  between  muscular  fi- 
bers and  structural  alterations  at  this  season.  Our  results  indicate 
that  the  quality  of  adductor  muscle  is  somewhat  poorer  if  collected 
in  summer  even  though  scallops  yield  the  highest  muscle  weight  of 
all  seasons.  In  contrast,  the  quality  of  muscles  in  winter  is  the 
highest,  but  the  muscle  yield  is  I  1 .5%  lower  than  the  summer. 
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With  these  results  and  the  parameters  of  quality  that  the  markets 
demand,  the  scallop  farmer  v\ill  be  able  to  refme  its  harvest  program. 
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CLOSED  AREAS  AND  STOCK  ENHANCEMENT  OF 
SCALLOPS— WHAT'S  THE  CATCH?  Brvce  D.  Beukers- 
Stewart.  Helinda  J.  Vause.  Matthew  \V.  J.  Mosley  and  Andrew 
R.  Brand.  Port  Erin  Marine  Laboratory,  University  of  Liverpool, 
Poi-t  Erin,  Isle  of  Man  IM9  6JA.  British  Lsles. 

The  use  of  closed  areas  and  stock  enhancement  lo  manage 
fisheries  is  becoming  increasingly  popular  around  the  world.  Scal- 
lop fisheries  appear  to  be  particularly  suited  to  this  type  of  man- 
agement, which  has  produced  highly  productive  and  stable  fisher- 
ies in  countries  such  as  Japan,  China,  New  Zealand  and  the  United 
States.  A  small  area  (2  km")  off  the  SW  coast  off  the  Isle  of  Man, 
British  Isles,  has  been  closed  to  fishing  by  towed  gear  (i.e..  dredges 
and  trawls)  since  1989.  During  closure  the  density  and  biomass  of 
great  scallops  (Pecten  maximu.s)  in  the  closed  area  has  increased  at 
an  accelerating  rate  such  that  by  2004  the  density,  exploitable 
biomass  and  reproductive  biomass  of  scallops  was  5,5,  8.0  and  9.5 
times  greater,  respectively,  than  on  the  adjacent  fishing  ground.  In 
addition,  scallop  recruitment  and  commercial  catch  rates  have  also 
increased  during  the  study  period  on  the  several  fishing  grounds 
surrounding  the  closed  area.  These  patterns  may  be  the  result  of 
very  high  levels  of  scallop  reproduction  in  the  closed  area  and 
subsequent  larval  export,  and/or  they  could  be  explained  by  spill- 
over (movement)  of  scallops  from  the  closed  to  the  fished  areas. 
However,  fluctuations  in  scallop  populations  can  also  be  driven  by 
various  other  factors  such  variation  in  hydrographic  conditions  or 
predator  abundance.  Identifying  and  quantifying  the  mechanisms 
by  which  closed  areas  may  benefit  fisheries  is  crucial  if  they  are  to 
be  adopted  as  a  widespread  management  tool.  This  study  describes 
a  new  project  examining  the  effectiveness  of  combining  closed 
area  management  with  stock  enhancement.  The  initial  phase  of  this 
project  involved  importing  juvenile  scallops  from  the  Isle  of  Skye. 
Scotland  for  direct  seeding  on  the  seabed,  A  small  area  of  seabed 
(~1  km"),  adjacent  to  the  original  closed  area,  was  closed  to  mobile 
fishing  gear  for  3  years  from  June  2003  to  protect  these  scallops 
while  they  grew  to  commercial  size.  It  was  envisaged  that  this 
reseeding  exercise  would  "kick  start"  the  recovery  of  the  newly 
closed  area.  Protecting  the  scallops  during  their  critical  juvenile 
phase  should  also  improve  their  survival  and  growth  -  enhancing 
yields  when  the  area  is  re-opened  to  fishing.  In  addition,  because 
the  resceded  scallops  were  likely  to  be  genetically  different  from 


the  local  stock,  it  was  intended  to  use  this  feature  to  track  their 
dispersal  and  potentially  quantify  any  larval  export  from  the  new 
closed  area.  In  an  attempt  to  reduce  the  number  of  predators  (star- 
fish and  crabs)  prior  to  re-seeding,  the  area  to  be  closed  was 
initially  subject  to  2  days  of  commercial  scallop  dredging  at  the 
end  of  May  2003.  It  was  calculated  that  the  entire  seabed  within 
this  area  was  dredged  at  least  twice  diu'ing  this  procedure.  Dive 
surveys  were  then  done  to  obtain  background  estimates  of  the 
density  of  scallops  and  other  benthic  species.  For  the  reseeding 
exercise,  approximately  45.000  scallops  that  had  been  reared  in 
suspended  culture  were  collected  from  the  Isle  of  Skye  in  mid  June 
20(13  and  transported  to  the  Isle  of  Man  using  a  vivier  lorry. 
Scallops  came  from  two  different  farms  and  were  mainly  2-  (42%) 
and  3-  (53%)  year-old  individuals.  Mean  sizes  were  55.4  mm  SL 
for  2-year  olds  and  69.2  mm  SL  for  3-year  olds.  Scallops  from  one 
farm  were  very  heavily  encrusted  with  epifauna.  mainly  barnacles, 
and  both  sets  of  reseeded  scallops  were  easily  distinguished  from 
local  scallops  by  their  size  and  appearance.  On  arrival  at  the  Isle  of 
Man  the  reseeded  .scallops  wei'e  transported  by  boat  to  a  designated 
50  m  X  100  m  plot  within  the  new  closed  area  and  released. 
Survival  after  2  weeks  was  assessed  in  the  laboratory  and  the  field 
via  diver  surveys.  The  encrusted  scallops  suffered  substantial  mor- 
tality in  the  laboratory  (>80%),  whereas  the  clean  batch  showed 
greater  than  957(i  survival.  In  the  field  the  respective  figures  were 
33%  survival  for  the  encrusted  scallops  and  60%  for  clean  scallops 
(total  mean  survival  42,3%),  These  diver  surveys  also  revealed  a 
dramatic  aggregation  of  predators  (mainly  the  common  starfish 
Asterias  ntben.s  and  edible  crab  Cancer  pagiinis)  in  the  reseeded 
plot,  whose  densities  had  increased  20-fold  since  the  background 
survey.  Thirty  percent  of  dead  2-year-old  scallop  shells  displayed 
obvious  crab  damage,  compared  to  only  12%  of  dead  3-year-old 
scallop  shells.  Dive  surveys  were  repeated  in  September  2003  and 
July  2004  (3  and  12  months  after  reseeding  respectively),  both 
within  the  reseeded  plot  and  at  various  distances  outside  up  to  5(30 
metres  away.  After  3  months  the  density  of  live  reseeded  scallops 
in  the  plot  had  dropped  dramatically  to  less  than  one  percent  of  the 
original  reseeded  density.  However,  there  was  no  conesponding 
increase  in  the  density  of  dead  scallops;  in  fact  this  had  dropped  by 
75%.  In  comparison,  the  density  of  scallops  outside  the  plot  had 
increased  from  0.75  m"  prior  to  reseeding  to  5.0  m"  in  September 

2003,  and  reinained  high  in  July  2004  (3.9  nr).  These  patterns 
seem  to  have  been  strongly  driven  by  dispersal  of  scallops  from  the 
reseeded  plot,  because  there  was  very  little  natural  recruitment 
during  this  period.  Reseeded  scallops  were  found  up  to  500  m  from 
the  reseeded  plot  and  accounted  for  at  least  28%  of  all  scallops  in 
the  new  closed  area  in  July  2004.  Based  on  these  estimates  it  was 
calculated  that  at  least  10.920  reseeded  scallops  were  alive  in  July 

2004.  These  scallops  all  appeared  to  belong  to  the  clean  batch, 
giving  a  survival  rate  of  52%  for  these  scallops  but  no  survival  of 
the  encrusted  type.  Preliminary  work  has  also  demonstrated  that  it 
is  possible  to  distinguish  between  the  Skye  and  Manx  scallops 
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using  niicrosatellite  analysis.  Samples  collected  during  the  dive 
surveys  and  from  spat  collectors  in  2004  are  currently  being  ana- 
lyzed to  refine  our  estimates  of  scallop  dispersal  and  investigate 
the  possibility  of  larval  export  from  breeding  among  the  reseeded 
scallops.  Future  reseeding  exercises  would  benefit  from  ensuring 
that  the  scallops  to  be  reseeded  are  in  good  health  and  that  the  area 
to  be  reseeded  is  more  effectively  cleared  of  predators.  However, 
the  reseeding  exercise  does  appear  to  have  kick-started  the  recov- 
ery of  scallop  populations  in  the  new  closed  area.  This  should  lead 
to  increased  breeding  within  this  area  and  potentially  larval  export 
to  the  surrounding  fishing  grounds.  The  genetic  distinctness  of  the 
Skye  scallops  may  allow  larval  export  to  be  quantified.  An  experi- 
mental fish-down  of  the  new  closed  area  is  planned  for  mid  2006 
to  assess  the  fisheries  benefits  of  enhancing  and  closing  an  area  for 
3  years.  Given  our  results  to  date,  a  combination  of  closed  area 
management  and  stock  enhancement  seems  to  hold  considerable 
promise  for  improving  the  inshore  scallop  fishery  around  the  Isle 
of  Man. 


GENOTYPIC  EFFECTS  OF  GLYCOLYTIC  ENZYMES  ON 
THE  LEVELS  OF  ENERGY  SUBSTRATES  IN  GONAD 
AND  MUSCLE  OF  ARGOPECTEN  PURPURATUS.  Kathe- 
rina  Brokordt  and  Federico  Winkler.  Center  for  Advanced  Stud- 
ies in  Arid  Zones  (CEAZAl  and  Marine  Sciences  Faculty.  Uni- 
versidad  Catolica  del  Norte.  Coquimbo.  Chile. 

The  polygenic  nature  of  most  quantitative  traits  makes  difficult 
to  understand  the  biochemical  genetic  basis  of  phenotypic  varia- 
tion. One  way  to  examine  the  interactions  between  the  forces  that 
outline  the  phenotype  of  an  organism  with  those  that  maintain  its 
underlying  genetic  variation,  is  to  inspect  the  variation  at  a  specific 
gene,  especially  one  whose  biochemical  function  is  known,  and 


then  recognize  its  effect  on  the  phenotype  (Krause  &  Bricelj  1995). 
Glycolytic  and  pre-glycolytic  en/ymes  have  an  important  function 
in  the  storage  and  utilization  of  energy  substrates  in  the  gonad  and 
the  mussel.  We  examined  the  genotypic  effect  of  5  glycolytic  and 
pre-glycolytic  polymorphic  allozymes  (ODH.  APK.  GPL  G3PDH 
and  PGD)  on  the  variation  in  energy  substrate  contents  (carbohy- 
drates, lipids  and  proteins)  present  in  gonad  and  adductor  muscle 
of  adult  allozymes  genotype  was  assessed  in  180  scallop  muscles 
by  horizontal  starch  gel  electrophoresis.  In  the  same  individuals 
the  content  of  carbohydrates,  proteins  and  lipids  in  the  muscle  and 
gonad  were  determined  using  the  methods  described  by  Dubois  et 
al.  (1956).  Lowry  ( 1951 )  and  Mann  and  Gallager  (1985).  respec- 
tively. A.  piirpuiatus  muscle  showed  a  significant  variation  on 
carbohydrate  content,  related  to  the  genotype  of  ODH*.  APK*  and 
G3PDH*  (Fig.  1).  The  presence  of  the  common  alleles  ODH'^" 
(homozygote),  APK'*-  and  GSPDH''^  was  related  to  the  highest 
levels  of  muscle  carbohydrates.  Muscle  protein  content  was  high- 
est when  the  alleles  GSPDH^K  PGD"""  and  PGD*"'  were  present. 
Lipid  content  in  the  muscle  was  not  affected  by  any  allozyme 
genotype  we  tested.  In  the  gonad,  the  occurrence  of  the  alleles 
ODH' '"  and  APK''*-  was  related  to  the  highest  levels  of  carbohy- 
drates and  lipids.  In  addition,  gonad  carbohydrate  content  was 
greater  when  the  allele  GP/'"**  was  present  (Fig.2).  Finally,  the 
occurrence  of  the  alleles  APK'*'.  G.^PDH''^  GPl'"^  and  PCD"" 
implied  a  higher  level  of  proteins  in  the  gonad.  Our  results  show 
a  clear  association  between  the  ODH*.  APK*.  GPI*.  G3PDH*  and 
PGD*  genotypes  and  the  levels  of  the  three  energefic  substrates  in 
the  adductor  muscle  and  gonad  of  A.  piirpiiratus.  Considering  the 
great  importance  of  these  tissues  in  reproduction  and  escape  re- 
sponse, the  occurrence  of  alleles  associated  with  highest  contents 
of  carbohydrates,  lipids  or  proteins  may  have  an  adaptive  impor- 
tance to  .4.  purpiinitiis.  The  effect  of  specific  alleles  on  productive 
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Figure  1.  .Argopecten  purpuratus.  Effect  of  genotype  at  ODH*,  G3PDH*  and  .APK*  loci  on  muscle  carbohydrate  content. 
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trails  also  should  be  considered  lor  genetic  management  strategies 
in  scallop  aquaculture. 
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EMBRIOLOGICAL  DEVELOPMENT  OF  CATARINA 
SCALLOP  ARGOPECTEN  VENTRICOSUS.  Carlos  Caceres- 
Marti'nez,'  Jorge  Chavez- Villalbar  Jorge  L  Caceres-Puig'  and 
Jorge  A.  Masso-Silva.'  'Universidad  Autonoma  de  Baja  Califor- 
nia Sur.  Km  5.5  Carretera  al  Sur.  La  Paz.  BCS.  3080.  Mexico: 
-Centre  de  Investigaciones  Biologicas  del  Noroeste.  Unidad  Guay- 
mas.  AP  349.  Guaynias.  Sonora  85463.  Mexico. 

During  the  last  25  years  different  efforts  have  been  made  for 
the  knowledge  of  biological  history  of  Ar^opecten  ventrico.sus  in 
the  North  West  of  Mexico,  in  spite  of  the  capability  of  hatchery 
seed  production  and  the  knowledge  of  larvae  development,  the 
embryology  of  this  species  remains  undescribed.  The  objective  of 
this  work  is  to  describe  the  inorphological  changes  during  fecun- 
dation, segmentation  and  gastrulation  of  .A.  veiiiricociis. 

Twenty-five  scallops  were  collected  in  La  Paz  Bay  and  trans- 
ported to  the  laboratory.  After  they  were  cleaned,  they  were  stimu- 
lated by  thermal  shock  for  spawning.  When  spawning  was  initi- 
ated, the  scallops  were  set  in  individual  containers  to  obtain  sepa- 
rated gametes,  male  and  female  gametes  were  combined  and  the 
embryological  development  was  followed  until  the  appearance  of 
the  trocophore  larvae.  The  incubation  condition  took  place  in  fil- 
tered (I  p.ml  and  UV  inadiated  seawater  maintained  al  2I°C  in 
three  lO-L  plastic  containers.  After  fertilization,  samples  were 
taken  for  microscopic,  micro-photographic  and  micro-video  ob- 


servations. All  the  changes  were  recorded  for  description  of  ern- 
brvonic  de\elopment.  The  eggs  of  A.  vi'nrrico.tti.'i  were  spherical 
witli  diameter  of  45  y.m  average,  which  means,  quite  small  in 
comparison  to  Pfclen  imi.ximus  eggs  (79  p-in)  (Paulet  et  al.  1988). 
After  29  minutes  from  fertilization,  we  observed  the  first  polar 
body  on  I59c  of  the  eggs,  in  vegetal  pole  15  minutes  later  we 
observed  the  first  division  where  the  first  segmentation  plan  (me- 
ridional) was  easily  recognized.  The  segmentations  in  scallops 
were  described  for  Chlciiiixs  opcrmlaris.  PUicopccten  inagalluni- 
cus,  Argopecteii  irrandians.  Pcinnopeclen  ycs.soensi.s.  Chlamys 
hastate  and  Pecten  imiximus  as  was  noticed  by  Casse  (1995). 
During  the  first  division,  we  observed  the  formation  of  the  polar 
lobule  and  its  fusion  with  the  blastomere.  One  hour  and  25  minutes 
after  fertilization,  the  second  segmentation  edge  appeared,  the  sec- 
ond division  was  present  in  the  10%  of  embryos.  I  hour  45  minutes 
after  fertilization  and  5  minutes  later,  80%  of  embryos  showed  the 
third  division  (equatorial).  After  the  fourth  division,  we  could  not 
differentiate  the  segmentation  plans  until  they  reached  the  stereo- 
blastule  stage,  ending  the  segmentation  process  and  beginning  the 
gastrulation  with  morphogenic  movements  as  epibolia  and  invag- 
ination for  the  formation  of  blastopore  in  the  vegetative  pole.  As  it 
was  reported  for  molluscs,  the  gastrula  stage  was  ciliated  (Cragg. 
1980).  and  its  movement  maintained  the  embryo  rotating  over  by 
itself  all  the  time  The  experiment  finished  6  hours  12  minutes  after 
the  fertilization  started,  when  the  trocophore  larvae  were  func- 
tional. 
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ROUND  SCALLOPS  AND  SQUARE  MESHES- 
PROMISING  FIELD  TRIALS  WITH  BYCATCH  REDUC- 
TION DEVICES  (BRDS)  REDUCE  BOTH  BYCATCH  AND 
UNDERSIZED  SCALLOP  CATCHES.  Matthew  Campbell, 
Keith  Chilcottr  Anthony  Courtney."  Shane  Gaddes.'  Peter 
Kyne,'  Darren  Royr  Mark  Tonks'  and  Michael  O'Neill.' 
'School  of  Biomedical  Sciences,  Department  of  Anatomy  and  De- 
velopmental Biology.  University  of  Queensland.  St  Lucia  4072. 
Queensland.  Australia;  "Queensland  Depailment  of  Primary  Indus- 
tries and  Fisheries,  Southern  Fisheries  Centre.  PC  Box  76  Decep- 
tion Bay  4506.  Queensland,  Australia. 

Benthic  trawl  fisheries,  such  as  those  for  prawns  and  .scallops 
on  the  Queensland  east  coast,  generally  produce  large  amounts  of 
bycatch,  which  is  comprised  of  hundreds  of  species  of  small  tlsh 
and  invertebrates.  The  amount  of  bycatch  produced  greatly  ex- 
ceeds that  of  the  target  catch.  A  research  project  funded  by  the 
Australian  Fisheries  Research  and  Development  Corporation 
(FRDC)  quantified  the  catch  rates  and  composition  of  bycatch  in 
the  fishery  and  tested  a  range  of  bycatch  reduction  devices 
(BRDs).  A  9-day  research  charter  conducted  in  the  scallop  fishery 
demonstrated  that  bycatch  could  be  reduced  by  78%  by  using  nets 
with  a  turtle  excluder  device  (TED)  and  a  square  mesh  codend 
BRD  installed,  compared  to  a  standard  net.  If  scallop  fishers  used 
the  devices,  it  would  reduce  bycatch  by  several  thousand  tons 
annually.  Whereas  the  research  was  undertaken  to  address  bycatch. 
it  also  found  that  the  devices  reduced  catch  rates  of  undersized 
scallops  by  63%.  Square  mesh  codends,  in  particular,  show  great 
potential  for  regulating  the  minimum  size  of  scallops  and  lowering 
incidental  fishing  mortality,  as  well  as  significantly  reducing  bycatch. 


A  STEREOLOGICAL  STUDY  OF  THE  REPRODUCTIVE 
CYCLE  OF  PECTEN  MAXIMUS  IN  MALAGA.  EFFECTS 
ON  ITS  AQUACULTURE.  Jesus  Campos.'  Juana  Cano.= 
Carmen  Vazquez'  and  Francisco  J.  Lopez."  'Centro  Oceanogrii- 
fico  de  A  Coruiia,  Instituto  Espanol  de  Oceanografia,  PO  Box  1 30, 
15080  A  Corufia,  Spain;  "Centro  Oceanografico  de  Malaga,  Insti- 
tuto Espafiol  de  Oceanograffa.  PO  Box  285,  29640  Fuengirola 
(Malaga),  Spain. 

The  great  scallop.  Pectoi  inaxiinus  L..  is  a  bivalve  belonging  to 
the  family  Pectinidae.  This  species  is  distributed  all  along  the  east 
coast  of  the  Atlantic  Ocean,  from  Norway  to  Mauritania,  and  en- 
ters the  Alboran  Sea.  Numerous  studies  have  been  canied  out  on 
the  reproductive  cycle  of  this  species  at  different  locations  on  the 
European  coast,  pointing  to  the  varying  behavior  of  the  great  scal- 
lop depending  on  the  zone  and  year  when  there  are  different  en- 
vironmental conditions.  (Paulet  et  al.  1988,  Paulet  &  Boucher 
1991,  Strand  &  Nylund  1991,  Pazos  et  al.  1996).  To  develop 
culture  systems  of  a  particular  species,  it  is  necessary  to  have  an 
understanding  of  its  reproductive  biology.  In  1997  studies  began 
with  a  view  to  develop  the  culture  of  the  great  scallop  in  Malaga, 
which  has  the  largest  extension  of  natural  banks  on  the  Iberian 


peninsula.  Up  until  the  year  2001  the  reproductive  cycle  had  only 
been  studied  in  wild  specimens  of  this  species  collected  from  the 
naturally  occurring  populations  near  the  area  where  the  culture  is 
caiTied  out  (Roman  et  al.  2001 ).  Cano  and  Campos  (2003)  studied 
the  reproductive  cycle,  age  at  onset  of  maturity  and  spawning 
season  of  cultured  scallops  on  the  basis  of  gonad  condition  indices, 
and  they  compared  these  data  with  the  reproductive  cycle  of  wild 
scallops,  finding  the  sexual  behavior  of  both  scallops  to  be  similar. 
This  work  discusses  the  knowledge  of  the  reproductive  biology  of 
P.  }uaximi(s  on  the  basis  of  the  ewilution  of  the  gonad  condition 
indices  as  well  as  using  slereological  studies  and  oocyte  size  fre- 
quency, which  are  the  most  objective  methods  available  to  evalu- 
ate sexual  maturity.  The  culture  was  canied  out  in  a  park  located 
opposite  the  fishing  port  of  Fuengirola  (Malaga),  which  has  mean 
depths  of  20  m.  Spat  was  obtained  form  collectors  moored  from 
April  to  July.  2001  and  removed  in  September  and  October.  Spat 
detached  in  September  and  October  were  moored  on  a  longline  at 
lO-m  depth  below  the  bottom  in  round  culture  trays  40  cm  in 
diameter  at  a  stocking  density  of  40  scallops/tray.  In  January,  2002 
the  animals  were  thinned  out  to  a  stocking  density  of  24  scallops/ 
tray  and  in  June,  to  16  scallops/tray.  Starting  in  January,  2002.  30 
scallops  were  sampled  monthly  in  2002  and  at  intervals  of  every  2 
weeks  in  the  2003.  Scallop  shell  length  and  height  (mm)  were 
measured  and  the  whole  animal  was  weighed  (g).  The  scallops 
were  then  dissected  separating  the  muscle,  gonad,  digestive  gland 
and  remaining  tissues  (gills  -I-  mantle  +  foot),  and  wet  weight  as 
well  as  shell  dry  weight  (g)  were  obtained.  These  values  were  used 
to  calculate  the  condition  indices  of  the  different  organs:  CI„rgan  ~ 
100  *  (Shell  weight/Organ  dry  weight  ).  The  gonads  of  10  speci- 
mens were  processed  using  traditional  histological  methods.  Ten 
images  of  each  gonad  were  randomly  selected  for  analysis  using 
slereological  methods  (Paulet  1990.  Mestre  1992,  Pazos  et  al. 
1996).  The  inean  diameter  and  area  of  each  oocyte  were  recorded 
by  counting  and  automatic  measuring,  and  objects  were  selected 
by  color  range  and  size.  Each  gonad  yielded  data  for  more  than  300 
oocytes.  The  gonad  occupancy  index  was  also  calculated  (GOI  = 
%  occupied  by  oocytes  that  had  not  undergone  atresia)  for  each 
image,  taking  into  account  the  area  occupied  by  the  oocytes  and 
the  size  of  the  standard  visual  field  (143,939  |jim").  In  2002  the 
gonad  condition  index  of  the  cultured  scallops  rose  from  January 
until  May  ( 1 .07),  followed  by  a  drop  until  the  month  of  September 
at  which  time  recovery  began  with  a  second  maximum  being 
reached  in  January  2003  (2.22).  In  2003  the  index  was  seen  to  peak 
and  drop  consecutively  from  January  to  May  (2.79).  After  this,  it 
increased  again  in  August  (1.36)  and  dropped  down  to  a  minimum 
value  of  0.5  in  October.  The  summer  rise  was  not  observed  in 
2002.  however  we  must  bear  in  mind  that  the  samplings  were 
carried  out  monthly  during  that  year.  In  fact,  in  a  simultaneous 
experiment  performed  on  wild  scallops  where  sampling  was  done 
at  intervals  of  every  2  weeks,  values  increased  in  mid-April  and 
again  at  the  beginning  of  June.  These  values  would  not  have  been 
recorded  if  sampling  had  been  carried  out  monthly.  The  stereo- 
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kigical  analysis  of  the  gonads  shows  that  the  \oliMiie  ok  occupancy 
went  from  C'l'^f  in  September  2002  to  95'/i:  in  August  200.V  Mean 
oocyte  diameter  ranged  from  7.30  |j,ni.  con^esponding  to  the  few 
oocytes  found  in  some  of  the  gonads  in  September  2002.  to  40.07 
IJLin  in  August  of  the  same  year:  The  gonads  were  found  to  be 
kicking  intrafollicular  space,  but  had  a  considerable  proportion  of 
lysis.  Oocyte  atresia  or  lysis  presented  maximum  \alues  in  kite 
May.  July  and  August.  2002  and  in  April.  200.^.  which  was  asso- 
ciated with  an  abundant  proliferative  activity  and  this  might  be 
seen  as  a  response  to  the  liberation  of  intrafollicular  space,  as 
happens  during  partial  spawnings  (C.  A.  Borzone  et  ak  2003).  The 
greatest  proportion  of  intrafollicular  space  would  coincide  with  the 
spawnings  recorded  at  the  end  of  .lune  and  in  September  2002 
(total  emptying  of  the  gonad)  and  in  early  Aprik  in  July  and  late 
August  in  2003.  Because  considerable  lysis  was  found  in  August 
and  to  a  lesser  extent  in  May  of  2002  and  April  2003.  it  was 
assumed  that  these  spaw  nings  were  not  the  best  ones  to  be  used  in 
the  procurement  of  spat.  Cano  and  Campos  (2003).  repoiled  that, 
in  effect,  the  highest  number  of  new  attachments  of  this  species 
took  place  in  the  collectors  in  April  2002  and  in  June.  July  and 
August  of  2003.  The  size  frequency  distribution  of  the  oocytes  is 
in  keeping  with  the  gametogenic  cycle  described  previously  de- 
spite the  fact  that  in  most  cases,  the  distributions  showed  that  the 
lollicles  contain  oocytes  in  varying  stages  of  development.  In 
2002.  we  observed  an  increase  in  the  frequencies  of  the  larger  sizes 
without  the  incorporation  of  new  cohorts  of  young  oocytes  in  May. 
which  is  characteristic  of  maturation,  whereas  in  October,  only 
oocytes  measuring  less  than  35  |j.m  were  found  to  be  piesent. 
indicating  that  one  spawning  had  taken  place.  In  2003.  there  was 
an  increase  in  the  larger  sizes  in  March.  May  and  early  August 
with  the  incorporation  of  young  oocytes  primarily  in  April.  June 
and  September.  Based  on  of  all  these  data  the  reproductive  cycle 
of  the  great  scallop  in  Malaga  was  concluded  to  be  characterized 
by  consecutive  spawnings  and  recoveries  from  March  until  late 
summer,  and  the  incidence  of  oocyte  atresia  depends  on  environ- 
mental conditions,  basically  temperature  and  the  availability  of 
food,  with  the  spawnings  producing  greater  or  lesser  spat  settle- 
ment, accordingly. 
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REPRODUCTIVE  CYCLE  OF  MIMACHLAMYS  VARIA  IN 
MALAGA  AND  EFFECTS  ON  ITS  AQUACULTURp:.  Jesiis 
Campos,'  Juana  Cano."  Carmen  Vazquez'  and  Francisco  J. 
Lopez."  'Centro  Oceanografico  de  A  Coruna,  Institute  Espanol  de 
Oceanografia,  PO  Box  130,  15080  A  Coruiia,  Spain:  "Centro 
Oceanografico  de  Malaga,  Institute  Espanol  de  Oceanografia.  PO 
Box  285.  29640  Fuengirola  (Malaga),  Spain. 

The  settlement  of  Mimachkunxs  varia  in  Malaga  is  very  high 
and  preliminary  data  on  the  tray  culture  of  this  species  would 
suggest  that  it  is  a  good  candidate  for  aquaculture  in  this  area 
(Campos  &  Cano  2003).  The  reproductive  cycle  of  this  scallop, 
w  hich  is  essential  in  establishing  the  relationship  between  spawn- 
ing and  recruitment  to  develop  the  culture,  has  been  studied  under 
Project  ACU00-()()8-C3-l  financed  by  the  INIA.  This  research 
entailed  a  study  of  the  gonad  condition  index  as  well  as  a  histo- 
logical study  of  the  gonad,  by  means  of  stereological  methods  that 
shed  light  on  gonad  evolution  and  oocyte  atresia.  Spat  retnoved 
from  the  collectors  moored  in  2001  were  used.  Over  the  course  of 
2  years,  2002  and  2003,  30  specimens  were  sampled  monthly,  and 
the  scallops  were  separated  by  sex  (males  and  females).  Shell 
length  and  height  (mm)  were  measured  and  the  whole  animal  was 
weighed  (g).  The  scallops  were  then  dissected,  separating  the 
muscle,  gonad,  digestive  gland  and  other  tissues  (gills  +  mantle  -i- 
foot).  and  wet  weight  as  well  as  shell  dry  weight  were  recorded  (g). 
These  were  used  to  calculate  the  condition  indices  of  the  different 
organs:  CI,„„j„  =  100  *  (shell  weight/organ  dry  weight).  In  ad- 
dition to  the  analysis  of  the  female  gonads,  quantitative  analyzes 
were  performed  using  stereological  methods  (Paulet  1990,  Mestre 
1992,  Pazos  et  ak  1996):  10  specimens  were  processed  according 
to  traditional  histological  methods.  Ten  images  of  each  gonad  were 
randomly  selected  for  analysis.  The  mean  diameter  and  area  of 
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each  oocyte  were  recorded  by  counting  and  automatic  measuring, 
and  objects  were  selected  by  color  range  and  size.  In  general  each 
gonad  yielded  data  for  more  than  300  oocytes.  The  gonad  occu- 
pancy inde.x  was  also  calculated  (GOI  =  '/r  occupied  by  oocytes 
that  had  not  undergone  atresia)  for  each  image,  taking  into  account 
the  area  occupied  by  the  oocytes  and  the  size  of  the  standard  visual 
field  ( 14.^.9.^9  |j.m^).  During  the  2  years  of  the  study,  the  male  and 
female  gonad  condition  indices  present  a  similar  cycle,  maximum 
values  occuiring  from  February  to  May,  after  which  they  decline 
until  they  reach  minimum  values  in  August  to  September  with 
recovery  and  maturation  beginning  again  in  winter.  During  the 
second  year,  values  peaked  in  February  followed  by  a  shaip  drop 
and  qiuck  recovery  in  March.  With  the  onset  of  maturity,  most  of 
the  gonads  are  male,  but  the  relation  between  males  and  females 
changes  over  the  course  of  the  reproductive  cycle  so  that  the  pro- 
portion of  females  is  greater — as  high  as  10% — during  the  matu- 
ration stages,  dropping  to  as  low  as  209f  afterwards.  The  stereo- 
logical  analysis  shows  that  from  February  to  August  pailial  spawn- 
ing takes  place  and  scallops  recover  from  these  events  quickly. 
During  these  stages  mature  oocytes  and  pre-vitellogenous  oocytes 
are  visible  on  the  follicle  walls.  In  2002.  the  greatest  occupancy 
was  seen  in  May  and  June  (91.34%.  90.67%  I  and  the  gonads  were 
practically  empty  in  August  and  October  (1.7%  y  2%  respec- 
tively). Maximum  GOI  occurred  in  February  2003  (9.'i.90'7f )  with 
recovery  taking  place  from  April  to  June.  The  mean  diameter  of 
the  oocytes  ranged  from  18.35-35.18  |jim.  However,  this  is  an 
underestimation  because  a  gonad  contains  oocytes  of  varying 
sizes.  The  size  frequency  distribution  of  the  oocytes  indicates  that 
a  proliferative  activity  takes  place  practically  throughout  the  whole 
year.  The  only  time  oocytes  of  <10  |j.m  do  not  appear  is  during  the 
months  of  complete  maturation  in  spring  and  early  autumn,  when 
the  gonad  is  almost  completely  empty.  Oocyte  atresia  or  lysis  was 
found  in  most  samples,  however  it  was  highly  abundant  in  the 
terminal  stages  of  vitellogenesis  in  winter  and  summer.  Therefore, 
we  can  see  that  although  on  February  5.  2003  occupancy  amounted 
to  95.96%  with  the  absence  of  lysis,  on  21  February  lysis  was 
already  31%.  and  the  high  occupancy  seen  on  20  June  (98%:)  was 
followed  by  a  lysis  of  44.5  %  on  15  July.  This  may  have  been 
because  of  the  fact  that  the  conditions  were  not  optimum  for 
spawning  and  mature  oocytes  have  a  relatively  short  period  of 
viability  in  the  follicles.  The  spawning  period  is  broad-ranging  and 
lasts  fiom  February  until  late  summer,  but  when  there  are  high 
levels  of  oocyte  atresia  during  the  reproductive  cycle,  this  leads  to 
substantially  low  values  on  the  gonad  condition  index,  which  are 
an  impediment  to  the  abundant  settlement  of  spat  in  the  collectors. 
This  occurrence  is  supported  by  settlement  data  from  the  collectors 
moored  to  study  the  recruitment  pattern  of  this  species,  where  we 
observed  that  the  highest  settlements  recorded  over  the  2-year 
study  pertained  to  the  collectors  moored  in  April  and  removed  in 
June  and  July.  This  corresponds  to  the  release  of  gametes  after  the 
maximum  maturation  stages  in  April  and  May  (Cano  &  Campos 
2003 ).  This  is  the  time  of  year  that  the  collectors  should  be  moored 


for  the  procurement  of  seed  from  the  natural  environment  to  be 
used  in  culture. 
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THE  INFLUENCE  OF  DENSITY  AND  DEPTH  ON  THE 
GROWTH  AND  SURVIVAL  OF  MIMACHLAMYS  VARIA 
AND  AEQL'IPECrEN  OPERCULARIS  IN  MALAGA 
(SPAIN).  Juana  Cano,'  Jesus  Campos^  and  Francisco  J.  Lo- 
pez.' 'Centro  Oceanografico  de  Malaga.  Instituto  Espai'iol  de 
Oceanografia.  PO  Box  285.  29640  Fuengirola  (Malaga).  Spain: 
"Centro  Oceanografico  de  A  Coiuiia.  Instituto  Espanol  de  Ocean- 
ografia. PO  Box  130.  15080  A  Coruiia.  Spain. 

For  the  development  and  optimization  of  a  species  in  sus- 
pended culture  it  is  well  known  that  one  of  the  most  important 
aspects  is  to  determine  the  depth  and  stocking  density  at  which  the 
species  will  thrive,  resulting  in  the  highest  growth  and  lowest 
mortality  rates.  Malaga  is  an  area  of  interest  for  the  development 
of  pectinid  culture  in  Spain.  The  three  commercial  species  {Pecten 
iiiii.xiiinis.  Miittaclikiinys  varia  and  Aequipectett  opercularis)  have 
a  high  settlement  rate,  with  an  average  of  around  200  specimens 
per  collector  for  the  three  species  (Cano  et  al.  1999.  Cano  et  al. 
2003).  Studies  have  been  carried  out  to  determine  the  optimum 
density-depth  for  the  culture  of  P.  maximus  (Cano  et  al.  2000),  but 
not  for  M.  varia  and  A.  opercularis.  The  study  of  these  two  species 
began  in  2002  within  the  frainework  of  Project  ACU0()-008-C3-l 
financed  by  the  INIA.  Scallops  were  reared  in  Fuengirola 
(Malaga).  Spat  were  procured  from  collectors  moored  between 
April  and  June  and  removed  in  October  2002.  The  suspended 
culture  of  the  scallop  (M  Varia)  was  started  on  October  24.  2002 
and  that  of  the  queen  scallop  (A.  opercidaris)  began  on  November 
4.  2002.  The  aim  of  the  experiment  is  to  study  the  optimum  density 
and  depth  to  be  used  in  culture.  Trays  containing  Mimachlamxs 
varia  were  moored  on  the  longline  at  5-  and  15-m  depths  below  the 
bottom.  Two  initial  sizes  were  used — average  sized  specimens 
(height   =    15.2  ±  2.16)  and  large  specimens  (height  =  22.43  ± 
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1.-^9) — and  three  stocking  densities:  60  and  100  scallops/tray  tor 
the  average  sizes  and  40  scallops/tray  tor  the  large  specimens.  The 
trays  containing  Aequipecten  opeixuluris  were  moored  at  6-  and 
12-m  depths  below  the  bottom.  An  initial  large  size  was  used 
(height  =  .^1.90  ±  3.51)  and  two  stocking  densities:  60  and  40 
qtieens/tray.  The  scallops  moored  at  6  m  and  a  density  of  40  was 
lost  due  to  a  storm.  In  the  two  cases,  the  first  sampling  was  carried 
out  after  3  months  (January  and  February.  2003),  and  the  others  in 
June.  September  and  November  2003.  which  marked  the  end  of  the 
experiment.  The  samplings  provided  data  on  the  size  (height  m 
mm),  survival  (number  of  live  specimens  in  each  sampling)  and 
shell  and  tlesh  weight  (gonad,  muscle,  digestive  gland  and  remain- 
ing tissues)  (g).  Mimachlamys  vaiia.  The  average-sized  scallops 
moored  at  a  density  of  100  scallops/tray  and  at  5-m  depth  exhibited 
a  mortality  of  92'7f  in  the  month  of  September,  which  forced  us  to 
teiminate  the  experiment  and  remove  all  the  culture  trays.  From 
the  start  of  the  culture,  the  scallops  of  this  size  moored  at  5  m 
showed  a  higher  growth  rate  for  all  the  parameters  sampled,  than 
the  ones  moored  at  15  m.  The  latter  specimens,  however,  did  not 
suffer  any  mortalities  until  the  month  of  November,  having  a  rate 
of  8%.  In  these  trays  moored  at  a  depth  of  15  m.  growth  was  seen 
to  slow  down  from  September  to  November,  and  the  scallops 
deci'eased  in  tlesh  weight  and  fractions.  The  average  sized  Mi- 
inachlaiuys  varia  scallop  moored  at  a  lower  density  (60  scallops/ 
tray)  and  at  a  depth  of  5  m  also  presented  a  high  mortality  rate  in 
September  (86.67%),  which  forced  us  to  terminate  the  culture 
experiment.  Growth  was  similar  in  both  cases  during  the  sampling 
of  both  depths  until  the  month  of  September.  Organ  growth  was 
similar  at  the  two  depths,  although  it  was  slightly  higher  at  5  m. 
depth.  The  large  scallops  reared  at  a  density  of  40  scallops/tray 
exhibited  a  similar  growth  in  size  at  both  depths,  but  differed  in 
total  weight  and  organ  weight,  because  these  values  were  higher  at 
5-m  depth.  At  both  depths,  the  digestive  gland  decreased  in  No- 
vember, whereas  the  gonad  increased.  This  occurred  at  all  depths 
and  densities  owing  to  the  onset  of  maturation,  as  seen  in  the  study 
on  the  reproductive  cycle.  Queen  scallops  moored  at  a  stocking 
density  of  60  individuals/tray  had  an  overall  greater  growth  in  size 
and  total  weight  at  both  depths,  than  those  stocked  at  40  individu- 
als/tray. The  gonad,  muscle,  digestive  gland  and  the  remaining 
tissues  behaved  similarly.  The  animals  grew  quickly  during  the 
first  winter,  reaching  the  legal  size  (50  mm  in  height)  in  June  for 
queens  at  a  density  of  60  and  in  September  for  those  stocked  at  40 
individuals/tray.  The  gonad  underwent  a  sharp  rise  in  growth  dur- 
ing the  first  3  months,  going  from  0.21  g  in  November  to  1 .30  g  in 
February.  From  this  point  on,  the  gonad  weight  and  the  gonad 
condition  index  began  to  decline.  Muscle  weight  rose  from  0.69  g 
to  3.82  g  in  1  year,  showing  a  continuous  growth  throughout  the 
whole  year,  whereas  the  muscle  condition  index  fluctuated.  The 
weight  of  the  digestive  gland  and  the  remaining  tissues  and  their 
condition  indices  grew  steadily  throughout  the  whole  year.  In  gen- 
eral mortality  was  high,  particularly  in  September,  probably  be- 
cause the  high  temperatures.  Based  on  the  results,  the  following 


conclusions  may  be  drawn:  From  the  time  the  culture  started,  the 
Mbmichhimys  varia  scallops  moored  at  high  densities  (100  scal- 
lops/tray) and  at  5-m  depth  had  a  higher  growth  in  all  the  param- 
eters sampled  than  those  moored  at  15  m,  however  the  latter  speci- 
mens did  not  show  any  mortality  until  November  (8%).  In  the  trays 
moored  at  15  m.  the  animals  exhibited  a  reduction  in  growth  from 
September  to  November,  and  a  drop  in  flesh  weight.  The  Mi- 
inathlamys  varia  scallops  moored  at  lower  densities  (40  scallops/ 
tray)  grew  at  a  similar  rate  at  both  depths.  In  contrast,  the  total 
weight  and  organ  weight  were  higher  at  5-m  depth.  At  both  depths 
the  digestive  gland  decreased  in  November  whereas  the  gonad 
underwent  an  increase.  Growth  in  Miitnichlamxs  varia  is  greater  at 
a  density  of  40  indi\  iduals/tray  and  Lit  5-m  depth  below  the  bottom. 
Growth  in  the  queen  scallops  was  greater  at  a  density  of  60  indi- 
\  iduals/tray  and  at  both  depths.  The  growth  of  this  species  does  not 
appear  to  be  affected  by  depth,  unlike  in  Miiiiachlainys  varia. 
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THE  USE  OF  DIFFERENT  GROW-OUT  METHODS  IN 
THE  CULTURE  OF  PECTEN  MAXIMVS,  MIMACHLAMYS 
VARIA  AND  AEQUIPECTEN  OPERCULARIS  IN  MALAGA 
(SPAIN).  Juana  Cano,'  Jesiis  Canipos"  and  Francisco  J.  Lo- 
pez.' 'Centro  Oceanografico  de  Malaga,  Institute  Espanol  de 
Oceanografi'a,  PO  Box  285,  29640  Fuengirola  (Malaga),  Spain; 
"Centro  Oceanografico  de  A  Coruiia,  Instituto  Espafiol  de  Ocean- 
ografi'a, PO  Box  130,  15080  A  Coruiia,  Spain. 

In  2001  studies  were  conducted  on  the  maximum  time  pectinid 
spat  should  remain  in  the  collectors  with  a  view  to  examine  the 
growth  and  survival  of  three  scallop  species  (Pecten  maximus, 
Mimachlamys  varia  and  Aec/ipecten  opercularis)  (Campos  &  Cano 
2003a  and  2003b).  Moreover,  in  2002.  when  the  spat  were  de- 
tached from  the  collectors,  we  found  a  large  quantity  of  Mi- 
machlamys varia  seed  <0.5  mm  in  size  which  would  filter  through 
the  mesh  of  the  quarters  used  to  grow-out  small  spat  and  get  lost. 
We  decided  to  moor  the  spat  in  clean  collector  bags  to  prevent 
losses,  because  this  scallop  spat  quickly  resettles,  using  its  byssus 
threads  as  an  attachment  base.  With  the  results  obtained  from 
previous  studies  and  within  the  framework  of  Project  ACUOO-008- 
C3-1  financed  by  the  INIA,  we  decided  to  carry  out  this  research 
work  to  determine  the  feasibility  of  other  systems  as  an  alternative 
to  trays  to  be  used  in  pectinid  culture.  Spat  were  procured  from 
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collectors  moored  between  January  and  July  and  renun  ed  in  Sep- 
tember 2003.  This  year  we  decided  to  moor  the  three  species  of 
scallops.  Pecten  ina.xiiinis.  Mimuchkimys  varia  and  Aeqipcctcn 
opercuhiris  removed  from  the  collectors,  in  trays  and  bags  similar 
to  the  collectors  used  to  procure  the  spat,  and  carry  out  a  com- 
parison of  the  results.  Monitoring  of  the  spat  began  after  removal 
and  continued  until  December  2004.  when  the  last  sampling  was 
taken.  Another  grow-out  experiment  was  performed  using  Mi- 
machlamys  varia  spat,  taking  advantage  of  its  natural  attachment 
mechanism  by  means  of  the  byssus.  Scallops  were  hung  using  a 
rope  covered  with  a  self-digesting  net.  similar  to  the  kind  used  in 
mussel  culture.  Dining  the  sampling  we  recorded  the  size  (height 
in  mm)  and  survival  (nmnber  of  live  specimens  in  each  sampling). 
Great  scallop  spat  were  moored  after  being  sorted  into  large  (27.12 
±  5.32  mm)  and  small  (17.20  ±  5.32  mm)  sizes.  Initial  stocking 
densities  in  the  trays  consisted  of  60  large  and  200  small  seed  of 
great  scallop/tray  and  in  bags  containing  100  large  great  scallops 
and  200  small  great  scallops/bag.  Minuichlaiuys  varia  spat  were 
separated  into  large  (27.32  ±  2.34  mm)  and  small  (23.40  ±  2.77 
mm)  sizes.  These  scallops  were  cultured  in  trays  at  a  stocking 
density  of  80  large  scallops/tray  and  in  bags  containing  275  large 
specimens  and  300  small  scallops  per  bag.  Large  queen  scallops 
were  grown-out  in  trays  at  a  stocking  density  of  80  queens  per  tray 
and  in  bags  containing  100  specimens  per  bag.  After  15  months  of 
culture,  the  small-sized  great  scallops  reached  a  height  of  79.64  ± 
6.18  mm  and  the  large  specimens.  81.63  ±  6.30  mm.  In  the  trays 
moored  in  September  a  slower  growth  rate  was  observed  from 
October  to  December.  It  seems  that  after  sorting,  the  differences  in 
size  tend  to  decrease  over  time  and  level  off  at  the  end  of  the 
culture  period.  There  were  no  mortalities  for  the  first  12  months, 
whereas  the  last  3  months  exhibited  a  very  low  mortality  rate  (2%). 
The  small  specimens  of  the  great  scallop  cultured  in  bags  attained 
a  height  of  57.91  ±4.12  mm  and  the  large  specimens  measured 
62.50  ±  3.22  mm.  after  15  months  of  culture.  Mortality  was  very 
high  at  the  end  of  the  culture.  68%  and  66%  for  large  and  small 
specimens  respectively.  The  large  Mimachlamys  varia  scallops 
moored  in  trays  had  reached  a  height  of  49.37  ±2.12  mm  in  April 
2004,  exceeding  the  commercial  size  of  40  mm.  In  December 
2004.  the  date  of  the  last  sampling,  they  measured  60  ±  5.31  mm. 
The  mortality  rate  was  12%.  Growth  in  bags  was  very  good,  with 
the  large  specimens  having  attained  a  size  of  43.02  ±  3.91  mm  in 
April  2004.  which  means  that  they  reached  commercial  size  in  6 
months.  After  15  months  they  measured  56.66  ±  4.27  mm  and  total 
mortality  was  8.72%  at  the  end  of  the  culture.  The  small  specimens 
of  this  species  took  slightly  longer  to  reach  commercial  size  (9 
months)  and  their  mortality  was  10%.  The  scallops  were  hung  on 
ropes  and  placed  in  bags  to  be  able  to  observe  the  number  of 
specimens  that  settled.  Settlement  was  only  average — just  half  of 
the  scallops  settled  on  the  ropes.  In  contrast,  the  growth  of  the 
animals  that  did  attach  to  the  ropes  was  good,  and  the  mean  height 
of  the  scallops  hung  on  ropes  increased  from  12.83  ±  2.27  mm  to 
48.25  ±3.12  mm.  The  scallops  grew  35.42  mm  in  I  I  months.  In 


the  floating  trays  there  was  no  mortality  except  in  the  spat  removed 
ni  August,  during  which  time  it  reached  practically  100%,  prob- 
ably owing  to  the  great  fluctuations  in  temperature  that  were  re- 
corded. The  spat  grew  quickh  ui  the  trays  during  the  first  winter, 
attaining  a  height  of  40  ±  2.5 1  mm  in  March.  In  summer  the 
growth  rate  started  to  diminish,  with  the  average  height  in  Novem- 
ber being  52  ±  4.82  mm.  Starting  in  October,  mortality  decreased 
and  the  spat  grew  rapidly  in  the  bags.  Average  spat  height  went 
from  16.6  ±  3.47  mm  when  they  were  detached  in  September  to 
28.8  mm  ±  3.76  in  January,  with  a  mortality  of  37,5%.  The  three 
species  grew  more  rapidly  in  the  trays  than  in  the  bags,  although 
it  is  still  too  early  to  draw  conclusions.  In  any  case,  the  bags  are 
easier  to  handle  and  less  expensive  than  the  trays  and  spat  can 
probably  be  held  there  for  a  period  of  time  before  being  transferred 
to  tray  culture.  When  the  trays  and  bags  containing  MiinacliUiinys 
varia  and  Aeqiiipecten  operciilaris  were  removed  in  November, 
2003.  a  high  mortality  was  detected,  coinciding  with  a  high  mor- 
tality of  adult  MiDHulilainys  varia  being  cultured  in  other  trays. 
This  mortality  might  be  attributable  to  some  type  of  viral  or  bac- 
terial infection.  There  also  could  have  been  a  problem  with  han- 
dling as  the  spat  might  have  been  out  of  the  water  for  too  long,  in 
addition  to  the  high  temperatures  during  the  month  of  September 
when  the  scallop  spat  was  being  removed.  The  scallops  of  Mi- 
machlamys varia  that  did  survive  underwent  excellent  growth  and 
presented  a  very  low  mortality  rate.  The  prospects  for  the  use  of 
collector  bags  and  rope  hanging  techniques  in  scallop  culture  look 
very  promising.  The  hanging  technique  needs  to  be  impro\  ed.  as  it 
is  a  process  that  requires  skill.  Also  a  longer-lasting  mesh  should 
probably  be  considered  for  use. 
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SCALLOP  SPAT  PRODUCTION  IN  NORWAY— IS  LAND- 
BASED  NURSERY  NEEDED  AS  AN  INTERMEDIATE 
STEP  BETWEEN  HATCHERY  AND  SEA?  Gyda  Christo- 
phersen  and  Thorolf  Magnesen.  Centre  for  Studies  of  Environ- 
ment and  Resources,  University  of  Bergen,  PO  Box  7800,  5020 
Bergen.  Norway 

Traditionally  small  Pecten  ma.ximus  spat  (post-larvae)  of  ap- 
proximately 2-mm  shell  height  have  been  directly  transferred  from 
the  hatchery  to  sea-based  nursery.  Post  larvae  are  obtainable  on  a 
year  round  basis,  whereas  spat  production  depends  on  environ- 
mental conditions  in  the  sea.  Spat  size  and  timing  of  deployment 
are  found  to  be  determining  factors  to  ensure  high  spat  yield  (Gre- 
cian et  al.  2000,  2003,  Christophersen  &  Magnesen  2001.  Rupp  et 
al.  2005),  and  the  growth  season  in  Norwegian  waters  is  limited  by 
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low  sea  temperature  in  the  spring  (5°C  to  10°C).  Strategies  to 
extend  the  production  period  have  been  pursued  by  acclimating 
small  spat  to  colder  v\ater  (Christophersen  &  Magnesen  2(>()1 )  and 
by  using  solar  heated  "poll"  as  water  source  to  land-based  indoor 
nursery  (Christophersen  &  Lie  2003).  The  occurrence  of  potential 
predators,  which  can  settle  inside  the  equipment  and  fouling  are 
other  factors  that  may  impair  the  yield  (Louro  et  al.  in  press). 
During  the  warm  water  season  deployment  of  spat  may  coincide 
with  the  settlement  of  starfish  larvae,  and  presence  of  Astcrici.'i 
nihciis  have  caused  heavy  losses.  With  the  aim  to  improxe  sur\  i\al 
of  spat  deployed  to  the  sea.  the  scallop  hatchery  in  Norway 
(Scalpro  AS)  built  an  outdoor  land-based  raceway  nursery,  as  an 
intermediate  step  between  the  growth  to  2  mm  in  the  hatchery  and 
final  nursery  growth  in  the  sea  from  6-10  mm  to  15-20  mm. 
Different  trials  have  been  undertaken  to  investigate  the  perfor- 
mance of  spat  in  order  to  evaluate  the  usefulness  of  the  new  land- 
based  nursery.  The  spat  were  obtained  from  P.  ma.xinuis  brood- 
stock  collected  from  natural  scallop  beds  in  Hordaland  County, 
western  Norway,  which  was  conditioned  and  induced  to  spawn 
according  to  standard  methods  at  Scalpro  AS.  Small  spat  ( 1-7  mm) 
were  transferred  from  indoor  conditions  in  the  hatchery  to  an  out- 
door land-based  nursery  after  settlement  either  on  downwelling 
screens  or  on  collector  bags.  Spat  that  had  settled  on  screens  were 
relayed  onto  trays,  whereas  the  collector  bags  with  attached  spat 
were  transferred  directly  to  the  nursery.  Growth  of  spat  of  different 
size  at  transfer  was  compared,  as  were  spat  grown  in  the  land- 
based  and  the  sea-based  nursery.  The  spat  allowed  to  settle  on 
collector  bags  had  been  exposed  to  different  tank  conditions  (light, 
water-circulation,  bag  color)  and  the  subsequent  yields  were  ex- 
amined. The  land-based  nursery  was  of  a  tlow-through  raceway 
type  with  10  parallel  raceways  of  length  10  ni,  width  0.6  m  and 
depth  0.8  m,  which  could  potentially  hold  7  million  small  spat. 
Seawater  was  filtered  through  a  dnim  filter  of  100-(j.rn  mesh  and 
supplied  the  nursery  at  a  pumping  rate  of  6  m'  per  minute,  equiva- 
lent to  a  velocity  of  2  cm  per  second.  The  experimental  nursery 
period  was  from  May  to  September  when  the  sea  temperature  was 
7°C  to  19°C.  Preliminary  results  showed  that  growth  in  the  land- 
based  nursery  was  equal  to  growth  in  the  sea  considering  spat  that 
retained  on  6  mm  mesh  after  6  and  9  weeks  growth.  The  relative 
shell-height  growth  was  size  dependent  and  varied  from  1 .5'^i  to 
4.2  %  per  day.  On  land,  85  9<-  of  spat  of  initial  size  1 .4  and  1  .S  mm 
survived,  whereas  survival  of  spat  of  initial  size  3.  5  and  7  mm  w  as 
78"^.  SS'/c  and  9\9c  respectively.  Survival  of  the  slowest  growing 
fractions  was  superior  in  the  land-based  nursery.  The  yield  of  spat 
>5  mm  from  collector  bags  varied  from  46  to  2,780  per  bag.  In 
addition  a  lai'ge  portion  of  spat  were  recovered  from  the  bottom  of 
the  raceway.  No  significant  differences  in  spat  yield  were  found 
between  the  different  pre-transfer  treatments.  A  higher  yield  re- 
lated to  competent  larvae  was  obtained  from  screens  than  from 
collector  bags,  and  the  settlement  on  each  collector  bag  was  too 
low  to  utilize  the  maximum  capacity  of  the  raceway.  Without 


impioving  the  settlement  per  bag,  the  production  in  trays  seemed 
to  be  the  most  viable  method.  Only  light  fouling  (clogging)  was 
observed  on  the  trays  in  the  raceway  and  starfish  larvae  rarely 
occurred.  Thus  it  was  shown  that  fouling  organisms  and  predators 
were  efficiently  removed  by  the  t'liter  at  the  water  intake  to  the 
raceway  and  that  survival  was  improved  in  the  system.  By  securing 
favorable  growth  conditions  for  the  slow  growing  individuals 
the  final  spat  yield  may  be  enhanced.  Maintenance  of  trays 
from  the  land-based  nursery  was  less  labor  intensive  than  of 
trays  from  the  sea-based  nursery,  but  the  capital  cost  of  the  land- 
based  nursery  was  higher.  Nevertheless,  the  cost  difference  could 
be  compensated  by  the  higher  survival  in  the  land-based  nursery, 
and  taken  into  consideration,  the  increased  survival  by  deploying 
larger  spat  to  sea;  the  use  of  an  intemiediate  nursery  seems  ad- 
vantaaeous. 
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IN  ILES-DE-LA-MADELEINE  (QUEBEC,  CANADA).  CAN 
SEA  SCALLOP  {PLACOPECTEN  MAGELLANICUS)  JUVE- 
NILE LOSSES  BE  REDUCED  DURING  THE  YEAR  THEY 
STAY  ON  COLLECTORS  TO  REACH  AN  APPROPRIATE 
SIZE  FOR  HANDLING?  Georges  Cliche,'  Carole  Cyr'  and 
Denyse  Hebert."  'Ministere  de  1" Agriculture,  des  Pecheries  et  de 
I"  Alimentation  du  Quebec.  Direction  de  la  recherche  scientifique  et 
technique,  184  Chemin  Principal,  Cap-aux-Meules.  P.Q..  Canada. 
G4T  1C6:  -Petoncles  2000.  55  route  199.  Fatima,  Canada  G4T 
2H6. 

In  Iles-de-la-Madeleine  (Quebec,  Canada),  scallop  producers 
have  to  deal  with  very  high  spat  mortalities  {>70'7f )  during  the  year 
spat  has  to  stay  on  collectors  to  reach  an  appropriate  size  to  be 
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handled  and  put  into  pearl  nets  for  intermediate  culture.  Usually 
collectors  are  immersed  at  the  end  of  September.  Recuperation  and 
cleaning  operations  start  in  the  middle  of  September  of  the  fol- 
lowing year  and  last  until  the  end  of  November.  Mortality  occurs 
mainly  between  the  middle  of  August  and  the  end  of  November. 
Main  factors  pointed  out  to  explain  this  phenomenon  are  related  to 
the  overabundance  of  organisms  (scallop  and  undesirable  species) 
inside  the  collectors.  As  time  goes  on.  packing  of  organisms  on  the 
bottom  of  the  collector  bag  increases  inducing  very  high  densities 
of  annuals  and  their  mortality.  On  the  other  hand,  as  organisms 
grow,  weight  of  collectors  increases.  Longlines  crash  on  the  sea 
bottom  and  collectors  drag  the  bottom  contributing  to  additional 
mortality.  Recuperation  and  cleaning  of  collectors  before  the 
middle  of  August,  present  3  major  problems:  ( 1 )  scallops  are  still 
very  small  at  that  time  (around  .5  mm);  (2)  air  temperatures  are 
relatively  high  to  handle  sea  scallops  and  {?}  intermediate  culture 
is  realized  in  lagoons  where  heavy  mussel  fouling  on  the  pearl  nets 
may  take  place  until  the  beginning  of  September.  Discussions  with 
Japanese  scallop  producers  in  2002  brought  us  lo  test  their  strategy 
and  to  put  very  small  scallops  in  intermediate  culture  at  the  be- 
ginning of  August  before  high  mortality  affect  scallop  spat  on 
commercial  collectors.  Because  it  was  very  important  to  develop  a 
production  strategy  usable  by  industry,  commercial  scallop  pro- 
ducers were  associated  with  all  steps  of  the  experimental  project. 
Undesirable  species,  mainly  blue  mussel  (Mytiliis  cilulis)  and  hia- 
tellas  {Hiati'lla  arclicci),  are  xery  abundant  on  collectors  and  sort- 
ing is  required  when  collectors  are  cleaned.  It  is  essential  for 
producers  to  use  a  mechanical  sorting  machine  able  to  handle  and 
to  sort  large  numbers  of  animals.  The  first  challenge  with  the  new 
strategy  was  to  know  if  mechanical  sorting  was  possible  and  ef- 
fective with  very  small  animals.  A  preliminary  essay  permitted  to 
conclude  that  it  was  possible.  For  experimental  trials,  manual 
sieves  were  used  but  these  sieves  were  adaptable  to  the  mechanical 
sorting  machine.  In  the  preliminary  essay  of  2003,  scallops  were 
lost  because  adjustments  of  sieves  weie  not  optimum.  Improve- 
ments were  made  in  2004  and  the  recuperation  rate  improved. 
Japanese  producers,  after  having  sorted  manually,  put  small  scal- 
lops in  large  pearl  nets  (30  cm  x  50  cm)  with  a  mesh  of  I  mm  at 
very  high  densities  (up  to  l(),00{)/pearl  net)  and  let  animals  grow 
for  1  to  2  weeks  before  reducing  densities.  They  usually  manipu- 
late rearing  structures  many  times  to  finally  bring  scallops  to  op- 
timal densities  for  suspension  culture.  To  reduce  the  number  of 
rearing  structures,  we  also  decided  to  use  initially  high  densities  in 
a  standard  pearl  net  doubled  with  1-mm  mesh  size  net.  However, 
to  lower  the  manpower  costs  associated  with  reduction  of  densi- 
ties, we  decided  to  test  2  strategies: 

•  to  keep  the  animal  at  high  density  (around  l,SO(J/pearl  net)  for  2 
to  3  weeks,  then 

•  to  reduce  densities  and  to  test  4  densities  (200,  300,  400  and  500 
scallops/pearl  net  2  mm  mesh  size)  and  finally  1  month  later  to 
reduce  the  density  to  1  15  scallops/pearl  net  for  the  rest  of  the 


intermediate  culture  period  to  leave  animals  at  high  densities 
(around  l,5(X)/pearl  net)  for  1.3  months  and  then  to  reduce  den- 
sities to  115  scallops/pearl  net. 

Keeping  in  mind  possible  fouling  problems  with  mussels  on  rear- 
mg  structures  in  the  lagoon,  strategy  I  was  also  tested  in  the  open 
sea  on  a  site  where  mussel  fouling  could  be  low.  On  the  20  col- 
lectors used  for  experimental  essay,  the  number  of  living  scallops 
was  estimated  to  be  28  ISO  scallops  and  their  mean  size  was  4.5  + 
0.9  mm.  From  this  number,  sorting  permitted  to  recuperate  and  to 
put  in  pearl  nets  at  high  density,  15,051  scallops  (53.4%).  When 
pearl  nets  where  recovered  for  strategy  1,  2  weeks  later,  93,  3%  of 
scallops  were  alive,  or  49.9%  of  number  originally  present  on 
collectors.  Their  mean  size  was  6.8  ±  1 .3  mm.  Survival  rates 
obtained  after  I  month  in  pearl  nets  at  4  densities  were  very  high 
varying  between  91%  and  96.5%  for  the  pearl  nets  immersed  in  the 
lagoon  and  91%  and  93%  for  the  ones  immersed  in  the  open  sea. 
There  was  no  difference  between  survivals  obtained  with  different 
densities.  Growth  rates  obtained  with  the  strategy  I  were  particu- 
larly interesting.  In  the  lagoon,  daily  growth  was  0.29  mm/day  and 
m  the  open  sea,  0.27  mm/day.  No  difference  was  observed  be- 
tween growth  rates  with  different  densities.  During  the  same  pe- 
riod, the  growth  late  of  scallops  left  on  collectors  in  the  open  sea 
was  0.08  mm/day.  So  at  the  middle  of  September,  the  size  of 
scallops  on  commercial  collectors  in  the  open  sea  was  8.5  mm.  The 
size  obtained  at  the  same  time  with  strategy  I  was  17  mm  and  with 
strategy  2,  13  mm.  With  strategy  2.  the  recuperation  rate  obtained 
48  days  after  immersion  in  the  lagoon  at  the  density  of  1,500 
scallops/pearl  net  was  of  89%  (48%'  of  initial  number  found  on 
collectors)  and  daily  growth  was  of  0.18  mm/day.  Mussel  fouling 
was  almost  inexistent  on  the  pearl  nets  and  never  represented  a 
problem.  The  main  problem  associated  with  the  mussels  was  that 
some  mussels  were  put  in  pearl  nets  with  scallops  because  sorting 
could  not  be  totally  effective.  Even  if  the  number  of  mussels  was 
very  low,  many  scallops  were  found  trapped  in  byssus  only  2 
weeks  after  being  put  in  the  pearl  nets  and  higher  mortality  and 
lower  growth  were  associated  with  agglomerations  of  scallops  and 
mussels.  In  2(J04  new  trials  were  realized.  Recuperation  rates  were 
improved  by  20%  and  the  results  on  growth  and  survival  were 
comparable  with  the  ones  of  2003.  Mussel  fouling  was  still  neg- 
ligible on  rearing  structures.  This  new  strategy  has  permitted  to 
increase  recuperation  rate  of  scallops  present  on  commercial  col- 
lectors. Treating  collectors  before  high  mortality  that  starts  at  mid 
August  has  at  least  doubled  the  recuperation  rate.  Sorting  of  small 
scallops  at  the  beginning  of  August  is  possible  and  effective.  Even 
if  operations  took  place  in  a  period  of  the  year  where  air  tempera- 
ture may  be  over  20  C,  survival  rates  were  very  high.  Increase  in 
size  is  also  very  interesting  because  young  scallops  put  in  pearl 
nets  earlier  in  the  season  are  approximately  10-mm  larger  than  the 
ones  left  on  collectors  at  the  middle  of  September.  Usually  scallops 
are  seeded  in  May  and  June  of  the  following  year  and  this  increase 
m  length  represents  an  advantage  lo  improve  the  resistance  of 
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scallops  to  predators.  Scallop  producers  plan  to  realize  in  2005  a 
pilot  project  to  confirm  the  interest  of  this  new  strategy  on  a 
coniniercial  scale. 


MANAGEMENT  OF  COMMERCIAL  SCALLOPS  IN  THE 
BASS  STRAIT  CENTRAL  ZONE  SCALLOP  FISHERY, 
AUSTRALIA.  Elizabeth  Cotterell  and  David  .lohnson.  Aiistia- 
lian  Fisheries  Management  Authority.  Box  7051.  Canberra  BC 
ACT  2610. 

Commercial  scallops  (Pecteii  fumatiis)  have  been  fished  in  the 
waters  of  Bass  Strait  since  the  1970s,  as  boats  explored  new 
gnuinds.  The  major  fishing  grounds  off  Lakes  Entrance  in  eastern 
Victoria,  the  northern  coast  of  Tasmania.  King  Island  in  western 
Bass  Strait  and  the  Furneaux  Island  group  in  eastern  Bass  Strait 
have  subsequently  been  fished  heavily,  w  ith  fishing  acti\  ity  peak- 
ing in  the  early  1980s  at  a  total  catch  of  nearly  12.000  tons  shell 
weight  (Young  &  Martin  1989.  Zacharin  1990).  At  this  time  fish- 
ing was  \irtually  unregulated  and  there  was  a  huge  increase  in 
fishing  effort  and  expansion  of  the  fleet,  with  a  trebling  of  effort  in 
the  fishery  in  the  2  years  from  1981  to  198.^  (Zacharin  1990). 
Three  fisheries  for  commercial  scallops,  managed  by  .-?  manage- 
ment agencies  (the  Victorian  Government,  Tasmanian  Govern- 
ment and  Commonwealth  Government),  evolved  though  all  indi- 
cations are  that  it  is  a  single  stock  of  scallops.  Each  management 
agency  has  different  governing  legislation  and  has  a  different  man- 
agement regime  (later).  The  overall  fishery  in  Bass  Strait  has  been 
characterized  by  a  series  of  booms  and  busts.  There  was  a  major 
decline  in  scallop  catches  in  1985  to  1987.  which  led  to  the  closure 
of  the  Tasmanian  fishing  grounds  from  1988.  The  Connnonwealth 
Central  Zone  was  closed  in  1 990  for  1  year  because  of  low  stock 
levels.  The  Tasmanian  grounds  reopened  to  fishing  in  1995  but 
were  closed  again  in  1997  and  20(OT  to  2002.  The  Central  Zone  was 
closed  again  in  1999  following  dramatic  declines  in  catch  from 
1997  to  1998  and  did  not  reopen  to  commercial  fishing  until  2002. 
Virtually  no  fishing  took  place  in  that  year.  In  2002  the  Common- 
wealth legislated  that  at  least  two  areas  of  the  Central  Zone  fishery 
(one  in  the  west  and  one  in  the  east)  be  closed  to  fishing 
each  season  to  minitnize  the  probability  of  recruitment  overfish- 
ing. Since  that  time  an  area  off  Flinders  Island  in  the  east  of  the 
fishery  has  been  closed  to  fishing.  This  closure  is  reviewed  annu- 
ally in  the  light  of  available  information  on  stock  status.  Additional 
measures  to  protect  spat  and  juveniles  from  the  impacts  of  fishing 
were  also  implemented;  a  bed  is  not  opened  to  fishing  unless  less  than 
20'7r  of  commercial  scallops  in  the  bed  are  above  the  minimuin  size 
limit. 

The  most  important  aspects  of  the  various  spatial  management 
regimes  used  by  each  management  agency  were  summarized  by 
Haddon  et  al.  (2004)  as  follows: 

Tasmania:  Most  scallop  beds  closed,  with  small  areas  open,  with 
a  flexible  maximum  catch  allocation  per  quota  unit 
within  the  fishery  and  size  and  trashimi  rale  limits; 


Commonwealth:   Most  scallop  beds  open,  with  small  areas  closed, 

with  an  effective  total  allowable  catch  (TAC) 

and  size  and  trashing  rate  limits; 

Victoria:  All  beds  open  every  year  with  an  implied  TAC.  There  is 

scope  for  temporal  closures  depending  on  condition  and 

size  of  scallops. 

One  of  the  major  challenges  I'or  fisheries  management  in  regards  to 
Bass  Strait  scallops  is  management  of  a  single  stock  by  multiple 
jurisdictions.  The  Australian  Fisheries  Management  Authority 
(AFMA)  was  established  under  the  Fisheries  Administration  Act 
1991  and  manages  fisheries  under  the  Fisheries  Management  Act 
1991  (the  FMA).  AFMA  is  the  Commonwealth  statutory  authority 
responsible  for  ensuring  the  sustainable  use  and  efficient  manage- 
ment of  Commonwealth  fishery  resources  on  behalf  of  the  Aus- 
tralian community  and  key  stakeholders. 

The  FMA  requires  AFMA  to  pursue  5  objectives.  In  brief  these  ai'e: 

•  efficient  and  cost-effective  fisheries  management 

•  ecologically  sustainable  development 

•  economic  efficiency 

•  accountability 

•  cost  recovery 

AFMA  must  also  seek  to  ensure  that  Commonwealth  fish 
stocks  are  not  over-exploited.  AFMA's  management  philosophy 
involves  a  partnership  approach  to  the  management  of  marine 
resources  under  its  jurisdiction.  This  approach  provides  opportu- 
nities for  stakeholders  to  have  input  into  the  management  process 
through  various  management  advisory  committees  or  MACs.  AF- 
MA's board  of  directors  makes  decisions  on  fisheries  management 
issues  based  on  advice  from  MACs,  AFMA  staff  and  other  special 
committees.  Scientific  surveys  have  been  conducted  in  the  Central 
Zone  since  2000.  These  surveys  have  provided  information  on 
scallop  size  and  abundance,  and  have  been  considered  by  the  MAC 
and  the  AFMA  board  when  recommending  fishery  closures  and 
TACs.  The  fishery  is  cunently  considered  to  be  overfished  (Bu- 
reau of  Rural  Sciences.  2003 ).  At  present  there  is  an  area  closed  off 
Flinders  Island.  This  contains  the  only  known  bed  of  cominercial- 
sized  spawning  scallops  in  the  Central  Zone.  The  most  recent 
scientific  infonnation  (M.  Haddon,  pers.  comm.)  indicates  that 
there  may  be  fewer  than  1,000  tons  of  scallops  present  in  the 
survey  area.  Scallop  operators  are  facing  some  marketing  chal- 
lenges. These  relate  mainly  to  continuity  of  supply  of  fresh  product 
to  domestic  and  export  markets  and  have  been  exacerbated  by 
competition  with  cheaper  imported  product.  There  are  also  issues 
of  overcapitalization  in  the  fishery.  Whereas  the  mechanism  for 
structural  adjustment  exists  under  the  management  plan  for  the 
fishery,  the  depressed  economic  situation  in  the  fishery  means  that 
there  is  no  money  available  for  this  to  occur. 

The  major  challenge  for  AFMA  is  how  to  ensure  an  ongoing, 
sustainable,  resource  while  priniding  an  economic  return  to  op- 
erators. Other  challenges  are  as  follows: 
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•  Integrating  spatial   management  and  conservation  objectives 
across  jurisdictional  boundaries 

•  Developing  decision  rules,  e.g.  tor  alternative  season  dates 

•  Cost-effective  gathering  of  data  on  the  fishery  and  stocks  over 
large  areas 
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IMPROVING  QUALITY  OF  SEA  SCALLOP  SPAT  COL- 
LECTION BY  A  MORE  ACCURATE  DETERMINATION 
OF  THE  IMMERSION  PERIOD  OF  COLLECTORS  IN 
ILES-DE-LA-MADELEINE,  QUEBEC,  CANADA.  Carole 
Cyr.'  Georges  Cliche,'  Gaston  Desrosiers"  and  Bruno  Myr- 
and. '  'Station  maricole  des  Iles-de-la-Madeleine.  Ministere  de 
r Agriculture,  des  Pecheries  et  de  1" Alimentation  du  Quebec.  184 
Chemin  Principal.  Cap-aux-Meules.  G4T  1C6;  "Institut  des  sci- 
ences de  la  mer  de  Rimouski  (Ismer).  Rimouski.  Quebec.  G5L 
3A1. 

Overabundant  settlement  of  undesirable  organisms  on  scallop 
collectors  can  negatively  affect  stirvival  rate  and  growth  of  young 
scallops,  increase  time  to  handle  and  clean  collectors,  slow  .sorting 
operations  in  the  plan  and  increase  production  costs.  In  1998. 
predation  by  starfish  {Aswrias  \iili;iiiis)  inside  collectors  resulted 
in  high  spat  tnortality.  In  2001,  overabundance  of  bivalves  Mytihis 
fdulis  and  H'uitclki  cinticci  in  collectors  has  caused  high  mortali- 
ties. Many  collectors  dragged  the  sea  bottom  because  the  weight  of 
long  lines  was  too  high.  A  study  done  in  2003  to  2004  near  a 
commercial  site  of  spat  collection,  located  east  of  Iles-de-la- 
Madeleine  (Quebec.  Canada),  aimed  to  evaluate  if  it  were  possible 
to  target  more  accurately  the  immersion  period  of  collectors  to 
reduce  abundance  of  undesirable  species  and  maintain  high  col- 
lection of  scallop  spat.  Specific  objectives  were  ( I )  to  determine 
the  spawning  period  of  sea  scallops  and  (2)  to  evaluate  if  larval 
monitoring  and/or  postlarval  monitoring  for  peak  settlement  could 
be  used  as  tools  to  determine  an  optimal  immersion  period  of  spat. 
The  sea  scallop  spawning  (length  >90  mm)  was  investigated  by 
monitoring  the  gonadosomatic  index  (GSI).  This  index  was  calcu- 
lated as  the  percent  ratio  between  the  wet  weight  t)f  gonad  and  the 
one  of  remaining  soft  parts.  Weekly  samples  of  20  adult  scallops 
(for  a  ratio  of  509^   female  and  50%  male)  were  collected  bv 


dredging  at  the  depth  of  28-30  in.  between  the  end  of  July  and  the 
middle  of  September  on  the  Chaine-de-la-Passe  (fishing  area)  and 
on  the  Fond  du  Sud-Oucst  (natural  bed  closed  to  fishing  since 
1 99 1 ).  To  determine  larval  densities,  a  sample  of  known  volume  of 
seawater  was  pumped  between  2  and  8  m  off  the  bottom  at  three 
sites.  The  larval  monitoring  was  realized  between  July  4  and  Oc- 
tober 29.  Larvae  of  sea  scallops  iPUiccipccten  imigellciiiictis)  and  4 
undesirable  species  (molluscs:  Mytihis  echilis,  Hiatella  arclica. 
Anoiiiiti  spp.  and  echinoderm:  Asrerias  vulgaris)  was  identified  and 
counted.  A  random  sub-sample  of  30  larvae  of  each  species  was 
also  measured  under  a  stereomicroscope  analyzer  Bioquant  IV 
Leica  (xlOO).  Spat  collection  monitoring  (2nd  tool):  Recruitment 
of  newly  settled  sea  scallop  and  undesirable  spat  species  was  es- 
timated using  artificial  collectors  immersed  for  7-day  intervals 
during  the  scallop  postlarval  settlement  period.  Collectors  were 
made  of  four  Netron  sections  inside  a  2-mm  mesh  spat-collecting 
bag.  Collectors  were  suspended  at  2  m  off  the  bottom.  Collectors 
were  immersed  weekly  at  three  sites  (water  depth  from  3(J-32  m). 
for  I  1  consecutive  weeks,  stalling  on  August  19.  A  week  after 
deployment,  collectors  were  retrieved  and  cleaned  over  a  250-p,m 
mesh  sieve.  The  content  of  collectors  was  preserved  in  95'/f  etha- 
nol.  Sea  scallops  and  four  undesirable  spat  species  found  on  col- 
lectors were  counted.  A  random  sub-sample  of  30  specimens  of 
each  species  was  also  measured.  In  2004.  to  verify  loss  of  spat 
during  collection,  sleeves  of  250-|a.m  mesh  were  gently  placed 
over  the  collectors  underwater  before  their  retrieval.  Other  spat 
collectors  made  as  described  earlier,  were  placed  in  the  commer- 
cial spat  collection  site  at  2  ni  off  the  bottom.  Five  collectors  were 
deployed  weekly  (water  depth  from  30-32  m).  for  6  consecutive 
weeks,  starting  Septetiiber  15.  In  December  6.  collectors  were 
retrieved  and  cleaned.  The  content  of  each  collector  was  preserved 
in  95%  ethanol  and  analyzed  as  described  earlier.  The  GSI  inoni- 
toring  showed  that  adult  scallops  initiated  spawning  by  August  26 
on  two  sites  sampled.  Spawning  was  completed  on  September  15. 
Larvae  of  mussels  were  most  abundant.  Highest  larval  density  of 
15.96  larvae/L  (>200-(a,m  shell  height)  was  recorded  on  September 
2.  Other  species  had  densities  lower  than  mussels.  We  observed  a 
peak  of  larvae  of  Aiioiiiias  on  October  20  (2.7  l/L).  of  Hiatellas  on 
October  I  (0.45/L)  and  of  sea  scallop  on  October  29  (O.IO/L).  Of 
the  undesirable  organistns.  mussel  was  the  most  abundant.  Highest 
density  (1 148  spats/collector)  was  observed  on  August  26.  Other 
molluscs  in  order  of  decreasing  abundance  included:  sea  scallop 
(465/col lector  on  October  20),  hiatellas  (354/collector  on  October 
26)  and  anomias  (47/collector  on  September  8).  Starfish,  a  major 
predator  of  scallop  spat,  was  only  present  in  low  numbers  (between 
0.33  and  6/collector)  except  on  Septeinber  22  with  26/collector 
(diameter  between  0.8  and  1  mm).  In  2004.  use  of  divers  to  recu- 
perate a  sub  sample  of  collectors  inside  bags  with  mesh  of  250  fjim 
showed  that  there  was  no  loss  of  organisms  when  collectors  were 
recovered  directly  from  the  boat.  We  can  observe  a  peak  of  scal- 
lops in  collectors  immersed  on  October  7  (6147/collector).  Highest 
densities  of  mussels.  Hiatelliis  and  Aitoinias  were  found  on  col- 
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h'imirc  1.  A)  (First  tool!  Number  of  larvae  per  liter  |)uni|)e(l  hetween  2  and  8  meters  off  the  bottom  ±  ecarly|H'  (stale  for  mussels  at  right!,  B) 
(Second  tooll  Number  of  postlarvae  per  collector  Immersed  one  «eek  ±  ecarlypc  (scale  for  mussels  at  ri)>htl.  Collectors  were  immersed  and 
retrie\ed  a  week  later.  C'i  Number  of  spats  per  collector  immersed  to  different  periods  ±  ecartype.  Collectors  were  retrieved  on  December  6, 2003. 


lectors  immersed  on  September  15  with  respectively  2727,  5154 
and  3760/collector.  Collectors  immersed  8  weeks  after  the  begin- 
ning of  spawning  of  sea  scallop  (October  2 1 )  contained  328 1  scal- 
lops, 532  mussels,  683  Hiatellas.  165  Anoinias.  Starfishes  were 
found  in  low  numbers  on  collectors  in  2003  (only  I  on  September 
15  and  October  13).  Monitoring  of  larval  abundances  permit  to 
identify  peak  of  larvae  >200-|xm  but  aside  from  mussel,  it  does  not 
seern  to  have  a  relation  between  larval  abundance  and  spat  settle- 
ment in  collectors.  For  mussels,  the  curves  present  the  same  ten- 
dency to  decrease  with  time  (Fig.  lA  and  IC).  Scallop  larvae  were 
always  the  less  abundant,  whereas  this  .species  was  always  the  one 
most  abundant  on  collectors  (Fig.  lA  and  IC).  With  results  of 
mussel  larval  monitoring,  it  would  have  been  possible  to  recom- 
mend to  scallop  growers  to  start  immersion  of  their  collectors  on 
September  23.  The  number  of  mussels  would  have  been  reduced 
by  half  still  with  a  good  scallop  collection  rate.  The  weekly  moni- 
toring of  spat  collection  is  a  good  tool  to  identify  peak  of  settle- 
ment. The  high  collecting  rates  of  mussels  and  hiatellas  were  ob- 
served at  the  end  of  August  and  at  the  beginning  of  September 
(Fig.  IB  and  IC).  Results  of  weekly  monitoring  of  spat  collection 
would  not  have  been  useful  to  reduce  the  number  of  mussels  and 
hiatellas  on  commercial  collectors  deployed  3  weeks  after  the  scal- 
lop spawning.  Some  years,  the  first  peak  of  the  collection  of  mus- 
sels and  hiatellas  may  be  later  in  September.  When  it  happens, 
weekly  spat  monitoring  could  be  a  useful  tool  to  identify  the  prob- 


lem and  to  recommend  to  producers  to  slightly  delay  the  immer- 
sion of  scallop  spat  collectors.  Another  useful  utilization  of  these 
results  is  the  possibility  of  knowing  if  there  is  still  interest  in 
immersing  commercial  collectors  late  in  the  season.  Meteorologi- 
cal conditions  are  particularly  rough  in  fall  and  it  is  not  always 
possible  for  producers  to  immerse  their  collectors  in  a  short  period 
of  time.  Aside  from  mussel,  weekly  monitoring  seems  to  under- 
estimate the  collecting  success  of  scallop,  Hiatella  and  Anomia.  A 
possible  explanation  of  low  collecting  success  of  certain  species  is 
that  collectors  immer.sed  for  1  week  are  not  fully  effective  for 
certain  species  possibly  because  conditioning  of  collecting  sub- 
strate (bacterial  biofilm)  is  not  optimal.  Other  experimental  works 
will  be  necessary  to  validate  this  hypothesis. 


VIDEO  CAMERA  SURVEY  OF  WILD  SEA  SCALLOP 
BEDS  VERSUS  ENHANCED  BEDS  IN  THE  SOUTHERN 
GULF  OF  ST.  LAWRENCE.  Leslie-Anne  Davidson  and  Mo- 
nique  Niles.  Dept  of  Fisheries  and  Oceans,  Leslie-Anne  Davidson, 
Dept  of  Fish,  and  Oceans.  343  Universite  Ave.  Moncton,  N.B. 
EIC  9B6  Canada. 

In  the  southern  Gulf  of  St.  Lawrence,  sea  scallops  (Placopeclen 
magellanicus)  can  be  found  on  various  beds.  This  resource  has 
been  commerciallv  fished  since  the  turn  of  the  centurv.  and  in  the 
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Enhanced  Sites  vs  Fished  Sites 


TABLE  1. 
Scallop  beds  evaluated  using  video. 


Enhanced 
2003 


Enhanced 
2003 


Bale  des  Chaleurs 
□  Adult  scallops 


Strait 

■  Juvenile  scallops 


Figure  1.  The  density  of  adult  and  juvenile  scallops  on  the  enhanced 
and  fished  sites. 


last  tew  years  the  scallop  landings  have  decreased.  The  Maritime 
Fishermen's  Union  (MFU)  in  New  Brunswick  Canada  has  been 
involved  in  a  scallop  enhancement  project  since  1996.  However  an 
effective  enhancement  program  has  only  been  in  place  since  2000. 
This  study  attempts  to  evaluate  the  success  of  the  enhancement 
activities  by  comparing  enhanced  sites  to  fished  sites.  In  October 
2003.  a  study  was  launched  to  compare  the  scallop  density  of 
enhanced  beds  to  commerciallv  fished  beds.  An  underwater  video 
camera  mounted  on  a  sled  was  towed  from  a  research  vessel  over 
the  bottom  at  a  speed  of  1  knot.  Other  equipment  required  for  the 
study  included  a  television,  digital  recorder,  cassettes,  global  po- 
sitioning system  (GPS)  and  a  computer.  The  camera  was  oriented 
to  video  tape  the  marine  bottom,  and  the  geographical  position  was 
recorded  using  a  GPS  overlay.  Each  site  was  video  taped  for  3  to 
4  hours.  Video  recordings  were  analyzed  to  determine  the  density 
of  the  adult  scallops,  the  swimming  juvenile  scallops,  sea  stars, 
crabs,  lobsters,  other  species  and  bottom  type.  The  survey  was 
conducted  over  three  enhanced  beds  and  two  commercial  fished 
beds  (Table  1). 


.Area 

Date 

Evaluated 

Date 

Site 

Seeded 

(ni-» 

Evaluated 

Fishing  sites: 

Northumberland 
Strait 

N/A 

7752 

October  1.  2003 

Bale  des  Chaleurs 

N/A 

8640 

October  8,  2003 

Enhancement 

Northumberland 

May  2(10-1 

IOV32 

October  2.  2003 

sites 

Strait 

Bale  des  Chaleurs 

Mav  2002 

3372 

October  7.  2003 

Bale  des  Chaleurs 

May  2003 

7992 

October  7.  2003 

The  adult  scallop  density  on  the  enhanced  site  that  was  seeded 
1 8  months  before  the  video  survey  was  1 .7  to  2.7  times  higher  than 
those  on  the  fished  sites.  Conversely,  less  adtilt  scallops  were 
recorded  on  the  enhanced  sites  that  were  seeded  only  6  months 
prior  to  the  survey  (Fig.  1 ).  The  young  swimming  juvenile  scallops 
were  observed  on  all  sites  except  on  the  fished  site  in  Bale  des 
Chaleurs  (some  juvenile  scallop  density  values  are  too  low  to  be 
seen  on  the  graph).  The  highest  density  of  juvenile  scallops  was 
observed  on  the  site  seeded  1 8  months  before  the  video  survey. 
The  scallops  seeded  6  months  before  the  survey  are  possibly  too 
small  to  be  observed  by  the  video  camera.  Nadeau  and  Giguere 
(2000)  reported  that  density  assessments  using  the  video  camera 
evaluation  are  only  759r  accurate.  However,  positive  results  of  the 
enhancement  project  seem  to  be  measurable  18  months  after  the 
seeding.  Nonetheless,  the  scallop  density  on  the  enhanced  and 
fished  sites  in  the  southern  Gtilf  of  St.  Lawrence  is  low  relative  to 
enhanced  beds  in  other  parts  the  world.  Hebert  and  Nadeau  (2002) 
reported  that  in  New  Zealand  the  aim  is  to  harvest  an  enhancement 
site  when  the  density  has  reached  to  1  scallops/m". 

Data  regarding  the  density  of  all  species  at  the  study  sites 
indicated  that  seastars  are  found  in  higher  numbers  on  the  en- 
hanced sites  than  the  fished  sites  (Fig.  2).  Because  the  seastars  prey 
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Figure  2.  The  density  of  all  species  on  the  enhanced  and  fished  sites. 
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on  scallops  their  presence  nia\   lia\c  a  ncgutixe  inipact  on  the 
success  of  the  project. 
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BREEDING  SEASON  OF  CHLAMYS  VARIA  (L.)  IN  SPAIN. 
J.  P.  De  la  Roche.'  A.  Louro,'  O.  Garcia,^  G.  Hernandez"  and 
G.  Roman.'  'Instituto  Espaiiol  de  Oceanografi'a.  Centre  Ocean- 
ografico  de  A  Coruna,  P.O.  Box  130.  15080.  A  Coruna.  Spain; 
"Universidad  de  Santiago  de  Compostela.  Instituto  de  Acuicultura. 
Departamento  de  Bioquimica  y  Biologia  Molecular,  15782  San- 
tiago de  Compostela,  Spain. 

The  black  scallop  Chlainys  varia  is  being  considered  as  a  can- 
didate for  aquaculture  in  Spain.  There  are  no  dense  local  popula- 
tions of  this  species  in  Spain,  and  no  commercial  fishery  has  been 
developed.  Two  areas  of  Spain  show  promising  conditions  for 
culture  of  this  species;  in  Galicia  (NW  Spain,  Atlantic  Ocean)  the 
black  scallop  was  formerly  fished,  but  nowadays  landings  are  no 
longer  recorded  and  supply  of  spat  depends  on  hatchery  produc- 
tion. In  Malaga  (South  Mediterranean),  black  scallops  are  not  com- 
mercialized, in  spite  of  the  abundant  settlement  found  to  occur  in 
collectors.  Settlement  in  collectors  and  spawning  in  hatcheries  are 
directly  linked  to  the  breeding  cycles,  therefore  a  detailed  knowl- 
edge of  the  cycle  in  both  areas  is  important  for  aquaculture  man- 
agement. The  breeding  cycle  of  C.  varia  has  been  previously  re- 
ported for  France,  Isle  of  Man.  Ireland  and  Galicia.  As  a  rule,  the 
breeding  cycle  shows  a  bimodal  pattern.  The  timing  of  the  cycle 
varies  with  latitude,  with  the  breeding  season  taking  place  later  in 
northern  populations.  Reddiah  (1962)  recorded  spawning  in  Isle  of 
Man  in  June  and  November,  whereas  Burnell  (1983)  reported 
spawning  in  June  and  August  on  the  west  coast  of  Ireland.  In 
French  waters  spawning  takes  place  in  May  and  September  (Lubet 
1959,  Lucas  1965.  Shafee  &  Lucas  1982).  According  to  Parada  et 
al.  (1993)  in  Galicia  C.  varia  spawns  in  March.  May  and  August. 
There  are  no  reports  available  about  the  breeding  season  of  C. 
varia  in  Malaga.  According  to  previous  reports.  C.  varia  is  a 
protandric  consecutive  hermaphrodite  in  which  the  gender  ratio  is 
related  to  age/size,  with  a  higher  percentage  of  females  being 
recorded  in  older/larger  scallops.  Gonad  color  is  variable  but  is 
often  a  whitish-cream  color,  regardless  of  gender,  although  some- 
times a  yellow  gonad  has  been  recorded  and  identified  as  female 
(Lubet  1959,  Lucas.  1965).  The  objectives  of  this  study  are  to 
compare  the  breeding  cycle  and  the  sexual  behavior  of  populations 
of  C.  varia  from  Galicia  and  Malaga.  Hatchery  produced  spat  of  C. 
varia  (Galicia)  and  spat  settled  on  collectors  in  Malaga  were  main- 


tained in  cages  .suspended  from  a  raft  (Ri'a  de  Arousa.  Galicia)  and 
from  a  long-line  (Marbella.  Malaga)  respectively.  In  Galicia,  the 
spat  was  produced  in  the  hatchery  in  June  year  0,  transported  to  sea 
in  autumn  year  0,  and  maintained  in  intermediate  culture  I  and  II 
(Roman  et  al.  2003)  until  February  year  2  (mean  size  42,3  ±  4.7 
mm,  21  months  old),  when  sampling  for  studies  on  breeding  cycle 
began.  In  Malaga,  collectors  were  deployed  in  April  year  0  and 
detached  in  November  year  0.  Sampling  began  in  January  year  1 
(mean  size  36.1  ±  2.8  mm.  i  1  months  old).  In  both  cases,  sampling 
was  carried  out  fortnightly.  Thirty  scallops  were  measured,  the 
gonads  removed  and  the  dry  weight  ( I00°C,  24  h)  obtained.  Gonad 
color  was  recorded  and  gender  determined  by  microscope  analysis 
of  gonad  smears.  The  breeding  season  in  Galicia  starts  in  spring 
and  goes  on  until  the  end  of  summer.  As  in  northern  populations, 
two  main  breeding  periods  were  observed,  with  a  maximum  re- 
corded between  April  and  May,  As  a  consequence  of  spawning  in 
this  period  minimum  values  were  observed  at  the  end  of  May. 
After  a  rapid  recovery  a  new  maximum  was  reached  in  mid-June 
followed  by  a  slow  decrease  in  gonad  weight  until  minimum  val- 
ues were  reached  in  September,  indicating  the  onset  of  the  resting 
period.  A  higher  proportion  of  males  was  recorded,  although  a 
slight  increase  in  the  proportion  of  females  was  recorded  as  the 
breeding  season  proceeded.  The  gender  ratio  (F/M)  was  always 
<0.5  between  February  to  May  (first  spawning)  but  increased  to 
0.7  in  the  second  period.  Color  was  not  useful  for  distinguishing 
the  gender,  because  both  male  and  female  gonads  varied  in  color 
between  white  and  cream.  However,  some  females  bore  yellow 
gonad.  In  Malaga  the  breeding  season,  which  began  when  scallops 
were  9  months  old,  extended  from  middle  winter  to  the  end  of 
summer.  During  this  time  continuous  reproductive  activity  was 
observed  with  probably  five  spawning  events.  The  breeding  period 
ended  by  mid  August.  In  this  population,  the  mean  value  of  the 
F/M  ratio  was  1.1,  and  the  color  of  the  gonad  was  useful  for 
differentiating  between  males  and  females,  because  males  always 
bore  white  gonad  whereas  the  female  gonad  was  always  yellow  or 
orange.  In  Galicia  the  breeding  period  was  found  to  be  similar  to 
that  recorded  in  other  northern  populations,  except  that  gonad 
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Figure  1.  Breeding  season  in  two  populations  of  C.  varia  in  Spain. 
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development  began  and  ended  earlier,  whereas  in  Malaga  the  re- 
productive cycle  began  earlier  and  ended  earlier  and  involved 
more  spawning  events  than  any  other  cycle  described  for  this 
species.  The  two  populations  differed  in  terms  of  the  gender  ratio, 
gonad  coloration  and  timing  of  breeding  which  may.  to  some 
extent,  be  related  to  environmental  factors  (temperature,  food 
availability,  photoperiod)  associated  with  latitude.  The  Galician 
population  behaved  in  the  same  way  as  the  northern  populations, 
whereas  the  population  from  Malaga  showed  distinctive  and 
exclusive  behavior  never  previously  recorded  in  other  popula- 
tions. 
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SCALLOP  CULTURE  IN  AUSTRALIA— SCOPING  STUD- 
IES. DEVELOPMENT  AND  REALITY.  Mike  Dredge.  40  Hall 
Road  Narangba.  4504.  Queensland.  Australia 

Scallop  culture  is  a  major  form  of  aquaculture:  one  with  global 
production  now  in  the  order  of  2  million  tons  per  year.  Whereas 
scallop  culture  hasn't  developed  into  a  v  iable  industry  in  Australia 
thus  far.  one  Australian  species.  Aiiiii.'iiiim  hiillmi.  has  grow  th  and 
market  characteristics  that  offer  promise  for  scallop  aquaculture.  A 
detailed  feasibility  study  on  scallop  aquaculture.  incorporating  bio- 
logical, marketing  and  economic  reviews  and  modeling  was 
funded  by  FRDC  and  completed  by  a  diverse  and  experienced 
technical  working  group  in  2002.  The  economic  models  suggested 
profitability  under  almost  all  operating  scenarios.  Two  Australian 
companies  have  attempted  to  develop  scallop  culture  based  upon 
A.  hallori  during  the  past  5  years.  One  of  these  companies  was  set 
up  as  a  direct  result  of  the  feasibility  study's  output  and  the  other 
has  used  development  procedures  remarkably  similar  to  those  de- 
scribed in  the  feasibility  study.  Both  companies  have  struggled  to 
develop  their  operations  into  economically  viable  businesses  thus 


far.  Developmental  delays  can  be  attributed  to  both  organizational 
and  technical  limitations.  One  company,  based  in  Western  Aus- 
tralia, has  fully  developed  infrastructure  and  authorization,  but  has 
had  problems  with  consistency  of  spat  supply.  The  second,  Queens- 
land-based company  has  experienced  a  series  of  delays  caused  by 
authorization  processes  and  staff  turnover.  Some  of  these  delays 
can  be  attributed  to  the  company's  failure  to  fully  understand 
government  process  and  legislation.  At  the  same  time,  government 
procedures  for  establishing  marine  aquaculture  in  a  form  that  re- 
quired exclusiv  e  access  of  the  seabed  and  water  above  it  were  very 
poorly  defined.  Under  capitalization  and  delays  in  establishing  an 
appropriate  organizational  structure  may  have  exacerbated  the 
company's  problems.  There  is  a  good  deal  to  be  learnt  from  this 
case  study.  Key  points  include  over-optimism  when  dealing  with 
technical  uncertainty,  assumption  that  private  enterprise  can  de- 
velop effective  management  and  new  technical  skills  quickly,  bud- 
geting and  capitalization  of  sunrise  industries  and  failure  of  com- 
munication between  government  agencies  responsible  for  licens- 
ing and  private  venture  companies.  Companies  undertaking  new 
aquaculture  operations  need  to  understand  government  process  and 
need  to  be  sufficiently  capitalized  to  withstand  process  uncertainty 
and  delay.  Above  all.  they  must  have  a  management  structure  that 
understands  the  technicalities  and  uncertainties  of  the  sunrise  in- 
dustry in  question. 


POSSIBILITIES  AND  MYSTERIES  IN  SCALLOP  REPRO- 
DUCTION. Arne  Duinker.  National  Institute  of  Nutrition  and 
Seafood  Research  (NIFES).  PC  Box  2029  Sentrum  5804.  Bergen. 
Norway. 

The  reproduction  is  an  interesting  and  puzzling  part  of  the 
biology  of  Pectcn  ina.xiinits. 

Some  aspects  of  the  main  framework  are  relatively  understand- 
able, with  clear,  testable  hypotheses.  For  the  first  time  in  bivalves, 
oysters  have  been  successfully  manipulated  with  phase-advanced 
regimes  of  temperature  and  photoperiod  resulting  in  a  phase  ad- 
vance of  the  winter  restart  of  gamete  development  (Chavez- 
Villalba  et  al.  20021.  A  framework  for  similar  manipulation  of 
the  annual  reproductive  cycle  has  been  suggested  for  P.  maximus 
(Duinker  1999;  2002),  supported  by  evidence  of  a  photoperiod 
effect  on  early  gonad  development  ( Duinker  et  al.  1999).  This  kind  of 
experiment  would  reveal  important  information  about  the  repro- 
duction of  any  species  of  commercially  exploited  scallops,  but  still 
remains  to  be  carried  out.  Comparative  studies  with  different  spe- 
cies would  be  particularly  valuable  in  this  context.  Seasonal  varia- 
tion is  seen  in  the  larvae  yield  in  hatcheries  for  P.  uui.xiimis.  hut 
short-term  variations  lead  \o  reduced  predictability  and  increased 
efforts  and  number  of  induced  spawnings  (pers.  comm.  T.  Magne- 
sen.  University  of  Bergen).  These  problems  seem  more  compli- 
cated and  more  difficult  to  study  but  nonetheless  interesting.  The 
variations  may  be  based  on  several  aspects  of  the  cellular  physi- 
ology in  scallop  reproduction.  Examples  may  includie  cycles  of 
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atresia  and  oocyte  growth  (Pan lei  &  Boucher  1991)  leading  to 
cycles  in  readiness  for  spawning  and  some  final  preparations  for 
spawning  with  airested  recruitment  of  young  oocytes  and  acceler- 
ated growth  of  the  remaining  cohorts  (Duinker  2002).  The  latter 
has  been  observed  in  P.  ma.ximus  as  absence  of  young  cells  (Mason 
19.^8.  Duinker  &  Nylund  2002).  and  Mathieu  et  al.  (1982)  showed 
that  oogonial  mitosis  in  mussels  was  inhibited  in  mussels  prior  to 
spawning  by  a  substance  in  the  mantle  tissue.  This  leads  to  the 
question  if  spawning  should  be  induced  in  more  than  one  step,  with 
a  first  stimulus  preparing  the  gonads  for  spawning  and  a  final 
stimulus  that  initiates  the  actual  spawning  (Duinker  2002).  A  simi- 
lar two-step  model  was  described  for  the  osphradium  in  P.  maxi- 
niiis  and  Placoplecten  magellanicits  (Beninger  et  al.  1995),  where 
a  sequence  of  a  "ready"  and  a  "go"  cue  initiates  the  accumulation 
of  monoamines  and  subsequently  their  release  in  the  gonad,  initi- 
ating spawning.  To  increase  the  predictability  in  .scallop  hatcher- 
ies, a  better  understanding  of  the  reproductive  biology  is  needed. 
Studies  of  the  main  framework  and  the  cellular  may  be  necessary. 
Because  research  on  scallop  reproduction  is  scattered  around  the 
world,  international  cooperation  with  comparative  studies  of  dif- 
ferent species  could  be  beneficial,  in  particular  if  involving  labs 
with  complementary  expertise.  One  approach  could  he  lo  compare 
a  species  that  is  relatively  easy  to  spawn,  such  as  the  Chilean 
Argopecten  purpidatiis,  with  a  species  that  gives  more  variable 
results  as  P.  mcixiiiius. 
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INDUSTRY  TRIALS  OF  A  SEA  SCALLOP  DREDGE 
MODIFIED  TO  MINIMIZE  THE  CATCH  OF  SEA 
TURTLES.  William  1).  Dul'aul',  David  B  Rudders'  and  Ronald 
J.  Sniolowitz".  '  Virginia  Sea  Grant  Marine  Advisory  Program,  Vir- 
ginia Institute  of  Marine  Science,  Gloucester  Point,  VA  23062,  USA; 
■^Coonamessett  Farm,  East  Falinouth,  Massachusetts  02536  USA. 

In  response  to  increasing  numbers  of  .sea  turtle  interactions 
observed  by  the  sea  scallop  industry  and  subsequently  corrobo- 
rated by  NMFS  observers,  a  series  of  15  experimental  cruises  were 
carried  out  during  the  summer  and  early  fall  of  2003  and  suinmer 
of  2004  on  the  continental  shelf  waters  of  the  mid-Atlantic  Bight. 
The  objective  of  the  cruises  was  to  examine  the  efficacy  of  a 
modified  commercial  sea  scallop  dredge  designed  to  reduce  the 
bycatch  of  sea  turtles  in  the  sea  scallop  fishery.  The  modification 
consisted  of  a  chain  mat  spanning  the  opening  of  the  dredge 
mouth.  The  performance  of  the  experimental  gear  was  assessed  by 
comparing  a  modified  dredge  fished  simultaneously  with  an  un- 
modified dredge.  Results  indicate  that  the  modification  was  suc- 
cessful in  eliminating  the  bycatch  of  turtles  with  relatively  small 
reductions  in  the  catch  of  the  target  species.  A  total  of  3.078  tows 
in  277  days  at  sea  was  observed  during  the  trials  with  eight  sea 
turtles  captured  in  the  unmodified  dredge  and  none  captured  in  the 
modified  dredge.  Of  the  tows  that  were  sampled  by  the  observers, 
the  modified  dredge  captured  significantly  (P  <  0.00 1)  less  scal- 
lops relative  to  the  unmodified  dredge.  On  a  percentage  basis,  the 
modified  dredge  captured  6.8%  less  scallops  than  the  unmodified 
dredge.  It  is  anticipated,  however,  that  the  difference  in  sea  scallop 
catches  will  decrease  over  time  as  industry  becomes  more  familiar 
with  the  use  of  the  chain  configuration.  These  cruises  demon- 
strated that  a  simple  modification  to  the  standard  sea  scallop 
dredge  can  be  effective  in  eliminating  the  incidence  of  sea  turtle 
bycatch  without  substantial  concomitant  reductions  in  the  capture 
of  the  target  species. 


DISTRIBUTION  AND  ABUNDANCE  OF  TWO  LION  PAW 
SCALLOP  SPECIES  (NODIPECTEN  SUBNODOSUS  AND  A'. 
NODOSUS)  IN  LATIN  AMERICA.  Esteban  Felix-Pico,'  M. 
Arellano-Martinez,'   G.  Ponce-Diaz'  and  A.  Mass6-Rojas\ 

'Centro  Interdisciplinario  de  Ciencias  Marinas-lnstituto  Politec- 
nico  Nacional,  Apdo.  Postal  592,  La  Paz,  B.C.S..  C.P.  23000, 
Mexico;  "Centre  de  Investigaciones  Biologicas  del  Noroeste,  S.C.. 
Apdo.  Postal  La  Paz,  B.C.S.,  C.P.  23000,  Mexico;  ""Centre  de 
Regional  de  Investigaciones  Pesqueras-lnstituto  Nacional  de  la 
Pesca,  Apdo.  Postal  La  Paz.  B.C.S.,  C.P.  23000,  Mexico. 

Two  species  of  scallops  belong  to  the  genus  NocHpecten.  the 
Central  Atlantic  Lion's  Paw  and  East  Pacific  Lion's  Paw  scallops. 
Nodipecten  itoJo.sii.s  (Linnaeus.  1758)  and  Nodipecten  siilmcido.'ins 
(Sowerby  1,  1835).  although  some  authors  place  the  East  Pacific 
Lion's  Paw  scallop  in  a  separate  genus,  Lyropecten  (Rombouts, 
1991).  East  Pacific  Lion's  Paw  scallops  are  found  from  central 
Baja  California  peninsula  ( 28  N)  to  the  Peru  (5'S)  and  intode  Gulf 
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of  California  in  depths  of  3-50  m.  generally  on  sand  bottom. 
Distribution  is  patchy  throughout  the  range  and  no  extensive  beds 
occur,  only  in  Mexico  the  one  largest  center  of  population  is  in  the 
lagoon  Ojo  de  Liebre.  Baja  California  Sur.  The  largest  and  heav- 
iest of  the  West  American  tropical  species  grows  up  210  mm.  The 
other  one.  Central  Atlantic  Lion's  Paw  scallops  occun'ed  widely 
throughout  the  Atlantic  coast  from  South  Carolina.  USA.  Carib- 
bean sea  to  Brazil  and  populations  support  small  fisheries.  They 
are  large  and  can  reach  a  shell  height  of  150  mm  (Lodeiros  et  al. 
1999).  This  study  presents  the  knowledge  regarding  the  fisheries  of 
Nodipecten  ssp.  mainly  in  the  Western  coast  of  Mexico  and  some 
references  in  other  countries  of  Latin  America.  The  analysis  is 
based  on  landings  statistics,  biomass  and  population  size  esti- 
mated, and  literature  reports  on  the  fishery  and  population  dynam- 
ics of  the  scallop.  This  description  approaches  topics  on  the  char- 
acteristics of  the  fishery,  population  changes,  catch  quotas,  prices 
and  local  and  export  markets.  In  the  capture  works,  approximately 
152  people  participated,  and  in  the  shucking  process  close  to  1.^5 
were  employed  during  the  season  2004.  Most  of  the  catch  was 
taken  by  divers  using  semi-autonomous  diving.  The  capture  quota 
per  equipment  was  between  300^00  scallops/day.  and  each  fish- 
ing session  permits  only  from  two  to  six  pieces  of  equipment.  The 
biomass  was  estimated  by  the  swept  area  method,  whereby 
samples  were  taken  by  diving  at  each  100-250  ni  and  selecting 
sampling  grid  at  random  by  CRIP  researches.  To  increase  preci- 
sion in  the  estimate  biomass  we  made  a  post-stratification,  defined 
as  a  new  classification  of  strata,  using  the  observed  catch  per 
station.  Animals  of  the  N.  siibnodosus  larger  than  80-mm  shell 
height  had  mature  gonads,  indicating  that  sexual  maturity  is 
reached  at  about  1-1 .5  year  old.  The  minimum  harvest  size  limit  of 
most  measures  140  nun.  The  population  distribution  occurs  in  a 
patchy  pattern  and  normal  densities  attain  one  to  two  specimens 
per  m~  in  the  beds  of  the  lagoon  Ojo  de  Liebre.  The  Mexican 
regulation  determined  a  closed  season  to  protect  breeding  stocks 
between  September  to  November,  although  the  fishing  period  is 
only  6  months  a  year  (May  to  July  and  November  to  January) 
(Masoo-Rojas  et  al.  2000).  Mexico  reported  the  greatest  change 
from  1995  to  1999.  going  from  35  t  of  muscles  to  an  historical 
maximum  of  157  t  valued  at  approximately  USD$2.072,081.  The 
total  biomass  estimated  per  year  increased  during  the  years  1996  to 
1998  from  556-1.600  t.  For  1999  the  total  biomass  fell  to  1,300  t 
then  later  it  increased  from  770-1,140  t  during  1999  to  2004. 
Overfishing  as  well  as  environmental  changes,  such  as  those  pro- 
duced by  the  El  Nino  1997  to  1998  have  caused  changes  in  its 
population  densities  and  size  structure  at  the  bahia  Ojo  de  Liebre. 
This  descent  cannot  be  attributable  to  an  illegal  catch;  the  most 
probable  cause  would  be  the  effects  of  the  El  Nino  of  1997  to 
1998.  The  landings  increased  to  100  t  of  muscles  per  year  from 
1996  and  remained  fairly  constant  thereafter.  The  home  market  for 
Lion's  Paw  scallop,  though  growing,  is  exported,  mainly  to  the 
United  States.  The  home  markets  are  La  Paz,  Los  Cabos. 
Ensenada,  Tijuana.  Cd.  Mexico  and  the  Lhiited  States.  Most  scal- 


lops are  exported  (more  than  50%)  as  fresh  or  blast  frozen.  The 
beach  price  reached  values  of  150-160  Mexican  pesos  per  kilo- 
gram of  muscles  (approx.  $13.  9  USD),  during  the  season  of  2004. 
Minor  landings  of  the  Atlantic  species  Nodipecren  nodosus  oc- 
curred sporadically  along  the  coastal  points  of  Colombia,  Venezu- 
ela and  Brazil.  Distribution  is  patchy  and  they  are  not  particularly 
abundant  in  any  one  locality.  Most  of  the  catch  is  incidentally 
taken  by  shrimp  trawlers.  No  attempts  have  been  made  to  estimate 
population  size  or  structure  in  any  area.  The  special  distribution 
and  temporal  variation  of  Nodipecten  spp  are  in  abundance  in 
Mexico,  Venezuela,  Colombia  and  Brazil.  The  lion's  paw  scallop 
is  characterized  by  extreme  dynamism.  Directed  fishery  for  this 
species  is  disproportionally  dependent  on  a  single  or  a  few,  often 
well  spaced,  year-classes.  The  rapid  growth  of  L.  Paw  scallop,  on 
the  other  hand,  has  been  more  persistent  particularly  in  the  north- 
ern aspect  of  the  bank. 
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GROWTH  IN  RFXOVERING  BEDS  OF  TASMANIAN 
SCALLOPS  {PECTEN  FUMATUS).  Malcolm  Haddon,  Jayson 
Semmens  and  Julian  Harrington.  Marine  Research  Laboratory. 
Tasmanian  Aquaculture  and  Fisheries  Laboratory,  University  of 
Tasmania.  Private  Bag  49.  Hobart,  Tasmania  7001,  Australia. 

Stratified  random  dredge  surveys  demonstrated  that  Tasmanian 
scallop  beds  and  the  fishery  reliant  on  them  collapsed  over  the 
1999/2000  period.  The  series  of  annual  surveys  (at  least)  that 
followed  this  event  provided  the  opportunity  to  detect  and  follow 
the  growth  of  particular  cohorts  in  scallop  beds  as  they  re- 
established themselves.  Beds  of  different  densities  established 
themselves  in  different  regions  and  their  growth  characteristics 
were  different.  The  only  scallop  beds  surveyed  in  the  State  of 
Tasmania's  waters  were  all  relatively  dense.  Conversely,  the  only 
scallop  beds  found  in  Australia's  Commonwealth  waters  near  Tas- 
mania were  of  relatively  low  density,  at  least  up  until  2004.  It  was 
only  the  discovery  of  a  very  dense  scallop  bed  in  Commonwealth 
waters  in  2004  that  permitted  a  more  thorough  comparison  of 
growth  rates  across  geographical  areas  and  density.  The  stock 
collapse  meant  that  new  cohorts  could  be  identified  and  their 
growth  followed  through  time.  Modal  analysis  was  used  to  char- 
acterize the  size  distributions  of  scallops  sampled  off  the  beds. 
Comparison  of  the  relative  growth  rates  of  scallops  from  different 
areas  and  densities  indicated  that  density  of  scallops  influenced 
growth  rates,  especially  after  reaching  between  70  and  80  mm  shell 
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length.  Such  variations  in  growth  rate  have  significant  implications 
for  stock  recovery  times  and  thereby  any  fishery,  based  on  the 
stocks.  The  minimum  time  to  reach  the  legal  minimum  length 
provides  an  indication  of  the  mininiinii  niniiber  of  alternative  scal- 
lops beds  that  need  to  be  a\ailablc  to  any  rotational  or  paddock 
harvesting  regime. 


COMPARISON  OF  DREDGED  BENTHIC  FAUNA  FROM 
AREAS  OF  DIFFERENT  FISHING  INTENSITY- 
EXAMINING  THE  EFFECTS  OF  FISHING  DISTUR- 
BANCE. Julian  Harrington.  Jayson  Semmens  and  Malcolm 
Haddun.  Marine  Research  Laboratories.  Tasmanian  Aquaculture 
and  Fisheries  Institute.  University  of  Tasinania.  Private  Bag  49. 
Hobart.  Tasmania  7001.  Australia. 

Vessel  monitoring  system  (VMS)  data  from  the  2003  Tasma- 
nian and  Commonwealth  Central  Bass  Strait  commercial  scallop 
(Pecten  fiiinatiis)  fisheries.  Australia,  was  used  to  define  500  ni  x 
500  111  areas  that  were  impacted  by  different  levels  of  dredge 
fishing.  Dredge  samples  were  subsequently  collected  froin  heavy, 
moderate  and  low  fished  areas  of  the  Tasmanian  fishery;  and 
heavy,  moderate,  low,  not-fished  and  pre-fishery  (samples  that 
were  collected  pre-commercial  fishing  but  overlapped  areas  that 
would  be  fished  during  2003)  areas  of  the  Commonwealth  fishery 
and  the  data  compared  to  test  for  differences  in  the  benthic  com- 
inunities  found  in  areas  impacted  by  different  levels  of  fishing 
intensity.  Results  from  the  Tasmanian  fishery  found  significant 
differences  in  the  benthic  communities  collected  from  heavy 
fished  areas  and  moderate/low  fished  areas,  while  in  the  Common- 
wealth fishery,  benthic  communities  from  areas  that  were  fished 
(heavy,  moderate  and  low  fished  blocks)  were  significantly  differ- 
ent from  those  from  not  fished  and  pre-fished  areas.  These  results 
do  not  seem  to  be  a  consequence  of  fishing  disturbance  itself  but 
are  more  likely  caused  by  pre-existing  habitat  and/or  benthic  com- 
munity differences,  which  occur  over  the  same  spatial  scale  as  the 
defined  fishing  intensity  areas. 


EFFECTS  OF  SEA  STAR  AND  CRAB  PREDATORS  ON 
SEA  SCALLOP  {PLACOPECTEN  MAGELLANICUS)  RE- 
CRUITMENT IN  THE  MID-ATLANTIC  BIGHT  (USA). 
Deborah  R.  Hart.  NOAA/Northeast  Fisheries  Science  Center. 
166  Water  Street.  Woods  Hole.  MA  02543,  USA 

This  study  investigated  the  spatial  di.stribution  and  potential 
mortality  on  juvenile  sea  scallops  (Placopecten  mcigellanicus)  in 
the  Mid-Atlantic  Bight  imposed  by  three  potential  predator  groups: 
the  sand  star  Astropecten  americantis.  the  common  sea  stars  As- 
terias  vidf-aris  and  A.  forbesi.  and  by  the  crabs  Cancer  iirnratus 
and  C  horealis.  Both  asteroid  groups  appear  to  reduce  sea  scallop 
recruitment,  with  significantly  lower  recruitment  in  areas  where 
the  sea  stars  were  in  high  abundance.  However,  no  significant 
effect  of  Cancer  crabs  on  scallop  recruitment  was  detected.  A. 


americaniis  was  most  common  in  deep  water  (>75  in).  Asterius  in 
shallow  water  (27—40  in),  while  P.  nuifiellaniciis  was  most  com- 
mon at  intermediate  depths  (50-70  in).  Very  high  densities  of  A. 
americanus.  no  sea  scallop  recruitment,  and  low  Asterias  densities 
were  observed  in  all  stations  with  depth  greater  than  85  m.  and  in 
many  stations  between  65-85  in.  A.  americanus  may  be  an  unusual 
type  of  "keystone"  predator  that  is  capable  of  excluding  sea  scal- 
lops and  perhaps  other  prey  species  by  direct  consumption  of 
newly  settled  spat,  and  may  be  excluding  Asterias  by  competition 
and/or  predatiini  on  its  juveniles. 


ROTATIONAL   MANAGEMENT   OF   THE   UNITED 
STATES  ATLANTIC  SEA  SCALLOP  FISHERY.  Deborah  R. 

Hart.  NOAA/Northeast  Fisheries  Science  Center.    166  Water 
Street.  Woods  Hole.  MA  02543  USA. 

A  general  theory  of  rotational  fishing  is  developed  and  applied 
to  the  United  States  Atlantic  sea  scallop  {Placopecten  niagellani- 
cus)  fishery.  Rotation  generally  increases  biomass-per-recruit.  and 
in  the  case  of  sea  scallops,  slightly  increa.ses  yield-per-recruit  for 
fishing  mortalities  near  F^^x'  More  substantial  increases  in  bio- 
mass-  and  yield-per-recruit  occur  at  higher  fishing  mortality  rates. 
Thus,  rotational  management  can  help  alleviate  the  effects  of  over- 
fishing, and  can  be  considered  as  contributing  to  a  precautionary 
approach  to  fishery  management.  Rotation  increases  the  yield  from 
cohorts  that  become  of  exploitable  size  at  about  the  time  that  their 
area  is  closed,  but  this  is  in  large  part  cancelled  by  the  loss  of  yield 
from  cohorts  that  reach  exploitable  size  at  about  the  time  the  area 
is  opened.  This  suggests  that  an  adaptive  rotation  strategy  that 
closes  an  area  to  protect  a  large  year-class  can  give  greater  im- 
provements in  yield  than  regular  rotation.  Simulations  indicate  that 
adaptive  rotation  can  give  further  improvements  in  yield  with  less 
area  closed  at  any  given  time.  However,  rotation,  and  especially 
adaptive  rotation,  can  increase  the  variability  of  yields.  Rotational 
management  and  permanent  closures  can  cause  difficulties  with 
conventional  metrics  of  fishing  mortality  that  are  based  on  the 
assumption  that  mortality  is  spatially  uniform.  Averaging  over 
time  rather  than  space  can  give  a  more  appropriate  measure  of 
fi.shing  mortality  when  this  quantity  varies  spatio-temporally. 


STOCK  EVALUATION  OF  KING  SCALLOP  {PECTEN 
MAXIMUS)  FISHERY  OFF  THE  SOUTHEAST  COAST  OF 
IRELAND  USING  HIGH  RESOLUTION  ACOUSTIC.  Anto- 
nio Hervas,'  Gerry  Suttonr  John  Hickey'  and  Oliver  Tully.' 

'Trinity  College  Dublin;  "Coastal  and  Marine  Resource  Centre. 
University  College  Cork;  ""Board  lascaigh  Mhara.  The  Sea  Irish 
Fisheries  Board.  Ireland. 

The  king  scallop  fishery  off  the  south  east  coast  of  Ireland  is  by 
far  the  most  important  scallop  fishery  and  one  of  the  major  shell- 
fish fisheries  in  Ireland.  The  South  East  coast  of  Ireland  has  had  an 
active  scallop  fishery  since  the  1970s,  however  it  was  not  particu- 
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Fijiuri'  1.  Imagt  sho«in};  catch  rate  for  four  of  the  stations  carried  out 
during  the  2(f()2  research  survey.  The  two  main  acoustically  distinct 
sedimentary  facies  are  showed.  Dark  features  represent  gravel  laj; 
v>liile  light  represent  sand  cover.  Catches  were  signiricantly  higher 
over  dark  than  over  light  features. 


larly  well  developed  until  the  l^SOs  when  a  large  number  ot  boats 
(approximately  10  boats  of  20-30  m  in  length)  entered  the  fishery. 
During  the  19Q0s  fishing  effort  increased  significantly  from  10 
vessels  and  approximately  100  dredges  to  more  that  20  vessels  and 
over  500  dredges.  As  a  consequence  of  this  the  fishery  e.xperienced 
a  decline  in  catch  rates.  This  decline  in  catches  was  experienced  in 
the  traditionally  fished  scallops  beds  and  as  a  result  boats  now 
have  to  go  to  offshore  waters  to  look  for  larger  catches.  Due  to  this 
worrying  development,  the  South  East  Shellfish  Association  saw  a 
need  for  developing  stock  assessment  procedures  for  the  stock  in 
their  region  to  provide  scientific  data,  which  heretofore  the  fishery 
was  lacking.  In  summer  2001  a  collaborative  research  project  be- 
gan between  BIM  (Board  lascaigh  Mhara — The  Irish  Sea  Fisheries 
Board)  and  the  South  East  Shellfish  Association  for  the  develop- 
ment of  stock  assessment  procedures  of  the  scallop  fishery  off  the 
southeast  of  Ireland  with  the  aim  of  developing  a  system  for  man- 


agement. Annual  research  surveys  have  been  carried  out  in  the  area 
of  study  to  map  the  distribution  and  abundance  of  the  prerecruits 
and  recruits  scallops.  Type  of  sediment  exerts  a  strong  influence  on 
the  distribution  of  scallop  and  the  understanding  of  how  sediment 
type  affects  the  distribution  of  scallops  has  been  a  key  issue  for  the 
annual  research  sur\'eys  carried  out  since  2002.  The  objective  of 
the  study  is  to  examine  the  distribution  of  the  scallop  stock  in 
comparison  to  sea  floor  sediment  distribution  with  particular  at- 
tention to  the  effects  of  small-scale  sediment  \ariability  on  the 
abundance  and  distribution  of  the  stock.  MBES  sonar  data  were 
collected  by  the  project  team  using  the  RV  Celtic  Voyager  of  the 
National  Marine  Institute  equipped  with  a  Simrad  EM  1002.  Co- 
hei'ent  overlapping  (209f  to  M)7c )  swathes  of  sonar  coverage  were 
generated  within  discrete  blocks  whose  size  and  location  were 
prioritized  in  order  to  coincide  with  areas  traditionally  fished  by 
the  scallop  fleet.  All  MBES  data  were  managed  and  post-processed 
using  CARIS  hydrographic  information  processing  system  (HIPS, 
CARIS,  2003).  Stock  assessment  research  surveys  were  conducted 
on  board  a  commercial  vessel.  Twelve  scallop  dredges  (six  on  port 
and  six  on  starboard)  with  ring  size  65  mm  and  tooth  spacing  of  44 
mm  were  used  on  the  surveys  in  order  to  map  the  distribution  of 
commercial  and  undersize  scallops.  Dredges  were  towed  for  ap- 
proximately 30  min  at  2.5-3.0  knots.  Research  cruises  have  been 
designed  based  on  the  multibeam  acoustic  map.  Transects  were 
plotted  in  order  to  find  variability  in  catch  rate  within  small  scale 
areas  where  the  two  dominant  facies  occur.  The  relationship  be- 
tween sediment  type  and  scallops  density  will  be  investigated  for 
different  size  groups  and  scallop  beds.  GIS  is  an  essential  element 
of  study,  and  ArcView  (V3.3)  has  been  used  to  provide  a  common 
platform  in  which  all  spatial  data  are  integrated  and  where  ana- 
lytical operations  are  undertaken.  Tasks  range  from  initial  opera- 
tional planning  for  survey  coverage  through  to  data  integration, 
analysis,  presentation  and  map  production.  All  data  are  projected 
from  WGS  84  geographic  co-ordinates  to  a  common  reference 
frame  in  UTM.  Tabulated  point  data  (sediment  samples,  photo- 
graphic locations,  scallop  sample  tow  locations)  are  imported  via 
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Figure  2.  Log  commercial  scallops  (left)  and  log  juveniles  scallops  (right)  against  backscatter  for  2002  research  cruise.  Coninurcial  and  Juveniles 
catch  rate  and  sediment  type  relationship  is  explained  by  69%. 
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SQL.  whereas  MBES  data  products  are  imported  directly.  Sedi- 
ment type  was  found  to  exert  a  strong  influence  on  scallop  catch 
rate  (Fig.  1 1.  Preliminar  results  show  high  relationship  between  the 
acoustic  backscatter  strength  and  density  of  scallops  (Fig.  2). 

Further  analysis  will  investigate  the  relationship  between  sedi- 
ment type  and  density  of  scallop  for  different  size  groups  and 
different  areas  in  order  to  account  for  those  factors  that  can  have 
an  effect  on  the  small-scale  variability  of  the  stock.  Preliminary 
results  show  that  sediments  exert  a  strong  influence  on  the  distri- 
bution of  scallops.  Multibeam  backscatter  data  can  be  used  to 
produce  high-resolution  maps  of  seafloor  sediment  \  ariability.  The 
high  correlation  between  sur\ey  catch  rates  and  backscatter  \alues 
can  serve  for  management  decisions.  Information  of  scallop  den- 
sity for  each  of  the  dominant  facies  can  be  used  to  distribute 
fishing  effort.  The  better  selection  of  areas  to  fish  for  scallops 
would  decrease  the  adverse  impacts  of  dredging  and  would  de- 
crease the  cost  of  the  tlshing  operation.  The  strong  links  betv\een 
sediment  type  and  scallop  abundance  would  permit  to  develop 
more  precise  ways  to  estimate  scallop  stock  that  would  account  for 
sediment-stock  relationship. 


A  REVIEW  OF  SCOTTISH  SCALLOP  ASSESSMENTS  1989 
TO  2004.  Trevor  R.  W .  Howell.  FRS  .Maruie  Laborator\ .  PC 
Box  101.  375  Victoria  Road.  Aberdeen.  Scotland.  ABll  9DB. 

The  scallop  (Pccten  niaxiiniis  L.)  was  first  fished  for  commer- 
cially in  Scotland  during  the  1930s  and  has  developed  into  a  fish- 
ery with  annual  landings  now  exceeding  10.(X)0  tons  worth  £18 
million.  The  fishery  is  managed  by  the  Scottish  Executive  Envi- 
ronment and  Rural  Affairs  Department  (SEERAD).  In  order  to 
manage  the  fishery  effectively  SEERAD  rely  on  scientific  advice 
on  the  state  of  the  main  scallop  stocks  in  Scottish  \\aters  provided 
by  Fisheries  Research  Services  Marine  Laboratory  Aberdeen 
(FRS).  Assessments  of  the  stocks  are  presently  canied  out  by  FRS 
biennially  using  methods  established  during  an  internal  scallop 
workshop  held  in  1990  (Cook  et  al.  1990)  and  refined  during 
subsequent  internal  workshops  held   1991   (Bailey  et  al.    1991). 

1994  (Anon.  1995).  1997  (Bailey  et  al.  1998),  2001  (Bailey  et  al. 
2001 ).  2002  (Howell  et  al.  2003)  and  most  recently  in  2004  (work 
in  progress).  The  two  main  components  of  the  assessment  process 
are  described  in  the  presentation:  numerical  methods  using  virtual 
population  analysis  (VPA)  and  fishery  independent  surveys  of  the 
major  Scottish  fishing  grounds.  Initially  an  annual  VPA  was  used 
to  take  advantage  of  an  extending  series  of  official  landings  and 
effort  data,  combined  with  age  and  length  data  sampled  from  com- 
mercial catches.  In  view  of  the  pronounced  seasonality  of  the 
scallop  Fishery  the  internal  workshop  switched  to  quarterly  VPA  in 
1991.  Annual  fishery  independent  surveys  to  complement  the  VPA 
and  to  prov  ide  the  most  up  to  date  information  on  the  scallop 
stocks  were  introduced  on  the  West  coast  of  Scotland  in  1992.  B\ 

1995  further  annual  surveys  covering  the  East  coast  and  Shetland 
fishing  grounds  were  included  to  give  comprehensive  coverage  of 


the  major  Scottish  scallop  stocks.  Biological  work  in  support  of  the 
assessments  is  also  discussed.  The  results  of  recent  assessments  are 
presented  along  with  a  description  of  current  legislation  in  relation 
to  scallop  fishing  in  Scotland.  In  the  final  part  of  the  presentation 
recent  developments  with  potential  for  future  Scottish  scallop  as- 
sessments are  discussed.  This  includes  a  description  of  an  effort- 
mapping  scheme  that  uses  scallop  fishing  vessel  GPS  data,  the 
GSM  (mobile  phone)  network  and  the  Internet  to  provide  real  time 
location  and  haul  data.  These  are  used  in  conjunction  with  catch 
and  landings  data  from  tallybooks  filled  in  by  the  vessels'  skipper. 
Combined,  these  data  give  detailed  accurate  spatially  ordered  in- 
formation on  CPUE.  The  system,  used  successfully  in  studies  on 
the  Scottish  Nephrops  fishery  is  presently  undergoing  trials  with 
Scottish  scallop  vessels. 


FOOD  SOURCES  OF  SCALLOPS  AND  OTHER  BENTHIC 
ORGANISMS— ARE  ENRICHED  CARBON  RATIOS  IN 
BENTHIC  CONSUMERS  CAUSED  BY  BENTHIC  PRI- 
MARY PRODUCERS?  .John  H.  Himmelman  and  Marc- 
Olivier  Nadon.  Departement  de  Biologie.  Universite  Laval.  Que- 
bec City.  Quebec.  Canada. 

We  used  stables  isotope  analysis  to  investigate  the  sources  of 
primary  productivity  (phytoplankton.  kelp  and  benthic  microalgae) 
and  the  trophic  structure  of  benthic  food  webs  in  the  region  of  the 
Mingan  Islands,  northern  Gulf  of  St.  Lawrence.  Benthic  consumers 
were  rich  in  "C.  seemingly  indicating  a  strong  dependence  on 
'C-rich  benthic  primary  producers  (kelp  and  benthic  microalgae) 
as  opposed  to  '  'C-depleted  phytoplankton  as  a  food  source.  How- 
ever, suspension  feeders,  the  scallop  Chlainys  islaiidicci.  taken 
along  a  depth  gradient  and  indiv  iduals  suspended  in  cages  away 
from  shore  were  even  more  enriched  in  '^C  than  individuals  on  the 
bottom  near  shore,  suggesting  that  inputs  from  near  shore  benthic 
primary  producers  are  not  the  cause  of  the  enriched  carbon  ratio  in 
these  organisms.  A  review  of  previously  reported  isotopic  ratios 
from  arctic  and  temperate  regions  showed  that  deposit  and  sus- 
pension feeders  are  almost  always  enriched  compared  to  the  '""C- 
depleted  ratio  of  phv  toplankton.  regardless  of  their  distance  from 
'  'C-rich  primary  producers  (measured  as  depth).  Thus,  our  data  for 
the  Gulf  of  St.  Lawrence  are  consistent  with  those  reported  else- 
where. Factors  other  than  the  feeding  on  '  'C-rich  benthic  primary 
producers  must  explain  the  carbon  ratios  in  benthic  consumers 
(e.g.,  possibly  strong  selective  feeding  on  enriched  particles).  Fi- 
nally, three  distinct  trophic  groups  characterize  the  benthic  com- 
munities in  the  northern  Gulf  of  St.  Lawrence,  primary  producers, 
primary  consumers  (herbivores)  and  predators,  with  only  a  few- 
organisms  falling  outside  of  these  groups.  The  sea  star  Crossiister 
papposiis  and  the  sculpin  Myoxoccpluihis  scorpiits.  known  to  be 
top  level  predators,  were  positioned  at  a  slightly  higher  level  than 
other  predators.  The  relatively  small  number  of  organisms  located  at 
inteniiediates  trophic  levels  indicates  a  low  level  of  omnivorv'  in  this 
system,  and  this  contrasts  with  previous  studies  of  benthic  systems. 
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FORCE  RECORDINGS  DURING  ESCAPE  RESPONSES  OF 
THE  GIANT  SCALLOP,  PLACOPECTEN  MAGELLANICUS. 
Xavier  Janssoone,'  Pierre  Gildas  Fleurvr  Madeleine  Nadeau,^ 
Bruno  Myrand,^  Hernan  Perez  Cortez'  and  Helga  Guderley-' 

'Universite  Laval.  Deparlemeiit  de  biologic.  Quebec.  P.Q.  Canada 
GIK  7P4;  -Institut  Frani;ais  de  Recherehe  et  d'Exploitation  de  la 
MER.  Laboratoire  Environnement  Ressources.  56470  La  Trinte- 
sur-mer.  France;  ""Ministere  de  I'Agriculture.  des  Pecheries  et  de 
r Alimentation.  Station  technologique  maricole  des  Iles-de-la- 
Madeleine.  Cap  aux  Meules.  P.Q.  Canada.  G4T  1C6 

Giant  scallops.  Placopecten  inugelUiiiicus.  respond  to  the  pres- 
ence of  starfish  predators  with  an  escape  response  consisting  of  a 
series  of  rapid  valve  adductions  that  allow  the  scallop  to  jump  or 
swim  away  from  the  predator.  To  evaluate  the  co-ordination  of  the 
activity  of  the  tonic  and  phasic  muscles  during  such  escape  re- 
sponses, we  recorded  their  force  production  by  attaching  a  force 
gauge  to  the  shell  of  intact  scallop  and  then  stimulating  the  scallop 
with  a  starfish.  These  recordings  showed  series  of  phasic  contrac- 
tions (claps)  separated  by  prolonged  tonic  contractions.  Numerous 
characteristics  could  be  quantified  from  these  recordings  including 
the  maximal  force,  mean  force  during  the  first  minute,  force,  fre- 
quency and  number  of  claps  per  series,  as  well  as  the  force  and 
duration  of  tonic  contractions.  The  number  of  claps  per  series 
declined  and  the  duration  of  the  tonic  contractions  increased  as  the 
escape  response  continued.  For  most  scallops,  the  rapid  phasic  and 
sustained  tonic  contractions  reached  a  similar  force  that  changed 
little  during  the  escape  responses.  The  alternation  between  phasic 
and  tonic  contractions  suggests  that  periods  of  tonic  contraction 
allow  the  phasic  muscle  to  recuperate  and  facilitate  subsequent 
phasic  contractions.  Principal  component  analysis  (PCA)  con- 
firmed the  co-ordination  between  the  phasic  and  tonic  contrac- 
tions, because  various  characteristics  of  these  types  of  contractions 
were  closely  associated. 
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Figure  1.  Force  production  b)  Phunpcilcii  inai;clliiiiiiii>:  duriny  stimu- 
lation with  Asrerias  vulgaris.  Note  alternation  bet«  een  phasic  and  tonic 
contractions  and  decreases  in  clapping:  frequency  as  the  measurement 
progresses. 


This  method  combines  the  advantages  of  the  simplicity  of  force 
recordings  and  the  biological  relevance  of  stimulation  of  the  scal- 
lops with  their  predator.  Patterns  of  force  production  during  escape 
responses  by  individual  scallops  were  highly  reproducible,  sug- 
gesting these  measurements  have  considerable  potential  for  track- 
ing changes  in  the  physiological  status  of  giant  scallops.  Exami- 
nation of  changes  in  escape  responses,  after  air  exposure  and  after 
handling  during  mechanical  sorting  of  scallops,  is  in  progress. 


EVALUATION  OF  THE  EFFECTIVENESS  OF  SPATIAL 
FISHING  CLOSURES  IN  THE  QUEENSLAND  SAUCER 
SCALLOP  {AMUSIUM  JAPOMCUM  BALLOTI)  FISHERY 
1997  TO  2004,  Eddie  Jebreen.  Sandra  O'Sullivan,  Michael 
O'Neill  and  George  Leigh.  Department  of  Primary  Industries  and 
Fisheries.  PO  Box  76.  Deception  Bay,  Qld  Australia  4508. 

In  1996  the  catch  rate  and  total  catch  of  scallops  {Amusium 
japonicitm  balloii)  from  the  Queensland  scallop  fishery  declined 
markedly.  In  response  to  the  decline,  the  Department  of  Primary 
Industries  and  Fisheries  (DPI&F)  implemented  3  permanent  spa- 
tial fishing  closures,  referred  to  as  scallop  replenishment  areas 
(SRA's),  to  reduce  fishing  mortality  on  spawning  stocks  and  en- 
hance recruitment  to  the  fishery.  In  2001  the  area  covered  by  the 
SRA's  was  doubled  and  a  rotational  harvest  strategy  developed  to 
permit  fishers  access  to  the  high  densities  of  scallops  w  ithin  the 
SRAs.  In  conjunction  with  the  creation  of  the  closures  in  1997, 
DPI&F  established  a  series  of  annual  fishery  independent  surveys 
to  monitor  the  effectiveness  of  this  management  strategy.  The 
performance  of  the  SRAs  and  the  rotational  harvest  strategy  was 
assessed  by  investigating  the  relationship  between  scallop  abun- 
dance (i.e.,  standardized  catch  rate),  and  closure  duration  (weeks 
closed  prior  to  survey)  using  generalized  linear  models.  The  results 
show  a  significant  relationship  between  scallop  abundance  and 
closure  duration,  with  abundance  continuing  to  increase  for  closed 
periods  up  to  4  years.  This  result  suggests  the  potential  of  these 
areas  to  act  as  a  source  of  egg  production  increases  with  duration 
for  periods  of  up  to  4  years. 


MANAGING  SCALLOP  SUSTAINABILITY  AND  YIELD 
THROUGH  SPATIAL  AND  TEMPORAL  CLOSURES  IN 
THE  SHARK  BAY  AND  ABROLHOS  ISLANDS  AND  MID- 
WEST SCALLOP  FISHERIES.  M.  L.  JolL'  M.  I,  Kangas"  and 
E.  C.  Sporer."  'Department  of  Fisheries  WA.  Commercial  Programs, 
Locked  Bag  39.  Cloisters  Square  Post  Office,  Perth  WA  6850,  Aus- 
tfalia;  "Department  of  Fisheries  WA  Western  Australian  Marine  Re- 
seaich  Laboratories.  PO  Box  20.  North  Beach.  WA  6920,  Australia. 
The  Shark  Bay  scallop  and  Abrolhos  Islands  and  Mid-West 
trawl  fisheries  are  the  major  scallop  fisheries  in  Western  Australia 
(WA).  The  two  areas  have  had  a  combined  value  of  $5-$20  mil- 
lion per  annum  during  the  last  5  years.  They  are  important  fisheries 
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for  regional  WA  providing  employment  for  fishers  and  associated 
processing  and  support  industries. 

In  recent  years,  with  relatisely  low  predicted  catch  and  with 
high  variability  that  is  inherent  in  scallop  fisheries,  industry,  re- 
searchers and  management  have  looked  at  harvesting  options  and 
management  strategies  to  optimize  the  value  of  scallop  meat  har- 
ve.sted  in  the  Shark  Bay  and  the  Abrolhos  Islands  and  Mid- West 
scallop  fisheries.  The.se  new  approaches  are  currently  experimen- 
tal. This  study  describes  the  various  ways  that  spatial  and  temporal 
closures  and  fleet  manipulation  is  used  to  manage  the  sustainabil- 
ity  of  and  to  optimize  the  yield  of  the  saucer  scallop  Amusium 
balloti  and  how  different  approaches  are  taken  in  different  fisher- 
ies because  of  the  life-history  traits  of  each  area.  We  also  discuss 
how  spatial  and  temporal  closures  can  be  used  to  address  resource- 
sharing  issues  between  prawn  and  scallop  trawl  sectors,  other  com- 
mercial fishers  and  recreational  fisher  interests.  The  introduction 
of  VMS.  the  relatively  small  number  of  operators  and  good  com- 
munication links  and  working  relationships  between  license  hold- 
ers, skippers,  research  and  management  provides  for  opportunities 
for  experimental  approaches  in  the  WA  scallop  fisheries. 


CATCH  PREDICTIONS  AND  ENVIRONMENTAL  INFLU- 
ENCES ON  RECRUITMENT  OF  THE  SAUCER  SCALLOP 
AMUSIUM  BALLOTI  AT  THREE  LOCATIONS  OFF  WEST- 
ERN AUSTRALU.  M.  I.  Kangas,  N.  Caputi  and  E.  C.  Sporer.  De- 
partment of  Fisheries  (Western  Australia).  Western  Australian  Marine 
Research  Laboratories,  PC  Box  20.  North  Beach.  WA  6920  Australia. 
The  saucer  scallop  {Amusium  balloti)  fisheries  in  Western  Aus- 
tralia (WA)  has  shown  large  variations  in  annual  catch  reflecting 
variations  in  annual  recruitment  for  a  fishery  and  between  scallop 
fisheries  that  span  from  Shark  Bay  to  Esperance  in  southern  WA. 
In  recent  years,  the  Shark  Bay  catch  has  varied  from  1 .000  to 
22,000  tons,  whereas  Abrolhos  Is.  has  seen  a  catch  variation  of  1 50 
to  6.000  ton.  This  study  describes  the  variation  in  scallop  recruit- 
ment in  the  Shark  Bay.  Abrolhos  Is.  and  Esperance  scallop  fish- 
eries and  explores  the  environmental  influences  on  recruitment 
strength.  The  strength  of  recruitment  is  significantly  negatively 
correlated  with  the  major  oceanographic  process  off  the  West  Aus- 
tralian coastline,  the  Leeuwin  Current,  during  the  spawning  sea- 
son. Because  the  timing  of  the  spawning  season  for  scallop  stocks 
in  various  parts  of  WA  is  different,  the  impacts  can  be  variable. 
The  possible  modes  of  action  of  the  current  include  the  flushing  of 
larvae  away  from  suitable  grounds  and/or  reduced  spawning 
stimulus  (also  may  be  temperature  dependent).  Other  possible  fac- 
tors affecting  recruitment  such  as  the  spawning  stock  and  other 
environmental  variables,  such  as  wind  strength  and  water  tempera- 
ture are  also  examined.  A  good  correlation  has  been  observed  from 
pre-season  survey  abundances  and  catches  providing  a  forecasting 
capability  for  the  main  two  scallop  regions  in  WA,  Shark  Bay  and 
the  Abrolhos  Is.  This  allows  researchers,  managers  and  industrv  to 


determine  the  most  appropriate  management  (e.g.,  starting  date 
and  duration)  and  marketing  strategies  for  the  season. 


RELATIONSHIP  BETWEEN  REPAIRED  SHELL  DAM- 
AGE AND  FISHING  DISTURBANCE  IN  THE  PATAGO- 
NIAN  SCALLOP  ZYGOCHLAMYS  PATAGONICA.  Betina 
Lomovasky,'  Mario  Lasta,"  Silvana  Campodonico"  and  Oscar 
Iribarne. '  'Laboratorio  de  Ecologi'a.  Facultad  de  Ciencias  Exactas 
y  Naturales,  Universidad  Nacional  de  Mar  del  Plata.  Mar  del  Plata. 
Argentina:  'INIDEP.  Mar  del  Plata.  Argentina. 

Shell  daiTiage  and  abnormal  calcifications  are  a  common  phe- 
nomenon in  bivalve  molluscs  and  can  result  from  a  series  of  in- 
teractions or  disturbances  that  often  lead  to  different,  distinctive 
marks.  For  example,  burrowing  activities  cause  damage  and  chip- 
ping of  the  shell  edge  (#4.  15).  Attack  by  crabs  increases  the 
number  of  scars  in  the  shell  (#16.  10).  birds  break  the  posterior 
margins  of  the  valve  (#9,  1.  15)  or  fragment  the  shells  (#2.  3) 
leaving  recognizable  marks.  Moreover,  disturbances  such  as  com- 
mercial dredging,  increase  the  incidence  of  scars  in  the  shells  of 
Artica  islandica  (#21 ),  Glycymeris  glycymeris  (#17),  Ensis  arcua- 
tus  (#19)  and  E.  silic/iui  (#6.7).  If  properly  evaluated,  all  these 
marks  can  be  useful  to  understand  the  relative  importance  of  dif- 
ferent disturbance  sources  in  different  locations.  Zygochlaniys  pa- 
tagonica  is  distributed  around  southern  South  America  reaching 
42°S  in  the  Pacific  to  Tierra  del  Fuego  (55°S)  and  35°50'S  in  the 
Atlantic  between  a  depth-range  of  40-200  m  (#5,  8,  13.  20).  being 
an  important  economic  resource  (#12).  Grounds  in  the  Pacific 
occur  in  relatively  shallow  waters  whereas  in  the  Atlantic  they  are 
located  along  the  100  m  Isobath  (#12).  A  fishery  on  this  species 
started  in  Argentinean  waters  in  1996  (#12)  and  mainly  involves 
four  factory  trawlers  that  process  the  catch  on  board.  The  fishing 
reached  42.969  tons  scallops"'  with  landings  of  6.018  tons  meat"' 
during  2003  (#14).  Given  their  importance,  the  identification  and 
description  of  the  microstructure  of  repaired  shell  damages  in  ex- 
tant populations  may  be  useful  to  understand  the  repairing  mecha- 
nisms and  infer  ecological  processes  or  possible  impact  of  the 
fishery  on  different  beds.  With  this  purpose,  we  identify  and  de- 
scribe the  microstructure  and  frequency  of  repaired  shell  damage 
found  in  different  beds  and  compared  it  with  the  local  area  swept 
intensity.  Samplings  of  Z.  palagonica  (n  =  2047)  were  performed 
in  4  beds  (Uruguay:  36°17'S  to  53°49'W:  Reclutas:  39°20'S  to 
56°W  and  39°30'S  to  55°52'W;  Tango  B:  42°30'S-59°05'W  and 
Beagle:  55°10'S  to  66°05'W)  during  2000  and  October  2004 
(Beagle  bed)  using  a  total  of  24  trawls.  The  relative  intensity  of 
commercial  fishing,  prior  to  the  sampling  date  from  1996  to  2000. 
was  indirectly  estimated  using  the  swept  area  which  was  calculated 
by  considering  total  number  of  tows,  speed  (km  h"').  towing  time 
(minutes)  and  68%  of  the  foot  rope  length  (#1 1).  In  TangoB  bed 
the  swept  area  was  448  km~,  in  Reclutas  all  sampled  were  taken 
from  an  exclusion  fishing  area  (EFA)  with  a  0.3  km"^  swept  area 
done  for  scientific  purpose.  Fishing  by  the  commercial  fleet  in 
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Uruguay  bed  was  related  to  prospecting  fishing  tows  so  a  negli- 
gible disturbance  of  1 2  knr  swept  area  was  estimated.  No  fishing 
was  done  in  the  Beagle  bed.  The  frequency  of  shell  damage  was 
estimated  by  visual  examination  of  the  valves  of  all  specimens. 
Acetate-peels  technique  was  used  to  identify  internal  shell  damage 
(#18).  Under  reflecting  light,  acetate  peels  from  the  polished  shell 
cuts  showed  a  pattern  of  alternating  broad  opaque  and  narrow 
translucent  growth  bands.  Repaired  shell  damages  were  observed 
in  some  individuals  in  different  parts  of  the  valve.  In  general, 
during  the  process  of  shell  repair,  sediment  particles  were  trapped 
in  the  damaged  area  between  the  old  and  newly  accreting  shell. 
The  photomicrographs  of  acetate  peels  showed  alterations  in  the 
growth  band  deposit,  and  sediment  grains  into  the  shell  matri.x 
between  two  growth-bands.  A  similar  pattern  of  repaired  shell 
damage  is  described  for  Ensis  siUciiui  (southern  Portugal)  due  to 
dredging  operation  (#6).  The  incorporation  of  sediment  grains  into 
the  shell  matrix  occurs  in  other  bivalves,  such  as  Arctica  islandica 
(#21)  because  of  the  effect  of  suction  dredging  and,  to  a  lesser 
extent,  predator  attacks.  A  similar  process  of  sediment  intrusion, 
but  caused  by  unsuccessful  predator  attacks,  has  been  described  for 
Lutnnia  liitniria.  L.  nuii;iui.  Panopea  i;l\cynieris.  Ensis  siliqiiu 
and  Solen  \iii;iita  (#4)  and  Tai;i'liis  plebeius  (#13).  The  frequency 
of  repaired  shell  damage  in  scallops  from  different  beds  analyzed 
in  this  study  showed  a  higher  percentage  in  TangoB  bed  (327f ) 
than  Uruguay  and  Reclutas  ( I2'7r),  with  the  lower  value  in  Beagle 
bed  (9%).  The  commercial  fishery  intensity  in  the  4  beds  showed 
the  higher  intensity  in  TangoB,  next  Reclutas  (with  only  a  minor 
research  disturbance  in  the  area)  and  Uruguay  bed  (negligible  dis- 
turbance) with  null  fishing  intensity  (no  disturbance)  in  the  Beagle 
bed.  The  frequency  of  damaged  scallop  observed  in  those  beds- 
areas  not  targeted  by  the  fishery  (Uruguay.  EFA  in  Reclutas  and 
Beagle  bed),  assuming  not  anthropogenic  disturbance  by  fishing, 
could  be  related  to  all  natural  causes  of  disturbances  that  produce 
injury  to  be  repaired  (i.e.,  predation).  The  difference  between  the 
32%  of  scallop  damaged  in  Tango  B  with  \alues  on  none  (or 
negligible)  disturbed  beds  could  be  attributed  to  the  fishery  impact 
or  disturbance  in  the  bottom.  A  positive  correlation  between  the 
incidence  of  scars  in  the  shells  oi  Artica  islandica  (#21),  Ensis 
silic/iia  (#6)  and  E.  arciialus  (#19)  and  the  intensity  of  commer- 
cially dredged  was  observed.  If  we  consider  that  scallops  make  a 
major  energetic  investment  in  repairing  their  shells,  w  hich  is  likely 
to  affect  their  growth  rate  at  the  expense  of  adductor  muscles  mass, 
then  the  fishery  may  be  having  some  non-lethal  effects  on  the 
Patagonian  scallop  populations.  Given  the  impoilance  in  some 
beds,  this  potential  effect  needs  to  be  studied. 
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MORPHOMETRIC  VARIATIONS  AND  INTERNAL 
SHELL  GROWTH  PATTERNS  OF  THE  PATAGONIAN 
SCALLOP  ZYGOCHLAMYS  PATAGONICA  ACROSS 
THEIR  SW  ATLANTIC  DISTRIBUTION  RANGE.  Betina 
Lomovasky,'  Mario  Lasta,'  Matarena  Valinas,'  Martin  Bru- 
schetti,'  Silvana  Campodonico"  and  Oscar  Iribarne.'  'Labora- 
torio  de  Ecologia,  Facultad  Ciencias  Exactas  y  Naturales.  Uni- 
versidad  Nacional  de  Mar  del  Plata,  Mar  del  Plata,  Argentina; 
-INIDEP.  Mar  del  Plata.  Argentina 

Zygochhunys  patagonica  is  widely  represented  (depth  range 
between  40-200  m;  #6,  9,  13,  20)  in  the  extreme  of  South  America 
(reaching  42°S  in  the  Pacific  to  Tierra  del  Fuego  (55°S)  and 
35°5()'S  in  the  Atlantic),  being  an  important  economic  resource  in 
the  Atlantic.  In  the  Pacific,  main  grounds  occur  in  relatively  shal- 
low waters  (#1 )  whereas  in  the  Atlantic  they  are  located  along  the 
100  111  (#12).  Growth  and  age  of  Z  patagonica  were  detennined 
from  suiface  external  rings  (#18.  7)  and  chondrophores  (#20,  19. 
5).  However,  more  precise  studies  are  needed  to  identify  internal 
growth  bands,  such  as  acetate  peels  technique  (#16),  to  validate  the 
external  growth  rings  avoiding  error  in  estimating  individual  age. 
Growth,  production  and  physiological  activity  of  bivalves  can  be 
affected  by  en\'ii"onniental  conditions  (e,g,,  temperature,  salinity, 
substrate,  food-availability;  #3,  8,  10,  11).  However,  density- 
dependence  (#21,  8,  9)  and  biological  interactions  could  also  have 
an  important  effect.  Individuals  from  different  beds  along  the  At- 
lantic may  have  different  growth  pattern,  maximum  age  and  mor- 
phometric  relationships.  We  evaluate  this  prediction  comparing 
difieieni  beds  along  a  latitudinal  gradient  in  the  south-western 
Atlantic.  Samplings  of  scallop  (24  tows;  n  =  2.047)  were  per- 
formed  in  4  beds  (Uruguay:   36°17'S  to  53°49'W;  Reclutas: 
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39°20'S  to  56°W  and  39°30'S  to  55°52'W;  TangoB:  42°30'S  to 
59°05'W  and  Beagle:  55°10'S  to  66°0.5'W)  between  January  2000 
and  October  2004.  We  measured  shell  height  (H:  umbo- ventral 
margin),  length  (L:  anterior-posterior  axis)  and  width  (W;  preci- 
sion ±  0.1  mm),  and  total  mass  without  epibionts  (TM).  shell  mass 
(SM).  shell  tree  wet  mass  (SFWM).  gonadal  mass  (GM).  adductor 
muscle  mass  (AMM)  and  epibionts  mass  (EM;  precision  ±  O.Olg). 
Morphometric  relationships  were  determined  and  log-log  trans- 
formations were  applied  when  necessary  and  compared  with 
ANCOVA  between  beds.  Unplanned  comparisons  (Tukey  mul- 
tiple comparison.  TMC)  were  made  when  significant  differences 
were  found  (#22.  17).  For  growth  and  age  analysis  sub-samples 
were  taken  (»  =  605).  Growth  pattern  observation  was  inferred 
from  internal  shell  growth  bands  using  acetate  peels  technique  to 
allow  microscopic  examination  (#16).  The  size-mass  relationship 
between  TM,  SM,  SFWM,  AMM,  GM  and  EM  (dependent  vari- 
ables) and  H  (independent  variable)  was  exponential  in  each  bed 
and  there  was  a  linear  relationship  between  L  and  W  with  H  (P  < 
0.01 )  for  all  beds.  However,  the  slope  of  L-H  relationship  differed 
between  beds  {P  <  0.001 );  Uruguay  and  Reclutas  beds  were  simi- 
lar and  differed  of  TangoB  and  Beagle  (TMC.  P  <  0.05).  Similar 
results  were  observed  for  W-H  and  log(TM)-log  (H)  relationships. 
For  log  (SM)  and  log  (SFWM)  with  log  (H).  the  slopes  differed 
between  beds  {P  <  0.001).  All  beds  differed  each  other  (TMC. 
P  <  0.05).  There  were  no  differences  for  the  relationship  log(EM)- 
log(H)  between  beds  (ANCOVA:  F  =  0.71:  P  =  0.5446).  There 
was  an  increase  in  all  variables  following  a  latitudinal  gradient  N 
to  S.  Under  reflecting  light,  acetate-peels  from  the  polished  shell 
cuts  showed  a  pattern  of  alternating  broad  opaque  and  narrow 
translucent  growth  bands.  Growth  pattern  and  maximum  age  differ 
between  beds.  There  was  a  similar  pattern  of  internal  bands  be- 
tween Uruguay  and  Reclutas  (maximum  age  of  13  and  14  years  old 
respectively). Internal  growth  bands  in  the  umbo  were  clearly  ob- 
served. It  was  possible  to  follow  the  translucent  growth  bands  all 
the  way  along  a  cross  section  of  the  shell  to  the  point  where  they 
cross  the  outer  shell  layer  to  form  a  ring  on  the  exterior  shell 
surface.  The  2-3  first  bands,  difficult  to  observe  along  the  shell 
section,  showed  a  different  pattern  from  other  growths  bands.  Each 
growth  break  (i.e.,  an  external  ring)  of  the  recent  bands  was  formed 
with  a  group  of  internal  growth  bands  (cluster  shape).  Thus,  these 
clusters  were  formed  by  a  growth  rate  slowed  down  during  some 
periods  within  a  year  but  not  by  a  total  interruption  in  growth.  At 
the  last  portion  of  the  valve  (recent  bands),  the  internal  growth 
bands  were  closer  to  the  shell  edge  and  were  proximate  each  other 
(individuals  >50  mm  H),  clearly  visible  in  acetate  peels  but  diffi- 
cult to  identify  on  the  exterior  shell  surface.  Internal  growth  bands 
in  the  umbo  and  along  the  cross  section  were  similar  in  TangoB 
hut  it  was  difficult  to  observe  the  point  where  the  translucent  bands 
cross  the  outer  shell  layer  to  form  an  exterior  ring.  The  cluster 
shapes  of  these  exits  were  less  pronounced.  Maximum  age  was  20 
years  old.  Beagle  bed  showed  a  higher  shell  thickness  along  the 
cross  shell  section,  as  was  retluxed  in  a  hicher  shell  mass  (see 


earlier),  where  was  possible  to  see  all  the  internal  growth  bands. 
The  point  where  the  translucent  growth  bands  form  an  exterior  ring 
did  not  have  a  cluster  shape;  they  were  a  simple  translucent  growth 
band.  Thus,  a  total  interruption  of  growth  seems  to  be  the  cause  of 
this  external  ring.  Maximum  age  was  21  years  old.  Acetate-peels 
technique  allows  us  to  obtain  new  information  on  the  maximum 
age  across  the  latitudinal  gradient.  The  presence  of  translucent 
growth  bands  indicate  periods  of  very  slow  or  even  halted  shell 
growth,  possibly  caused  by  low  metabolic  rates  related  to  a  lack  of 
food  (#4,  3,  II)  or  by  a  diversion  of  metabolic  products  into 
gamete  production  (#2,  15.  14).  The  influence  of  1°C  to  2°C  an- 
nual variation  in  temperature  in  the  studied  areas  seems  to  be 
negligible  to  explain  variations  detected  by  our  study.  However, 
other  factors  such  as  density-dependence,  different  biological  in- 
teractions and  food  a\ailability.  could  explain  the  differences 
found  between  populations  inhabiting  different  latitudes. 
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THE  EFFECT  OF  PHOTOPERIOD  ON  THE  CONDITION- 
ING OF  THE  BLACK  SCALLOP.  CHLAMYS  VARIA. 
I_GONADAL  DEVELOPMENT.  A.  Louro.'  J.  P.  De  la 
Roche,'  J.  L.  Sanchez,-  A.  Silva,"  P.  Martinez."  M.  L.  Perez- 
Paralle,"  I.  Martinez"  and  G.  Roman.'  'Instituto  Espanol  de 
Oceanografi'a.  Centro  Oceanografico  de  A  Corufia.  PC  Box  130. 
15080  A  Corufia.  Spain:  "Universidad  de  Santiago  de  Compostela. 
Instituto  de  Acuicultura.  Departamento  de  Bioqui'mica  y  Biologi'a 
molecular,  15782  Santiago  de  Compostela.  Spain. 

Despite  dilTerent  studies  having  been  carried  out  on  the  subject, 
the  effect  of  photoperiod  on  ganietogenesis  in  bivalves  is  still  not 
clear.  Reproduction  was  stuiiulated  in  Placopccten  inagcllanicus 
(Couturier  c&  Aiken  1989)  and  Pecteu  imiximtis  (Devauchelle  & 
Mignant  1991.  Paulet  &  Boucher  1991  i  by  increasing  the  length  of 
photoperiod.  Saout  et  al  ( 1999)  found  that  a  simultaneous  increase 
in  temperature  and  length  of  photoperiod  enhanced  gonad  growth 
in  P.  mii.xinnis  when  food  was  not  limiting,  although  they  did  not 
determine  which  of  the  two  factors  was  the  most  important.  Silva 
et  al.  (2002)  described  acceleration  of  gonad  development  of  Rii- 
ditapes  decKssiita  in  winter,  when  spring  photoperiod  conditions 
were  maintained.  In  this  study,  comparison  is  made  of  gonad  de- 
velopment in  black  scallops  subjected  to  two  different  day  length 
regimes.  Scallops  (.^0  months  old)  grown  by  suspended  raft  culture 
on  the  Galician  coast  were  collected  in  October  and  November 
during  the  gonad-resting  period.  (De  la  Roche  et  al.  2005).  Two 
experiments  were  carried  out;  in  experiment  1 .  carried  out  between 
November  8.  2002  and  22  February  200,'?.  264  scallops  were  used; 
the  mean  temperature  was  17.4  ±  1.5°C.  In  experiment  2.  carried 
out  between  10  October  200.^  and  5  January  2004.  280  scallops 
were  used;  the  inean  temperature  was  15.0  ±  l.T'C.  A  mixture  of 
Skeleumeina  cosuiuim,  Isochnsis  off.  galhana.  Pinlmn  lurlwri 


and  Rhoiloiintiuis  saliiui  cells  (mean  2.5  x  10"  cells  day"')  was 
added  to  the  tanks  ( 180  x  50  x  30  cm)  in  which  the  scallops  were 
maintained.  In  each  experiment,  the  scallops  were  divided  in  two 
groups  of  equal  number,  and  subjected  to  a  day  length  of  16  h  (LP) 
or  a  day  length  of  8  h  (SP).  A  total  of  15  individuals  were  dissected 
to  determine  initial  conditions.  Samples  of  15  scallops  were  peri- 
odically removed  from  each  experimental  tank,  the  different  or- 
gans dissected  and  the  dry  weight  recorded.  A  predictive  regres- 
sion between  height  and  dry  weight  of  the  organs  was  calculated 
and  the  mean  values  for  a  standard  scallop  of  50-mm  height  was 
estimated.  There  were  clear  differences  in  gonad  development  in 
scallops  maintained  under  the  different  day-length  regimes.  In  ex- 
periment 1.  under  LP  conditions,  gonads  showed  growth  at  15 
days,  and  maximum  values  (mean  0.23  g)  were  reached  after  60 
days,  follovsed  b\  spawning.  Scallops  maintained  in  SP  conditions 
showed  slower  gonad  development,  the  maximum  \alues  (mean 
0.16  g)  were  reached  after  82  days,  followed  by  spawning.  In 
experiment  2,  very  fast  gonad  growth  was  recorded  under  LP 
conditions,  reaching  a  peak  value  (0.25  g)  followed  by  spawning, 
after  40  days.  The  subsequent  decrease  in  gonad  size  was  followed 
by  a  rapid  recosery  and  a  new  peak  value  (mean  0.35  g)  was 
recorded  1  month  later  and  was  followed  by  a  second  spawning. 
Scallops  maintained  under  SP  conditions  did  not  develop  gonads 
between  October  and  December.  In  general,  the  digestive  gland 
showed  a  slight  increase  in  weight  parallel  to  that  of  the  gonad, 
probably  because  as  gonad  grows  it  envelops  the  gland,  and  the 
weight  of  the  digestive  gland  included  a  small  amount  of  gonad. 
The  weight  of  muscle  tended  to  decrease  throughout  the  condi- 
tioning period.  Variations  in  the  dry  weight  of  the  remaining  tis- 
sues were  not  observed.  Under  conditions  of  spring  day  length 
(LP),  at  moderate  temperatures  (experiment  2.  15.0  ±  1.1  °C)  and 
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Figure  L  Changes  in  gonad  dry  weight  in  wild  scallops  and  in  scallops  held  under  two  photoperiods  and  temperatures.  Values  are  standardized 
for  a  shell  height  of  5(1  mm. 
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with  abundant  lood.  in  approximately  .i  ninnths  (October  to  De- 
cember) 

The  scallops  iinderv\ent  the  complete  bimodal  breeding  cycle 
previously  recorded  under  natural  conditions  at  sea  (February  to 
June.  De  la  Roche  et  al.  2003).  whereas  under  conditions  of  winter 
day  length  (.SP)  gonad  growth  failed  to  start.  At  higher  tempera- 
tures (experiment  1.  17.4  ±  1.5°C)  gonad  growth  took  place  luidcr 
both  conditions  of  day  length.  In  the  latter  case,  the  gonad  devel- 
opment under  LP  conditions  was  slower  than  in  scallops  main- 
tained at  I5'C.  However,  at  17.4°C  gonad  growth  took  place  even 
in  scallops  maintained  under  SP  conditions. 


bout  than  large  spat  (12  mm  =  8.44  ±  0.61.  27  mm  =  10.90  ± 
0.49).  Also,  small  spat  exhibited  fewer  overall  adductions  than 
large  spat.  (10  mm  =  2.24  ±  1.. 58.  27  mm  =  40.52  ±  1.20).  Aerial 
exposure  experiments  conducted  on  .i  length  groups  (2()-.^5  mm, 
.i6-50  mm.  51-65  mm)  indicated  that  scallops  could  survive  up  to 
8  hours  transport  at  temperatures  <2()"C.  When  scallops  were  ac- 
climated to  ISC.  mortality  was  approximately  159f.  However, 
over  2  hours  exposure  at  a  temperature  of  .30"C  resulted  in  609f  to 
lOO'^f  mortality.  This  study  suggests  thai  scallop  spat  >20  mm 
from  the  primary  liars  est  aie  the  most  robust.  The  secondary  har- 
vest should  target  larger  juvenile  scallops  (>27  mm)  when  trans- 
porting long  distances  (>8  hours). 
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DETERMINING  THE  OPTIMAL  SCALLOP  SPAT 
LENGTH  AND  TRANSPORT  C  ONDITIONS  FOR  PECTEN 
NOVAEZELANDIAE  DURING  THE  SEEDING  ENHANCE- 
MENT PROGRAM  IN  NELSON.  NEW  ZEALAND.  Rebecca 
L.  Lyon'  and  Lslav  D.  Mar.sden."  'Ministry  of  Fisheries.  Aqua- 
culture  Team,  Private  Bag  14.  Nelson,  New  Zealand:  "School  of 
Biological  Sciences.  University  of  Canterbiuy.  Private  Bag  4800, 
Christchurch,  New  Zealand. 

Scallop  meat  weight  landings  in  the  last  5  years  peaked  at  716 
tons  in  the  2001/2002  season  and  was  worth  an  estimated  $26 
million  dollars.  The  success  of  the  scallop  industry  relies  heavily 
on  a  spat  enhancement  programe  run  by  the  Challenger  Scallop 
Enhancement  Company  Limited.  Mesh  spat  collectors  are  set  dur- 
ing November  or  December  and  harvested  around  March  (primary 
spat).  Fall  off  from  the  primary  spat  collectors  results  in  high 
densities  of  juvenile  scallops  on  the  seatloor,  which  are  harvested 
as  secondary  spat.  The  aim  of  this  research  is  to  determine  which 
length  scallop  spat  was  the  most  robust  and  therefore  most  likely 
to  survive  the  harvesting  and  relocation  processes.  Behavioral  ex- 
periments were  conducted  on  primary  spat  from  9  different  length 
groups  (8-10  mm,  11-12  mm.  1.^^-15  mm.  16-17  mm.  18-20  mm, 
21-22  mm,  23-25  mm,  26-27  mm.  28-30  mm)  collected  during 
the  2002  primary  harvest.  When  presented  with  a  starfish  predator 
(Coscinasterias  calanuiria).  10  mm  spat  had  a  significantly  slower 
reaction  time  (8.30  ±  0. 1 6  sec )  than  other  length  groups  and  1 7  mm 
length  group  had  the  fastest  reaction  time  (2.55  ±  0,32  sec).  Small 
spat  had  significantly  fewer  adductions  in  their  first  swimming 


TOLERANCE,  RESISTANCE  AND  OPTIMUM  VALUES 
OF  TEMPERATURE  AND  SALINITY.  IN  THE  GIANT  LI- 
ON'S PAW  SCALLOP  (NODIPECTEN  SUBNODOSUS).  Al- 
fon.so  N.  Maeda-Martinez,  Teresa  Sicard-Gonzalez.  Lucelly  M. 
Roldan-Carrilio  and  Flavio  Gonzalez-Estrada.  Centio  de  Inves- 
tigaciones  Biologicas  del  Noroeste  (CIBNOR),  Mar  Bermejo  195, 
Col.  Playa  Palo  de  Santa  Rita,  La  Paz,  B.C.S.  23090,  Mexico. 

Lower  and  upper  tolerance  and  resistance  and  optimum  values 
for  growth  under  different  temperature  and  salinity  ranges  were 
studied  in  juveniles  of  the  giant  lion's  paw  scallop  Nadipcctcn 
siihnodosus.  Tolerances  were  measured  with  the  median  lethal 
dose  method  (LD,;, -96  h),  exposing  specimens  acclimated  initially 
at  15.  18,  22,  26,  or  30°C  and  37  psu,  to  13  temperatures  ( 1,  3.  5. 
10.  15,  26.  28,  30,  31,  32,  33.  34,  or  35°C).  Halotolerance  was 
determined  by  subjecting  acclimated  scallops  at  22'C  and  37  psu 
(control  conditions)  to  9  salinities  (15,  20,  25,  30,  37,  42.  47,  50, 
or  60  psu).  Resistance  to  both  variables  were  studied  using  a 
gradual  change,  decreasing  or  increasing  the  temperature  1' C/day 
or  salinity  3  psu  every  3  days  from  the  acclimation  temperatures 
and  salinities,  until  mortality  of  the  test  specimens  occurred.  Op- 
timum values  were  defined  by  measuring  the  scope  for  growth  and 
by  somatic  shell  and  biomass  growth  determinations  at  different 
temperatures  (15.  18,  22,  26  and  3()X)  and  salinities  (25.  30,  37, 
43,  and  47  psu).  Results  showed  that  the  lower  and  upper  tem- 
perature tolerance  at  96  h  varied  from  5.1°C  to  12.5°C  and  27.8"C 
to  32.9''C  at  15  C  and  30°C  acclimation,  respectively.  Salt  toler- 
ance varied  from  24.2  to  53.8  psu.  The  lower  temperature  resis- 
tance was  not  achieved  at  the  lowest  temperature  tested  (3°C)  and 
the  upper  resistance  value  was  32'  C,  independent  of  the  acclima- 
tion temperature.  Salt  resistance  experiments  showed  no  mortality 
in  the  22  to  52  psu  range,  but  abrupt  mortality  occurred  with 
exposure  beyond  these  values.  Scope  for  growth  and  somatic 
growth  experiments  indicated  that  the  optimum  temperature  and 
salinity  were  22°C  and  37  psu.  The  application  of  these  results  to 
hatchery  operations  and  site  selection  for  growout  of  giant  lion's 
paw  scallop  is  discussed. 
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THE  EFFECT  OF  PHOTOPERIOD  ON  THE  CONDITION- 
ING OF  THE  BLACK  SCALLOP.  CHLAMYS  VARIA  II— 
HISTOLOGICAL  STUDY.  I.  Martinez,'  A.J.  Pazos.'  A. 
Louro.-  J.  P.  de  la  Roche.-  G.  Roman,-  M.  Abad'  and  J.  L. 
Sanchez.'  'institute  de  Aeuicultura.  Departarnento  de  Bioqui'mica 
y  Biologi'a  Molecular,  Universidad  de  Santiago  de  Compostela. 
13782  Santiago  de  Compostela.  Spain;  "Instituto  Espafiol  de 
Oceanografi'a.  Centro  Oceanografico  de  A  Coruiia.  PO  Box  130, 
15080  A  Coruiia.  Spain. 

The  aim  of  this  study  is  to  achieve  some  progress  in  tlie  opti- 
mization of  the  conditioning  of  the  black  scallop.  Chlainy.'i  varici 
through  suitable  manipulation  of  photoperiod.  Several  authors 
have  reported  that  daylight  has  an  important  influence  on  the  ga- 
metogenesis  in  marine  organism  (Pearse  et  al.  1986,  Devauchelle 
&  Mingant  1991.  Paulet  &  Boucher  1991,  Saout  et  al.  1999. 
Chavez-Villalba  et  al.  2002 1.  However,  results  of  previous  studies 
on  the  influence  of  photoperiod  on  gametogenic  development  are 
often  contradictory  (Devauchelle  &  Mingant  1991),  and  therefore 
it  is  not  usually  taken  into  account  when  conditioning  procedures 
are  developed  (Utting  &  Millican  1997).  We  tested  black  scallops 
at  two  different  stages  of  gametogenesis  because  we  assume  that 
the  response  will  differ  according  to  the  initial  reproductive  stage 
of  the  progenitors.  Two  conditioning  experiments  were  carried  out 
(experiment  I:  November  to  February,  experiment  2:  March  to 
April).  Adult  scallops  grown  by  raft  culture  in  Galicia,  were  held 
in  tanks  ( 180  x  50  x  30  cm)  in  seawater  for  the  conditioning.  The 
mean  temperature  was  17.4  ±  l.5°C  in  experiment  I  and  15.0  ± 
l.l°C  in  the  experiment  2.  Scallops  were  fed  a  mixed  diet  of 
Skelefoneiini  costatum.  Isochnsis  aff.  galhana.  Pavlova  iiitheri 
and  Rhodomonas  salina  (2.5  x  10"  cells  ■  day~' ).  In  each  experi- 
ment, two  photoperiods  were  tested;  in  three  tanks  scallops  were 
maintained  fewer  than  8  h  light  and  16  h  dark  (winter  conditions), 
whereas  in  other  three  tanks  were  maintained  under  16  h  light  and 
8  h  dark  (spring  conditions).  Every  2  weeks  15  scallops  were 
sampled  from  each  experimental  tank  and  the  gonad  dissected  out. 
Gonad  tissue  was  fixed  in  Bouin  (5  h)  and  the  tissues  were  dehy- 
drated in  .series  of  alcohols,  and  embedded  in  wax.  Histological 
sections  (3-p.  thick)  of  each  gonad  were  stained  by  the  Wheatley 
trichrome  method  (1951).  Specimens  were  examined  microscopi- 
cally for  evidence  of  gametogenesis.  Experiment  I :  the  scallops 
maintained  under  the  16  h  light  regime  showed  signs  of  gameto- 
genesis development  after  only  15  days  of  conditioning,  whereas 
scallops  maintained  under  the  8  h  light  regime  remained  in  resting 
state  after  30  days  of  conditioning  and  gonad  development  was  not 
observed  until  after  45  days  of  conditioning,  by  which  time  the 
group  of  scallops  under  the  16  h  light  regime  had  already  spawned. 
Experiment  2:  In  scallops  subjected  to  the  8  h  light  regime  there 
was  a  certain  degree  of  regression,  whereas  scallops  subjected  to 
the  16  h  light  regime  achieved  spontaneous  spawning  during  the 
first  month  of  conditioning.  These  results  are  consistent  with  those 
of  Saout  et  al.  ( 1999)  who  reported  that  photoperiod  is  undoubt- 
edly the  most  important  factor  involved  in  the  synchronization  of 


reproduction  on  pectinids,  whereas  temperature  and  nutrition  are 
more  important  in  terms  of  the  speed  of  the  gametogenesis  once 
the  process  has  been  established  in  the  animals. 
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CALCIUM  IS  AN  ESSENTIAL  ION  FOR  THE  SPAWNING 
AND  RESUMPTION  OF  MEIOSIS  OF  THE  SCALLOP  AR- 
GOPECTEN  PURPURATUS.  Gloria  Martinez.  Miguel  Angel 
Perez  and  LIvia  Mettifogo.  Facultad  de  Ciencias  del  Mar,  Uni- 
versidad Catolica  del  Norte,  Larrondo  1281.  Coquimbo.  Chile. 

For  some  years  our  research  has  focused  on  understanding  the 
control  of  spawning  in  the  scallop  Arifopcclci}  purpiiratus.  We 
have  investigated  the  dynamics  of  some  monoamines  and  second 
rnessengers  during  this  process.  Lately,  we  have  shown  an  increase 
of  inositol  1-.  4-,  5-trisphosphate  (IP,)  associated  with  spawning 
(Martinez  &  Cistema  2004).  This  messenger  binds  to  the  IP,  re- 
ceptor, a  Ca"*  channel  in  the  reticulum  endoplasmic  inembrane 
and  thereby  releases  Ca"*  into  the  cytoplasm.  This  finding  led  us 
to  think  that  Ca"*  is  involved  in  the  spawning  process.  Because 
smooth  muscle  contraction  is  a  Ca"*-sensitive  process,  the  IP,  rise 
may  be  a  required  step  for  increasing  intracellular  Ca"*.  which  is 
necessary  for  the  contraction  of  gonadal  muscular  tissue  and  the 
expelling  of  gametes.  Whereas  meiosis  in  this  species  is  reinitiated 
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before  female  gametes  are  released  to  the  environment,  we  postu- 
lated that  Ca"*  could  also  be  necessary  for  meiosis  resumption. 
The  aim  of  the  present  work  is  to  investigate  "in  vilm"  the  need  of 
calcium  ion  for  the  release  of  gametes  and  for  meiosis  resumption 
in  A.  pitrpiiratiis.  Female  portions  of  ripe  A.  purpiiratus  gonads 
were  cut  into  small  pieces  of  30-50  mg  wet  weight  and  washed 
with  filtered  seawater.  Pieces  originating  from  the  same  individual 
were  incubated  for  90  minutes  in  separate  2  mL  glass  vials  con- 
taining one  of  the  following  solutions:  Artificial  seawater  (ASW). 
ASW  without  Ca-"-  (OCa  ASW).  ASW  plus  10"'  M  serotonin 
(5-HT).  OCa  ASW  -i-  5-HT.  filtered  natural  seawater  (NSW).  NSW 
-H  10"'  M  5-HT.  NSW  +  0.25  |^M  Ryanodine  (Rya).  NSW  -I-  0.50 
(jlM  Rya.  NSW  -i-  50  |a.M  Rya.  NSW  +  10  mM  caffeine  and  NSW 
-I-  20  niM  caffeine.  After  incubation,  the  liberated  oocytes  were 
fixed  in  Camoy  solution  for  their  later  counting  under  light  mi- 
croscope. Different  experiments  were  run  to  assay  the  different 
treatments  but  each  time,  the  experimental  and  control  solutions 
were  assayed  on  tissue  coming  from  the  same  individuals.  All  the 
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experimental  treatments  were  replicated  eight  times,  each  with  a 
different  scallop.  Data  obtained  were  subjected  to  I -way  analysis 
of  variance  followed  by  a  Tukey  test  in  order  to  compare  the 
differences  (P  <  0.05).  Gross  transverse  sections  of  about  2  mm 
thickness  were  obtained  from  female  gonadal  portions  and  were 
placed  in  glass  dishes  containing  5  niL  of  some  of  one  of  the 
following  solutions:  NSW,  NSW  +  50  mM  EGTA.  NSW  +  Ur'^M 
5-HT.  NSW  +  50  mM  EGTA  +  lO'^M  5-HT.  ASW.  OCa  ASW. 
OCa  ASW  +  5-HT.  After  60  minutes,  each  tissue  sample  was 
rinsed  with  NSW  or  ASW  and  supeificial  scrapes  were  obtained 
with  a  surgical  scalpel  and  were  fixed  with  Carnoy  solution.  The 
total  number  of  oocytes,  and  the  number  that  showed  meiosis 
resumption  (visualized  by  germinal  vesicle  breakdown.  GVBD) 
were  counted  under  a  microscope  to  calculate  GVBD  percent. 
Percentages,  subjected  to  arc-sin  transformation  were  analyzed  by 
1-way  ANOVA.  The  release  of  oocytes  from  gonadal  pieces  was 
inhibited  when  Ca""^  was  absent  from  the  incubation  solution  and 
the  usual  stimulatory  effect  of  serotonin  was  blocked.  Ryanodine 
is  an  alkaloid  known  to  bind  Ca~*  channels  (ryanodine  receptors, 
RyR)  in  the  sarcoplasmic  reticulum  (SR)  and  is  insolved  in  the 
release  of  this  ion  from  intracellular  stores.  This  alkaloid  inhibited 
the  release  of  oocytes  at  50  |j,M  in  normal  and  artificial  seawater. 
Low  concentrations  (nanomolar  range)  of  Rya  render  the  mem- 
brane of  SR  leaky  to  Ca"*.  whereas  higher  values  (|j.molar  range) 
prevent  Ca"^*  release  (Williams  &  Tanna  2004).  This  result  sug- 
gests that  RyR  are  involved  in  the  process  of  oocyte  release  and 
that  Ca"*  for  the  spawning  is  moving  from  SR  stores.  To  confirm 
this  we  used  caffeine,  a  methylxanthine  known  to  increase  Ca*" 
conductance  by  RyR  (Zucchi  &  Ronca-Testoni  19971.  The  release 
of  oocytes  was  significantly  increased  when  10  and  20  niM  caf- 
feine were  used  in  the  incubation  medium.  Meiosis  resumption 
was  blocked  in  the  absence  of  calcium  ion.  effect  that  was  detected 
either  in  ASW  without  Ca"*  or  in  NSW  plus  the  calcium  quelator 
EGTA.  Calcium  ion  must  be  present  in  the  medium  for  meiosis 
resumption  and  release  of  oocytes  from  gonad  of  A.  purpiiratus. 
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COMMERCIAL  SCALLOP  CULTURE  TRIALS  AT  THE 
PINNACE  CHANNEL  AQUACULTURE  FISHERIES  RE- 
SERVE. IN  SOUTHERN  AUSTRALIA.  John  A.  Mercer,'  Neil 
J.  Hickman-  and  Richard  J.  Gasior."  'Fisheries  Victoria.  De- 
partment of  Primary  Industries,  PC  Box  1 14  Queenscliff,  Victoria 
3225.  Australia;  "Primary  Industries  Research  Victoria,  Depart- 
ment of  Primary  Industries.  PC  Box  114  Queenscliff.  Victoria 
3225.  Australia. 

Fisheries  Victoria  facilitated  a  scallop  growing  trial  at  the  new 
1.000  ha  Pinnace  Channel  Aquaculture  Fisheries  Reserve 
(PCAFR)  in  southern  Port  Phillip  Bay.  Victoria.  The  aim  of  the 
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trial  is  to  evaluate  the  Reserves"  suitability  for  scallop  culture 
through  a  series  of  commercial  trials  undertaken  by  prospective 
scallop  farmers.  An  industry  consortium  monitored  scallop  lar\'ae 
abundance  in  the  water  at  the  PCAFR  for  2  years,  in  order  to 
determine  if  it  were  possible  to  catch  commercial  quantities  of 
scallops  in  "spat-bags."  Scallops  that  were  caught  at  the  site  were 
used  for  a  range  of  growing  trials.  The  trial  reported  here  grew  a 
crop  of  scallops  on  two  under-water  commercial  long-lines  that 
were  held  10  m  below  the  sea-surface  in  water  that  was  approxi- 
mately 20  m  deep.  The  seed  scallops  collected  from  spat  bags  in 
April  2003  were  used  to  evaluate  a  range  of  culture  nets  and 
containers.  The  trials  involved  PIRVic  undertaking  a  trial  using  a 
"standard"  culture  method  and  industry  conducting  a  range  of 
trials  using  various  culture  systems.  These  trials  were  run  concur- 
rently on  the  sub  surface  long-lines.  Primary  Industries  Research 
Victoria  (PIRVic)  was  commissioned  to  measure  growth  rate  and 
meat  condition  of  scallops  grown  by  a  "standard"  method  that  used 
pearl  nets  for  the  early  nursery  stage  and  bo.\  nets  for  the  final 
grow-out.  PIRVic  also  assisted  industry  in  assessing  other  methods 
that  were  used,  including  a  variety  of  oyster  containers  and  shell- 
fish growing  nets.  When  using  the  "standard"  growing  method, 
seed  scallops  that  averaged  22.7  mm  in  length  at  the  start,  grew  to 
79.1  mm  with  negligible  mortality  in  18  months.  The  scallops 
grew  throughout  the  whole  year  with  slower  rates  over  the  colder 
winter  months.  Scallop  meat  condition  was  variable  and  ranged 
from  good  to  poor.  An  assessment  of  commercial  production  was 
made  after  18  months.  Only  one  of  the  commercial  methods  in- 
vestigated performed  as  well  as  the  scallops  that  were  grown  in 
pearl  and  bo.x  nets  and  measured  regularly  by  the  "standard"  grow- 
ing method.  This  method  was  growing  scallops  in  4.5  mm  pearl 
nets  for  9  months  then  at  a  low  density  in  large  round  lantern  nets 
for  the  final  9  months.  All  other  treatments  tested  did  not  perform 
as  well  as  the  "standard"  method.  It  was  concluded  that  many  of 
the  physical  attributes  of  the  site  make  the  PCAFR  a  good  location 
for  commercial  scallop  aquaculture.  The  establishment  of  the 
PCAFR  by  the  Victorian  Government  provides  an  opportunity  for 
prospective  marine  fanners  to  develop  a  new  shellfish  aquaculture 
industry. 


MAKING  IT  WORK— SCALLOP  CULTURE  AND  MAN- 
AGEMENT IN  NEW  ZEALAND.  Russell  Mincher.  Challenger 
Scallop  Enhancement  Ltd..  P.O.  Box  175,  Nelson,  New  Zealand. 
Commercial  success  in  fisheries  management  seldom  has  a 
great  deal  to  do  with  managing  the  fish.  Fish  reproduce,  grow  and 
die  as  they  have  done  without  human  inter\eiition  since  time  im- 
memorial. The  fishery  manager  is  concerned  with  managing 
people  and  their  behavior  so  that  the  fish  can  get  on  with  the 
business  of  growing  to  harvest  condition.  That  premise  holds  true 
for  all  exploited  fisheries,  including  scallop  fisheries  whether  they 
are  farmed,  ranched,  enhanced  or  truly  wild.  Managing  an  en- 
hanced scallop  fishery  to  generate  a  commercial  outcome  is  a 


business.  It  is  the  business  of  using  the  resources  available  to  the 
organization  to  influence  the  productivity,  security  and  profitabil- 
ity of  harvests  over  the  long  temi.  The  Challenger  Scallop  En- 
hancement Company  of  New  Zealand  (Challenger)  is  in  that  busi- 
ness. Information  needs  and  scientific  inputs  required  by  fishery 
managers  in  an  enhanced  fishery  change  as  the  fishery  matures. 
Having  settled  how  best  to  intervene  in  the  reproductive  cycle  of 
the  fishery  to  successfully  enhance,  the  manager's  focus  shifts  to 
improving  harvests,  improving  operational  efficiency  and  resolv- 
ing threats  to  the  fishery  or  program.  Russell's  address  describes 
some  of  the  challenges  previously  overcome  and  others  currently 
faced  by  Challenger  as  it  manages  a  commercialised  scallop  en- 
hancement program.  Those  challenges  include: 

•  Securing  on-going  funding  for  the  program 

•  Managing  the  interface  with  recreational  and  customary  scallop 
tishers 

•  Improving  spat  survival  rates  while  reducing  the  costs  of  en- 
hancement 

•  Managing  harvester  behavior 

•  Protecting  the  fishery  from  conflicts  with  marine  farming  pro- 
posals 


SCALLOP  (PIACOPECTEN  MAGEUJlNICVS)  SEA  SAM- 
PLING PROGRAM  AS  A  STOCK  STATUS  INDICATOR. 
Monique  Niles  and  Leslie-Anne  Davidson.  Aquaculture  Divi- 
sion. Department  of  Fisheries  and  Oceans.  Moncton.  Nev\  Bruns- 
wick, EIC  986,  Canada. 

The  sea  scallop  iPhicopecicn  ii}ai;t'lltiniciis)  fishing  grounds  in 
the  southern  Gulf  of  St.  Lawrence  are  divided  into  four  Areas.  The 
scallop  fishery  is  managed  by  imposing  seasons,  meat  count  limits, 
gear  size  limits  and  restrictions  and  logbook  reporting.  Over  the 
last  4  years,  the  landings  have  hovered  above  100  mt  of  meat,  the 
lowest  recorded  since  1968  when  peak  values  attained  900  mt. 
Since  implementing  logbook  reporting  in  1999,  it  has  become 
possible  to  map  fishing  positions  and  effort.  In  2001.  a  sea  sam- 
pling program  was  put  in  place  in  collaboration  with  the  fishing 
industry  to  better  understand  the  status  and  biology  of  the  scallop 
beds.  As  a  result,  recommendations  have  been  made  to  fishermen 
and  fisheries  managers  concerning  meat  count  limits  and  ring  size 
increases.  Meat  count  regulations  have  decreased  from  52  meats/ 
500  g  to  44  meats/5()0  g  in  one  Area,  while  the  ring  size  has 
increased  from  .^  inches  to  .^'/j  inches  in  all  Areas.  Also,  it  has  been 
demonstrated  to  fishermen  that  returning  scallops  to  sea  that  are 
smaller  than  80  mm  will  not  jeopardize  their  current  landings.  By 
adopting  these  recommendations,  it  is  thought  that  over  lime,  fish- 
ermen could  increase  their  landings  and  maximize  meat  yields  by 
targeting  scallops  larger  than  100  mm.  Trends  in  the  meat  weights 
of  90  mm  scallops  have  been  evaluated  against  environmental 
parameters.  The  sea  sampling  program  has  proven  to  be  an  inex- 
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pensive  but  useful  tool  in  better  understanding  the  scallop  stocks, 
fishery  and  biology  and  in  giving  science-based  advice. 


AUSTRALIAN  SAUCER  SCALLOPS— SKA  RANCHING 
GENETICS.  Elizabeth  O'Brien,'  Jason  Bartlett,'  Bryony 
Dixon'  and  Peter  Duncan."  'Department  of  Primary  Industries 
and  Fisheries.  Profitable  Aquaculture  Systems.  Bribie  Island 
Aquaculture  Research  Centre,  PO  Box  2066.  Woorim.  QLD  4507. 
Australia;  "Faculty  of  Science.  University  of  the  Sunshine  Coast. 
Maroochydore  DC.  QLD  4558.  Australia 

The  saucer  scallop.  Aimisiuiii  Inilloli.  is  distributed  along  the 
Western  and  Eastern  coast  of  Australia  and  supports  a  fishery  in 
both  states.  To  stabilize  the  annual  catch  rates,  private  companies 
from  both  states  are  investing  in  sea  ranching  or  reseeding  opera- 
tions. Because  of  biological  constraints  on  wild  harvest  of  spat,  the 
enhancement  operations  are  reliant  on  production  of  seed  from 
hatcheries.  The  mass  release  of  scallop  juveniles  is  expected  to 
have  an  immediate  effect  on  stock  abundance  but  it  also  has  the 
potential  to  alter  the  genetic  structure  of  the  wild  saucer  scallop 
populations.  To  minimize  the  environmental  impacts  of  reseeding. 
genetic  resource  management  is  recommended,  and  both  compa- 
nies are  supportive  of  understanding  the  genetic  structure  of  the 
native  populations.  To  facilitate  this,  the  genetic  population  struc- 
ture of  saucer  scallops  along  the  Western  and  Eastern  Australian 
coastline  have  been  analyzed  using  eight  micrcsatellite  loci  and  the 
results  will  be  presented  during  this  presentation.  Previous  allo- 
zyme  work  compared  the  Queensland  and  Western  Australian 
forms  of  ,4.  halloti.  and  results  indicated  that  they  might  be  classed 
as  different  species  (Dredge  et  al.  in  prep. ).  We  have  used  16S  and 
I2S  rRNA  sequence  fragments  to  verify  these  findings  and  present 
the  results  here.  Finally  we  will  present  a  suggested  genetic  man- 
agement strategy  for  Australian  saucer  scallop  ranching,  based  on 
these  findings. 


THE  EFFECT  OF  TRANSPORTATION  ON  THE  PHYSI- 
OLOGICAL CONDITION  AND  FREE  AMINO  ACIDS 
COMPOSITION  OF  NODIPECTEN  SUBNODOSUS  AD- 
DUCTOR MUSCLE.  V.  M.  Ocaiio-Higuera,'  A.  N.  Maeda- 
Martinez,-  M.  E.  Lugo-Sanchez'  and  R.  Pacheco-Aguilar.' 
'Universidad  de  Sonora.  Departamento  de  Ciencias  Qui'mico  Bi- 
ologicas.  Boulevard  Luis  Encinas  y  Rosales.  Col.  Centro.  C.P. 
83000:  "Centro  de  Investigaciones  Biologicas  del  Noroeste.  S.C. 
Mar  Bermejo  No.  195.  Col.  Playa  Palo  de  Santa  Rita.  Apdo.  Po.stal 
128.  La  Paz.  BCS  23090.  Mexico;  -Centro  de  Investigacion  en 
Alimentaciiin  y  Desarrollo  A.C.  Canetera  a  la  Victoria  Km  0.6. 
CP.  83000.  Hemiosillo.  Son.  Apdo.  Postal  1735. 

The  lion's  paw  scallop.  Nodipecten  siibiuulosiis  (Sowerby. 
1835)  is  the  largest  pectinid  in  the  Baja  California  Peninsula. 
Mexico.  This  scallop  is  distributed  from  Ojo  de  Liebre  lagoon. 
Baja  California  Sur  Mexico,  to  Peru.  At  the  present  time,  some 
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Figure  1.  Device  used  for  shipping  of  lion's  paw  scallop  Sodipecteii 
siibiiodosiis. 


aspects  on  culture,  reproductive  cycle,  growth,  gametogenesis. 
postmortem  changes  and  quality  of  the  adductor  muscle  has  been 
studied  in  Nodipecten  suhnodosus.  However,  reports  of  the  trans- 
portation effect  on  the  physiology  and  free  amino  acids  composi- 
tion in  the  adductor  muscle  is  very  scarce.  Therefore  the  overall 
objective  of  this  study  is  to  evaluate  the  effect  of  transport  on  the 
physiology  of  this  scallop,  using  the  changes  in  adenylic  energetic 
charge,  glycogen  content,  muscle  yield  index  and  free  amino  acids 
composition  as  indicators  of  stress.  Scallops  Nodipecten  sidmo- 
dosiis  of  6-7  cm  shell  height  were  used  in  the  study.  A  sample  of 
2.630  individuals  was  collected  and  transported  from  the  Guerrero 
Negro  lagoon  to  the  laboratory  at  the  Universidad  Autonoma  de 
Baja  California  Sur,  Mexico.  The  elapsed  time  for  transportation 
was  1  I  h.  Features  of  the  original  shipping  device  designed  by 
Maeda-Marti'nez  et  al.  (2000)  for  scallop  seed  was  substantially 
modified  and  shown  in  Figure  I.  Firstly,  the  organisms  were 
placed  on  a  wood  base  (100  cm  in  diameter)  and  sponge  rubber 
over  which,  alternate  beds  of  organisms — sponge  rubber — 
organisms  were  placed.  The  sponges  were  soaked  with  seawater 
during  the  packing.  Afterwards,  a  base  of  wood  was  collocated  on 
the  top.  which  served  as  a  lid.  A  rope  was  used  to  secure  the 
sandwich  of  organisms,  which  was  placed  inside  a   Im'  cooler 

TABLE  L 

Average  weights  (A'  =  6)  of  the  adductor  muscle,  gonad,  total  tissue 

and  whole  organism  (shell  +  tissues)  from  lagoon  and 

post-transport. 

Adductor        Gonad        Total  tissue  Total 

Muscle  (g)  (g)  Weight  (g)       Weight  (g) 

Scallops  from 

lagoon  7.0±l.8''        2.5±0.7'       21.6±4.5-'       61.0+12.2^ 

Scallops 

post-transport       7.2  ±  I  ..S^'        2.(1  ±  I  ..^^        1 7.9  ±  3.2"       60.5  ±  9.8" 


Data  represent  the  mean  and  standard  deviation  of  »  =  6 

Different  letter  in  the  same  column  indicates  significant  differences  (/■  < 

0.05 ) 
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TABLE  2. 

Means  ±  SD  of  total  carbohydrates,  glycogen,  ATP,  ADP,  AMP  and  calculated  AF.C  levels  in  the  adductor  muscle  of  lion's  paw  scallop 

{Nodipeclen  stibiiodosiis)  before  and  after  transport. 


Total  Carbohydrates 

(nig/g)* 


Glycogen* 

inig/g) 


ATP  (MM/g 
of  Muscle) 


ADP  (nM/g 
of  Muscle) 


AMP  (MM/g 
of  Muscle) 


AFX 


Muscle  Yield 
Index  (%)- 


Scallops  from  lagoon 

243.4  ±  25.6-' 

230.1  ±24.7-' 

7.4  ±  2.2-' 

2.3  ±  1.0-' 

0.6  ±  0.4-' 

0.8  ±0.1' 

32.2  ±  5.7-' 

(203.6-268..S) 

(201.4-253.0) 

(4.9-10.61 

( 1 .5-).  1 ) 

0.17-1.3 

(0.70-0.91) 

Scallops  post-transport 

l.S.4  +  7.1'' 

12.6  ±6.6 

3.7  ±1.8'' 

3.7  ±  1.1'' 

3.9  ±  2.0" 

0.5  ±  0.2" 

40.4  ±  5.8" 

(S.()-24..'i) 

(6.1-22.4) 

lO.S-5.6) 

2.6-.S..S4 

1.64-5.S9 

(0.2-0.7) 

The  values  are  the  mean  ±  SD  of  ii  =  6. 

Different  letter  in  the  same  column  indicate  significant  differences  (P  <  0.051 


adapted  with  an  oximeter  and  a  thermometer.  Ice  bags  were  placed 
inside  the  cooler,  then  sealed  with  a  rope  and  filled  with  O2 
organisms  from  the  lagoon,  before  and  after  shipping,  were  frozen 
in  liquid  nitrogen.  Average  weights  for  adductor  muscle,  gonad 
total  tissue  and  total  weigh  of  the  scallop  are  shown  in  Table  1 .  No 
significant  changes  (P  >  0.05)  were  observed  between  the  organ- 
isms before  and  after  transportation,  however  a  slight  change  was 
observed  in  the  total  tissue  weight  caused  by  the  liberation  of  water 
from  the  mantle,  this  fact  needs  to  be  considered  in  more  detail  in 
further  studies.  Table  2  shows  the  average  levels  of  glycogen 
content,  total  carbohydrates,  ATP,  ADP.  AMP,  adenylic  energetic 
charge  and  muscle  yield  index  of  the  adductor  muscle  of  lion's 
paw  scallop  from  lagoon  and  post-transport.  A  significant  de- 
creased (P  <  0.051  in  the  glycogen  content,  total  carbohydrates. 

TABLE  3, 

Free  aminoacids — Initial  and  post-transport  composition  of  free 
amino  acids  in  the  adductor  muscle  of  Nodipeclen  siihiiodosiis. 


(mg/l(((l  g  of  Musclel 

Amino  Acid 

Scallop  from  Lagoon 

Post-transport 

Glycine 

14.54.8  ±310.3' 

1540.8  ±  139.0" 

Taurine 

761.1  ±  163.8" 

764.6  ±  65.4" 

Arginine 

337.0  ±  82.2" 

797.6  ±  94.9" 

Alanine 

225.1  ±81.3" 

129.1  ±45.0" 

Glutamic  acid 

141.0±27.f' 

138.6  ±28.0" 

Histidine 

110.3  ±49.7" 

126.4  ±57.7" 

Aspartic  acid 

72.1  ±25.1" 

76.2  ±  33.7" 

Threonine 

61.1  ±  15.5" 

201.6  ±36.7'' 

Serine 

25.8  ±11.4" 

127.6  ±33.6" 

Lysine 

25.4  ±  7.3" 

137.6  ±50.2" 

Valine 

23.9  ±  7.4" 

112.9  ±36.8" 

Phenylalanine 

13.3  ±3.5" 

11 1.7  ±37.5" 

Tyrosine 

12.8  ±4.3" 

11 1.2  ±26.8" 

Leucine 

10.8  ±2.8" 

137.1  ±47.7" 

Methionine 

8.4  ±4.1" 

46.2  ±  16.7" 

Lsoleucine 

8.2  ±  1.9" 

93.9  ±  5 1 .9" 

Total  (mg/g  of  muscle) 

3637.7  ±919.6 

4353.2  ±459.1 

The  values  are  the  mean  ±  SD  of  n  =  6. 

Difterent  letter  in  the  same  row  uidicale  significant  differences  (p  <  0.051 


ATP  and  adenylic  energetic  charge  was  observed  after  transport, 
because  these  compounds  are  used  by  the  organisms  to  compen- 
sate the  stress  produced  during  the  transport  and  maintain  the  good 
operation  of  their  organs.  On  the  other  hand,  the  ADP  and  AMP 
concentrations  as  well  as  the  muscle  yield  index  increased  signifi- 
cantly {P  <  0.05)  becau.se  of  breakdown  of  ATP,  which  produces 
the  accumulation  of  ADP  and  AMP  and  the  liberation  of  water, 
respectively.  Finally.  Table  3  shows  the  free  amino  acid  compo- 
sition in  the  adductor  muscle  of  lion's  paw  scallop  and  the  effect 
of  transportation  on  their  concentration.  Glycine,  taurine,  arginine 
and  alanine  were  the  most  dominant  free  amino  acids  and  ac- 
counted for  74.2%  of  the  total.  After  the  transport,  a  significant 
increase  (P  <  0.05)  in  the  concentration  of  free  amino  acids  (in- 
dividual and  total)  was  observed.  This  increase  was  produced  by 
the  dehydration  during  the  transportation,  since  free  amino  acids, 
which  are  important  in  maintaining  normal  physiological  and  bio- 
logical functions,  are  used  together  with  potassium,  bicarbonate 
and  phosphate  compounds  as  osmotic  effectors  in  marine  bivalves. 
In  conclusion,  the  method  used  to  transport  the  organisms  was 
successful  due  to  the  high  rate  of  survival  (88  %)  and  the  quantity 
of  the  transported  organisms 


GREAT  SCALLOP  MYOSTATIN— THE  ROLE  AS  A 
NEGATIVE  MUSCLE  GROWTH  REGULATOR  ALSO  IN 
INVERTEBRATES?  H.  Pagander.'  0.  Strand."  T.  Magnesen,' 
LA.  Johnston-'  and  0.  Andersen.'  'AKVAFORSK.  P.O.  Box 
5010.  1432  As-NLH:  "Inst.  Marine  Research.  P.O.  Box  1870 
Nordnes,  N-5817  Bergen;  'SCALPRO  AS,  5337  Rong;  -"Gatty 
Marine  Laboratory,  University  of  St.  Andrews.  Scotland. 

Cultivation  of  scallop  has  received  much  attention  because  of 
the  increasing  demand  for  high  quality  seafood  products  at  the 
European  market.  The  highly  favorable  conditions  for  growing  the 
great  scallop.  Pecteii  ma.xiimis.  along  the  Norwegian  coastline  give 
a  unique  opportunity  to  become  a  leading  nation  for  scallop  pro- 
duction. This  project  is  focusing  on  the  environmental  and  genetic 
regulation  of  the  larval  growth  and  development  of  the  large  ad- 
ductor muscle,  which  is  the  primary  product  sold.  The  muscle  fiber 
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anatomy  and  recruitment  in  molluscs  have  been  studied  for  the 
first  time.  Water  temperatures  of  14°C  or  18°C  at  early  develop- 
mental stages  were  shown  to  influence  larval  growth  and  survival. 
Genes  encoding  contractile  proteins  and  regulatory  factors  have 
been  partially  isolated,  including  the  negative  muscle  growth  regu- 
lator myostatin.  Great  scallop  myostatin  showed  about  50%  se- 
quence similarity  to  fish  and  mammalian  myostatin  in  the  active 
C-terminal  portion.  The  construction  of  an  EST-library  from  the 
scallop  adductor  muscle  is  in  progress  to  reveal  the  full-length 
cDNA  sequences  of  additional  muscle  regulatory  genes.  In  situ 
hybridization  and  immunohistochemistry  will  then  be  used  to 
study  the  sub-cellular  location  of  the  gene  products  during  growth 
and  recruitment  of  the  muscle  cells. 


ADOPTING  AREA-BASED  HARVESTING  STRATEGIES 
IN  THE  TASMANIAN  SCALLOP  FISHERY.  Rod  Pearn  and 
Hilary  Revill.  Department  of  Primary  Industries,  Water  and  En- 
vuiinmcnt,  Tasmania.  Australia. 

The  Tasmanian  scallop  fishery  is  primarily  based  on  the  harvest 
of  the  commercial  scallop  {Pectin  fiiiihitiis).  Scallop  fisheries 
worldwide  are  notorious  for  their  variability  in  recruitment.  The 
Tasmanian  fishery  is  no  exception  to  this,  and  historically,  the 
fishery  has  been  subject  to  highly  variable  annual  catches  and  total 
fishery  closures.  The  fishery  has  only  opened  in  a  total  of  6  years 
in  the  last  decade.  The  high  variability  in  stock  abundance  is 
strongly  influenced  by  environmental  factors.  In  2003.  the  fishery 
adopted  a  "tight"  spatial  management  strategy  with  the  aim  of 
increasing  the  likelihood  of  fishing  continuity  between  years.  The 
strategy  is  different  from  the  majority  of  other  fisheries  in  that  all 
areas  are  closed  unless  specifically  opened.  The  strategy  limits 
fishing  to  discrete  areas  and  aims  to: 

•  ina.\imi/,e  stock  rebuilding  in  unfished  areas 

•  protect  stock  in  other  areas  for  future  access 

•  limit  fishing  impacts  on  under  size  scallops 

•  limit  fishing  impacts  on  the  broader  marine  environment 

Seasonal  closures  are  in  force  during  the  period  when  spawning 
and  larval  settlement  are  likely.  The  closed  season  also  protects 
newly  settled  scallops. 

The  spatial  management  system  also  incoiporates  3  levels  of 
closure. 

•  Permanent  closed  areas;  notably  all  shark  refuge  areas  are  closed 
to  scallop  dredge  activities. 

•  Closed  Area  (class  1)  areas  may  be  declared  prohibiting  all 
vessels  with  a  scallop  dredge  or  active  scallop  license  being  in 
an  area,  including  transiting  the  area.  This  type  of  closure  ma.\i- 
mizes  the  protection  of  scallops,  especially  where  they  are  in 
close  proximity  to  open  areas. 

•  Closed  Area  (class  2)  areas  are  all  other  state  waters  not  desig- 


nated, as  open.  Scallop  vessels  can  transit  these  areas,  however 
cannot  scallop  fish  or  have  any  scallop  dredge  in  the  water.  All 
vessels  participating  in  the  scallop  fishery  are  required  to  have  a 
vessel  monitoring  systems  (VMS),  which  allows  real  time  moni- 
toring of  ves.sel  positions. 

Generally,  before  any  area  is  considered  for  opening  a  survey  is 
conducted  either  by  permit  or  by  scientific  assessment.  An  area 
may  be  considered  for  opening  if  there  are  substantial  scallop  beds 
the  area  consisting  of  less  than  20  %  undersize  scallops. 

Previous  survey  information,  past  history  and  anecdotal  infor- 
mation maybe  used  to  determine  where  the  survey  will  be  con- 
ducted. The  Spatial  management  system  where  the  majority  of 
waters  a  closed  in  to  fishing,  however  presents  challenges  in  iden- 
tifying scallop  beds  outside  open  areas.  Potentially  this  either  in- 
creases research  costs  or  limits  information.  The  need  for  increased 
spatial  information  has  been  identified  as  a  major  challenge  by 
industry  and  the  management  agency.  Over  the  last  2  years  various 
forms  of  industry  based  surveys  have  been  trialed.  with  the  aim  of 
increasing  inlbnnation  about  the  scallop  resource.  The  need  for 
stock  information  on  a  wider  geographical  scale  to  determine  fu- 
ture harvesting  strategies  and  incentives  to  encourage  fishers  to 
conduct  surveys  will  be  dkscussed. 


A  NEW  METHOD  OF  DEPLOYING  COLLECTORS  IN  AR- 
EAS WITH  FISHING  ACTIVITIES.  Juan  B.  Pefla,  Maria  J. 
Diez,  and  Carlos  Saavedra.  histituto  de  Acuicultura  Torre  de  la 
Sal  (CSIC).  E- 12595  Ribera  de  Cabanes.  Castellon,  Spain. 

We  previously  found  a  natural  population  of  the  Mediterranean 
scallop  Pecten  jacolxwus  L.  in  an  area  between  50-m  and  100-m 
depth  in  Castellon  waters  (Western  Mediterranean).  This  is  a  fish- 
ing bed  for  some  economically  important  fish  species  that  are 
living  on  the  sand  and  mud  bottom  around  some  rocky  formations. 
However,  there  is  a  big  rocky  ground  at  a  depth  of  60-69  m  where 
fishing  boats  do  not  fish.  The  main  problem  we  have  had  in  the  last 
years  is  regarding  the  cutting  of  some  of  the  collector's  surface 
buoys  by  fishermen  or  curious  people.  The  aim  of  this  study  is  to 
improve  and  assure  scallop  collectors  during  the  7  months  of 
settlement  near  the  bottom.  The  surface  water  temperature  in  Cas- 
tellon reaches  26°C  to  27°C  during  summer,  and  usually  collectors 
are  removed  in  October  to  November,  when  the  water  temperature 
decreases  to  I8"C  to  20°C.  Until  now  the  standard  collector  line 
has  a  surface  buoy  and  a  weight  in  the  end  of  the  rope  to  keep  it 
tense.  Bags  are  attached  near  the  weight.  In  this  study  we  com- 
pared the  standard  collector  line  with  a  new  collector  line  formed 
by  a  rope  of  90  m  that  had  a  weight  on  both  ends  and  some  small 
subsurface  buoys  in  the  central  part  of  the  rope.  This  new  design 
kept  a  curved  form  with  the  upper  arch  at  appro.ximately  48  m 
from  the  sea  surface.  In  this  way,  fishermen  cannot  see  the  buoys 
and  the  presence  of  collectors.  A  series  of  14  collector  bags  sepa- 
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rated  70  cm  between  them  and  3  m  from  the  weight  were  attached 
to  the  rope.  The  strings  of  collectors  were  positioned  April  30  and 
retrieved  November  28.  2004.  The  collector  lines  were  placed  on 
the  rocky  bottom  and  their  geographical  position  registered  by  a 
(global  positioning  system)  GPS.  In  November  the  geographical 
position  of  each  line  was  detected  by  the  GPS  and  the  boat  sonar; 
then,  collector  lines  were  retrieved  by  an  iron  gadget  with  many 
spikes  in  order  to  catch  the  submerged  curved  rope.  Seven  species 
of  pectinids  were  identified  from  the  collectors.  The  most  abundant 
was  Aeqitipecten  opercularis  (55.59^ ),  but  other  species  were 
present  and  scarce.  Most  of  them  were  without  commercial  value: 
Crassadoma  iiiiiili striata  (2.1%),  Mwnuhlamys  variii  (0. 1  '^/<r ).  Pal- 
liohim  incomparabile  (32.7%),  Perapecten  cominulatus  (0.2%) 
and  Pseiidamiisshnn  clavatiim  (4.4%),  with  the  exception  of  the 
king  scallop  Pecten  jacobaeus  (4.9%).  Other  species  of  bivalves 
were  identified  and  counted,  because  of  their  number  and  size 
inside  the  bag:  Plena  hintndo  (18%)  and  Arrina  fragilis  (2.7%). 
but  small-sized  bivalves,  were  rejected  without  being  counted.  No 
significant  differences  were  observed  between  the  spat  settlement 
on  the  standard  collectors  and  the  new  collector,  because  both  had 
14  bags  and  were  placed  in  the  same  area  at  the  same  time.  The 
pectinid  spat  number  per  collector  bag  was  on  average  60.2 
Aequipecten  opeiridaris  and  5.3  Pecren  jacobaeus  on  the  standard 
collectors  and  60.8  and  5.5  on  the  arched  collectors.  The  mean  size 
of  Aequipecten  opercularis  spat  on  standard  collectors  was  17.34 
±0.19  mm  (range  10.5  to  27.2  mm)  and  on  the  arched  collectors 
was  16.87  ±  0.1 1  mm  (range  8.5  to  29.9  mm).  The  mean  shell 
height  of  Pecten  Jacobaeus  spat  was  17.46  ±  0.41  mm  (range 
9.3-24.5  mm)  and  17.15  ±  0.28  mm  (range  7.9-26.6  mm),  respec- 
tively. The  new  method  of  deploying  collectors  gave  a  similar 
settlement  of  scallop  spat  than  the  standard  collectors,  but  the 
novelty  is  in  the  placement  without  surface  buoys  and  the  retrieval 
by  means  of  GPS  and  sonar.  Therefore,  the  new  arched  line  col- 
lector is  a  good  method  for  catching  pectinid  spat  in  areas  where 
the  surface  buoys  from  the  collector  strings  can  be  cut  or  stolen  by 
fishermen  or  curious  sport  fishermen,  or  even,  by  coast  guards  that 
think  the  ropes  may  contain  drugs  or  other  contraband  goods. 
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I.  Reproductive  cycle  of  Nodipecteit  subnodosus  in  suspended 
system  in  the  Guerrero  Negro  lagoon,  B.C.S.  Mexico. 


nodosus  is  scarce  (Reinecke-Reyes  1996.  Racotta  et  al.  2003,  Arel- 
lano-Martinez et  al.  2004).  This  study  analyzes  the  reproduction 
time  of  M  subnodosus  in  suspended  culture  conditions  in  the  Guer- 
rero Negro  lagoon  at  its  northern  geographical  limit  of  distribution. 
Lion"s  paw  scallop  spat  produced  in  the  hatchery  laboratory  of 
Centro  de  Investigaciones  Biologicas  del  Noroeste  in  La  Paz 
B.C.S.,  Mexico  were  used  in  the  study.  In  August  2001,  2-month- 
old  scallops  (=3  mm  in  shell  height,  HL)  were  seeded  in  the 
Guerrero  Negro  lagoon  (27°56'  and  28°06'N  and  114  02'  and 
1 14"09"W).  Nestier  cages  were  suspended  at  6-m  depth  near  the 
bottom.  Density  was  adjusted  to  maintain  free  the  50%  of  tray.  HL 
of  the  scallops  was  registered  at  roughly  monthly  intervals  over  a 
period  of  19  months.  Since  February  2002,  between  5  to  12  scal- 
lops were  sampled  randomly  each  month.  Gonads  of  these  scallops 
were  fixed  in  a  10%  formalin  solution  for  histological  analysis. 
Additionally,  water  temperature  and  chlorophyll  a  concentration 
were  recorded  at  each  sampling  time.  Although  there  were  no 
samples  in  all  months,  the  tendency  observed  in  the  reproductive 
cycle  (Fig.  1)  agreed  with  previous  reports  for  N.  subnodosus 
(Reinecke-Reyes  1996,  Racotta  et  al.  2003,  Arellano-Martinez  et 
al.  2004).  It  showed  a  clear  seasonality  related  to  the  water  tem- 
perature, ripening  when  temperature  began  to  increa.se  (April, 
18''C).  Spawning  occurs  with  high  concentration  of  chlorophyll  a 
and  when  temperature  started  to  decrease  (September)  (Fig  2).  The 
histological  analysis  shows  that  the  first  gonad  development 


REPRODUCTION  OF  NODIPECTEN  SUBNODOSUS  (SOW- 
ERBY.  1835)  IN  SUSPENDED  CULTURE  IN  THE  GUER- 
RERO NEGRO  LAGOON.  BAJA  CALIFORNIA  SUR 
MEXICO.  E.Perez-DeLeon.'  M.  Arellano-Martinez-  and  B.  P. 
Ceballos-Vazquez."  'Universidad  Autonoma  de  Baja  California 
Sur;  ^Centro  Interdisciplinario  de  Ciencias  Marinas,  Instituto 
Politecnico  Nacional,  La  Paz,  B.C.S.,  Mexico 

Knowledge  of  the  reproductive  cycle  of  economically  impor- 
tant marine  invertebrates  is  basic  to  culture  activities  and  manage- 
ment of  natural  stocks.  Since  1997,  an  increasing  interest  in  this 
species  was  observed  especially  because  of  its  high  potential  for 
aquaculture.  Docuiiicntation  of  the  reproductive  biology  of  M  suh- 
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Figure  2.  Monthly  variation  in  water  temperature  and  chlorophyll  a 
concentration  in  the  suspended  culture  system  in  the  Guerrero  Negro 
lagoon,  B.C.S.  Mexico. 
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Figure  3.  Average  shell  height  reached  al  each  sampling  date  in  the 
suspended  culture  system  in  the  (;uerrer(i  Negro  lagoon,  B.C.S. 
Mexico. 


started  when  mean  shell  height  was  50  mm  (April.  9  months  old). 
The  earlier  mentioned  agreed  with  observations  in  other  areas  on 
the  Pacific  coast.  In  a  wild  population  from  Ojo  de  Liebre  lagoon 
(adjacent  to  Guerrero  Negro  lagoon)  scallops  started  the  gonad 
development  at  51-mmHL  (8  months  old.  approximately)  (Arel- 
lano-Martinez et  al.  2004).  In  a  culture  system  in  Bahia  Magdalena 
the  gonad  development  started  in  scallops  at  52-mmHL  (9  months 
old)  (Racotta  et  al.  2003).  On  the  other  hand,  the  gonad  develop- 
ment coincided  with  a  period  of  minimum  increment  in  shell 
height  (Fig  3).  probably  because  the  energy  now  is  channeled  to 
reproduction  more  than  growth.  According  to  the  earlier  men- 
tioned and  considering  that  N.  siihnodosus  reaches  large  sizes 
(218-mmHL).  it  is  evident  that  the  lion's  paw  scallop  is  reproduc- 
tively  precocious  with  early  gonad  development  before  the  first 
year  of  age. 
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CHARACTERIZATION  OF  THE  IMMUNE  RESPONSE  OF 
THE  LIONS  PAW  SCALLOP  NODII'ECTES  SUBNO- 
DOSUS.  Eritk  R.  Ramirez-Castillo,'  Bertha  P.  Ceballos- 
Vazquez.'  Antonio  Luna-Gonzalez'  and  Marcial  Arellano- 
Martinez.'  'Centro  Interdisciplinario  de  Ciencias  Marinas.  Insti- 
tuto  Politecnico  Nacional.  La  Paz.  B.C.S.  Mexico:  'Universidad 
Autonoma  de  Baja  California  Sur.  La  Paz,  B.C.S,  Mexico. 

The  hydrolytic  effects  of  the  different  lysosomal  enzymes  are 
one  of  the  most  important  mechanisms  in  the  degradation  of  patho- 
genic organisms  inside  or  outside  the  hemocytes  in  bivalve  mol- 
lusks.  Therefore,  the  enzymatic  activity  in  hemolymph  has  been 
extensively  studied  as  indicator  of  the  immune  capacity  in  many 
species  of  bivalves.  The  objective  of  this  work  is  to  analyze  the 
immune  response  of  the  lion's  paw  scallop  Nodipecten  subnodosiis 
to  the  challenge  with  VUvio  ali;iiwlyticiis  strain  APSA2,  through 
the  characterization  of  the  enzymatic  activity  (lysosomal  en- 
zvmes).  Before  the  experiment  it  was  necessary  to  determine  the 
sublethal  dose  of  V.  alginolytiais.  It  was  determined  using  5  lots 
with  8  organisms  each  one  and  testing  5  concentrations  from  10" 
to  10'^  UFC/mL  during  a  period  of  10  days.  Another  lot  served  as 
control,  which  was  injected  with  saline  solution.  The  sublethal 
dose  was  established  at  lO''  UFC/mL.  Then.  5  lots  of  6  organisms 
were  injected  with  the  sublethal  dose  ( 10''  UFC/mL)  and  4  organ- 
isms served  as  control  by  treatment  using  saline  solution.  Samples 
of  6  mL  of  hemolymph  were  obtained  from  the  adductor  muscle 
using  a  5  mL  sterile  syringe  after  6  and  24  h  and  3,  6  and  10  d.  In 
each  case,  hemocytes  were  quantified  (hemocytes/mL)  with  a  he- 
matocytometer.  Additionally,  the  diameter  of  the  hemocytes  was 
obtained  using  the  SigmaScan  Pro  software  (Version  5.0).  To 
separate  the  hemocytes  from  the  plasma  the  hemolymph  was  cen- 
trifuged  at  x500g/10  min/4°C.  Once  separated,  they  were  re- 
suspended  and  washed  in  buffer  Tris  HCl  pH  6,5.  Then  hemocytes 
were  broken  by  freeze-thaw  to  obtain  the  supernatants  (HLS)  of 
the  cellular  debris.  Hydrolytic  enzymes  were  determined  in  plasma 
and  HLS  with  the  API  ZYM  kit  (BioMerieux)  and  lysoplate  assay. 
Enzymatic  activity  was  reported  in  relation  with  the  protein  con- 
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centration  of  samples.  The  concentration  of  protein  was  deter- 
mined by  the  Bradford  method.  The  samples  of  each  tiine  were 
pooled  taking  400  |j.L/sample.  The  ANOVA  was  used  to  assess 
significant  differences  between  times.  To  compare  the  quantity  of 
heniocytes.  the  mean  of  all  controls  was  obtained.  The  quantity  of 
hemocytes  was  significantly  lower  (ANOVA.  P  <  0.05)  6  h  after 
challenge,  whereas  the  hemocytes  were  significantly  larger 
(ANOVA.  P  <  0.05)  (Fig.  I).  The  quantity  and  diameter  of 
hemocytes  in  treatments  were  negative  and  significantly  correlated 
(r  =  -0.82.  P  <  0.001 ).  Of  the  19  en/ymes  detected  by  the  API 
ZYM  kit.  only  1 1  can  be  characterized  in  SLH  and  5  in  plasma 
(Table  1 ).  The  en/ymatic  acti\  ity  was  significantly  higher 
(ANOVA.  P  <  0.05)  in  heniocytes  than  ni  plasma.  The  cn/.ymes 
with  higher  activity  were  esterase  and  leucyl  arylamidase  in  both. 
SLH  and  plasma.  Lysozynie-like  activity  did  not  show  significant 
differences  (ANOVA.  P  <  0.05)  between  the  sampling  times. 
However,  in  plasma  the  lysozyme-like  activity  was  significantly 
higher  than  in  HLS.  The  infection  was  controlled  in  almost  all 
bacterial  concentrations.  However,  the  concentration  of  10"^  UFC/ 
niL  exceeded  the  capacity  of  immune  response  producing  a  total 
mortality  of  scallops  72  h  after  challenge.  With  the  sublethal  dose 
(10"^  UFC/mL  )  at  6  h.  ?>  d.  and  6  d.  animals  showed  lower 
hemocyte  nuinbers.  This  may  be  due  to  their  lysis  and/or  move- 
ment into  tissues  (diapedesis)  provoked  by  bacteria  while  fighting 
infection.  However,  at  24  h  hemocyte  number  was  higher  than  the 
control  and  cell  diameter  was  lower.  It  seeins  that  hematopoiesis 
was  induced  by  the  bacterial  infection  because  it  could  be  seen  by 
the  number  and  hemocyte  diameter.  Hematopoiesis  had  been 
wound-induced  in  the  pearl  oyster  Piiulaila  fticata  martensii. 
where  proliferation  occurs  in  the  connective  tissues  of  the  stomach 
and  intestine.  On  the  other  hand,  the  enzymatic  activity  determined 
by  the  API  ZYM  kit  did  not  show  a  clear  tendency.  Enzymes  with 
higher  activity,  esterase  and  leucyl  arylamidase.  are  the  responsi- 
bility of  the  change  in  the  conformation  of  the  cell  wall  of  the 
bacteria.  Also,  lysozyme  acts  destroying  the  bacterial  cell  wall, 
making  the  bacterial  degradation  easier.  Lysozyme-like  activity 
was  higher  in  plasma  than  in  hemocytes,  especially  in  the  treat- 
ments with  bacteria.  The  higher  enzyme  concentration  in  plasma 
suggests  that  lysozyme  was  released  from  hemocytes  into  plasma 
during  the  pathological  stress  caused  by  V.  algiiiolyticiis. 

COMPARATIVE  GROWTH  OF  THREE  SCALLOP  SPE- 
CIES IN  MEXICO— (ARGOPECTEN  VENTRICOSUS,  NO- 
DIPECTEN  SUBNODOSUS  AND  EUVOLA  =  PECTEN 
VOGDESI).  Cesar  A.  Ruiz-Verdugo'  and  Miguel  Robles- 
Mungaray."  '  Laboratorio  Experimental  de  Acuacultura.  Departa- 
mento  de  Ingenien'a  en  Pesquerias,  Universidad  Autonoma  de  Baja 
California  Sur,  Ap.  Postal  19-B,  La  Paz,  Baja  California  Sur. 
Me,\ico,  23000;  "Sea  Farmers  S.A  de  C.V.,  Av  Obregon  #  525  pte. 
col  centro,  Los  Mochis.  Sinaloa.  Me.xico. 

In  the  past  years,  efforts  have  been  made  in  Mexico  to  diversify 
aquaculture  of  marine  bivalves,  especially  scallops.  Several  studies 
in  the  past   15  years  have  focused  on  the  culture  of  the  Pacific 
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calico  scallop  {Argopecteii  vciitricosus.  Sov\crhy  II.  1S42).  how- 
ever, only  a  single  company  in  the  state  has  been  successful  in 
producing  commercial  quantities  over  a  long  time  period.  One  of 
the  principal  limitations  for  the  culture  of  the  Pacific  calico  scallop 
is  its  small  size  (up  to  60-80  mm),  this  implies  that  large  amounts 
of  organisms  must  be  grown,  and  that  the  commercial  value  of  the 
meats  is  low  in  comparison  to  species  with  larger  adductor 
muscles.  In  addition  to  the  Pacific  calico  scallop,  there  are  two 
species  of  pectinid  of  commercial  importance  in  Mexico,  the  lion's 
paw  scallop  {Nodipecten  subuodosits)  and  the  flying  scallop  (Eu- 
vola  =  Pecten  vogdesi),  which  are  larger  (A',  snbnudosns  up  to 
250  mm  and  P.  vogdesi  130  mm)  and  therefore  reach  higher  mar- 
ket \alues.  N.  siibnodosiis  is  one  of  the  largest  pectinids  world- 
wide, and  some  basic  growth  studies  and  feasibility  of  different 
culture  methods  have  been  done  in  the  past  years  .  For  E.  vogdt'si 
only  little  information  exists.  No  comparative  analysis  of  growth 
of  all  three  species  under  the  same  culture  conditions  has  as  yet 
been  undertaken.  Therefore,  this  study  attempts  to  compare  growth 
of  the  three  native  pectinids  under  cold  conditions  in  Magdalena 
Bay  and  warm  water  conditions  in  La  Paz  Bay.  The  spat  of  Ar- 
giipt'ctcii  vi'iitritosKs  and  Nodipecten  siibiiodosus  was  produced  in 
the  Laboratory  of  Larviculture  CIBNOR  (Biological  Research 
Center  of  the  Northwest.  S.C.  La  Paz.  B.CS).  The  juveniles  of 
Pacific  calico  and  Lion's  paw  scallop  averaged  17.0  mm  and  19.0 
mm  shell  height  respectively.  The  spat  of  Euvola  vogdesi  was 
produced  in  the  Laboratory  of  Experimental  Aquaculture  at  the 
University  of  Buja  California  Sur  (UABCS)  and  averaged  16.0  mm 
shell  height  at  the  beginning  of  the  experiment.  The  spat  was 
cultured  in  2  sites.  Rancho  Bueno  (Magdalena  Bay)  and  Pichil- 
ingue  (La  Paz  Bay)  (Fig.  1).  Oyster  trays  suspended  from  a  long 
line  were  used  to  culture  the  organisms.  40  organisms  of  each  one 
of  the  three  species  of  pecti'nid  were  placed  in  the  same  tray,  using 
the  replicates  total.  Growth  and  survival  was  measured  monthly 
from  February  to  June  of  2002.  On  each  occasion,  shell  height  of 
30  organisms  of  each  species  was  height  measured  using  a  digital 
vernier  (±0.01cm).  Results  of  this  experiment  are  shown  in  Figure 
2.  A',  siibiiodosus  shows  higher  growth  at  both  culture  sites.  The 
best  growth  for  all  three  species  was  reached  in  Magdalena  Bay. 


Feb         Apr        May 

Aryopeden  venbicosus 


Feb         Apr         May 

NcxJipectBn  subnodosas 


Figure  1.  Cultivation  area  on  Baja  California  Peninsula. 


Figure  2,  (Jrowth  »(  luivola  vogdesi.  Argopeclen  veiUricosiis  and  No- 
dipecten sul)iiodosiis  cultures  in  Magdalena  Bay  and  La  Paz  Bay. 
Means  at  month  are  indicated  «ith  their  standard  errors. 


where  lower  temperatures  and  a  higher  primary  productivity  are 
found  than  in  La  Paz  Bay.  Final  average  size  was  55.02  ±  0.45  mm 
for  N.  siibiiodosus  46.6 1  ±  0.58  mm  for  E.  vogdesi  43.8  ±  0.45  mm 
for,  A.  venthcosus.  The  breeders  of  N.  subiwdosus  and  A.  veiitri- 
cosiis  came  from  the  Pacific  side  of  the  Peninsula  while  breeders 
of  E.  vogdesi  were  from  the  Gulf  of  California.  The  results  show 
that  N.  subnodosus  and  E.  vogdesi  are  the  most  promising  species 
for  aquaculture  development  in  the  region.  It  is  necessary  to  study 
the  culture  of  £.  vogdesi  in  the  Pacific  and  of  A',  subnodosus  in  the 
Gulf  of  California,  and  to  evaluate  whether  lion's  paw  spat  result- 
ing from  breeders  of  the  Gulf  of  California,  shows  better  growth 
and  survival  under  warm  water  conditions  than  organisms  origi- 
nating from  the  Pacific  population. 


INFLUENCE  OF  DEPTH  ON  GROWTH  AND  SURVIVAL 
OF  THE  LION'S  PAW  SCALLOP  NODIPECTEN  NODOSUS 
(LINNAEUS.  1758)  IN  SOUTHERN  BRAZIL.  Guilherme  S. 
Rupp,'  Gilberto  C.  Manzoni,-  Micheline  M.  de  Bern.'  Lin 
H.  L.  Iwersen.'  Celso  C.  Buglione  Neto^  and  Erich  Cerchiari." 
'Epagri/Centro  de  Desenvolvimento  em  Aqiiicultura  e  Pesca.  Rod. 
Admar  Gonzaga  1188,  Florianopolis,  SC.  Brazil.  88034-901; 
"Univali/Centro  Experimental  de  Maricultura.  Rua  Uruguai,  458, 
Itajai.  SC.  Brasil.  88302-202;  'UFSC/Laboratorio  de  Cultivo  de 
Moluscos  Marinhos.  Rua  Beco  dos  Coroas.  s/n.  Barra  da  Lagoa. 
Florianopolis,  SC,  Brazil.  88062-601. 

The  Atlantic  lion's  paw  scallop.  Nodipecten  nodosiis,  is  the 
largest  pectinid  occurring  in  Brazilian  waters  and  is  considered  a 
prime  candidate  species  for  aquaculture  due  to  its  size  and  com- 
mercial value.  Whereas  there  are  studies  on  the  effects  of  envi- 
ronmental factors  affecting  growth  and  survival  during  nursery 
culture  (Rupp  et  al.  2004a,  2005),  little  information  is  available 
about  the  growout  phase  in  Brazil.  An  understanding  of  the  effects 
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TABLE  1. 
Mean  shell  height,  adductor  niu.scle  wet  weight,  total  somatic  tissue  wet  weight,  dry  weight  of  fouling  and  percent  survival  (January  2005). 


Depth 

Shell  Height 
(mm)  (95%  CI) 

.Adductor  Muscle  W  et 
Weight  (g)  (95%  CI) 

Total  Somatic  Tissue 
Wet  Weight  (g)  (95%  CD 

Dry  Weight  of 
Fouling  (95%  CI) 

%  Survival 

3m 
9m 

70.19(3.8) 
63.79(2.3) 

9.80(1.2) 
6.04(1.1) 

21.93(2.6) 
13.97(2.3) 

17.3  (2.2) 
10.7(1.4) 

82.2 
84.1 

of  environmental  factors  associated  with  depth  is  essential  to  es- 
tablish optimized  culture  strategies  and  therefore  the  basis  for 
commercial  aquaculture.  This  study  was  carried  out  to  compare  the 
effects  of  a  wide  an'ay  of  environmental  factors  associated  with 
depth  on  growth  and  sur\i\al  of  A',  nodosiis  cultured  in  Santa 
Catarina  State.  Brazil.  Nodipeaen  nodosus  (Linnaeus,  1 75S)  juve- 
niles were  hatchery-produced  and  transferred  to  sea-based  nursery 
using  techniques  described  by  Rupp  et  al.  (2004b.  20().'i).  When  a 
mean  shell  height  of  18  mm  was  attained  (February  2004).  scallops 
were  suspended  on  a  sub-surface  long-line  at  3  and  9  m  in  tripli- 
cate lantern-nets  at  each  depth.  The  e.xperiment  was  carried  out  at 
a  coastal  aquaculture  site  (Armai;ao  de  Itapocoroy)  (26°46'S  to 
48°37'W),  in  Santa  Catarina  State.  Brazil.  Lantern  nets  were  re- 
placed on  a  monthly  basis  when  live  scallops  were  also  counted 
and  measured  for  shell  height.  Every  other  month  a  sample  of 
12-15  scallops/net  were  transferred  to  the  laboratory  for  measure- 
ment of  somatic  and  reproductive  growth,  as  well  as  quantification 
of  fouling  organisms  settled  on  the  shells.  Temperature  was  re- 
corded hourly  and  Chlorophyll  a.  total  seston,  particulate  organic 
matter,  paniculate  inorganic  matter  and  dissolved  oxygen  were 
measured  twice  a  month.  In  May  2004.  because  of  a  large  variation 


-3  m 
-  10m 


May-04    Jun-04     Jul.04     Aug-04    Sep-04    Oct.04    Nov.04    Dec-04    Jan-05 

Figure  1.  Shell  height. 


-3  m 
-10m 


TABLE  2. 

Mean  temperature,  salinity,  concentration  of  chlorophyll  (a).  PIM, 
POM,  %  PIM  and  turbiditv. 


Depth 

Temp 

(°C) 

Salinity 

Chlorophyll 

(a)  (Mg/L) 

PIM 

mg/I. 

POM 

mg/I. 

% 
PIM 

Turbidity 
NTll 

3  111 
9  111 

22.6 
22.3 

33.78 
.34.31 

2.77 
2.8 

3.35 
6.83 

0.95 
1.16 

75.8 
84.6 

2.73 
5.13 

May-04  Jun.04    Jul-04    Aug-04  Sep-04   Oct-04    Nov-04    Dec.04   Jan.05 

Figure  2.  Adductor  muscle  wet  weight. 


in  size  and  to  mimic  commercial  operations,  scallops  were  size- 
graded  and  those  smaller  than  22  mm  were  separated  in  different 
nets.  The  larger  group  was  maintained  at  their  respective  depths  in 
triplicate  nets.  Results  are  presented  for  the  larger  group  of  scal- 
lops grown  from  May  2004  to  January  2005.  Mean  shell  heights  of 
the  larger  group  in  May  2004  were  40.61  mm  and  37.28  mm  at  3 
and  9  m  respectively,  which  were  statistically  similar  (Anova.  P  < 
0.01).  The  mean  number  of  scallops  per  lanteni  net  was  243  at  3 
m  and  234  at  9  m.  which  represented  58%  and  57%  respectively  of 
the  total  number  of  scallops  before  size  selection.  Table  1  shows 
the  mean  shell  height,  adductor  muscle  wet  weight,  total  somatic 
tissue  wet  weight,  and  dry  weight  of  fouling  settled  on  shells, 
recorded  after  S  months  of  suspended  culture  (January  2005).  Per- 
cent survival  was  determined  in  relation  to  the  number  of  scallops 
after  size  selection  (May  2004).  Table  2  shows  the  mean  tempera- 
ture, salinity,  concentration  of  chlorophyll  a.  PIM.  POM,  %  PIM 
in  relation  to  total  seston  and  turbidity.  Figures  1  and  2  show  the 
growth  curves  in  shell  height  and  adductor  muscle  wet  weight, 
respectively.  Growth  was  least  at  9  m.  where  higher  turbidity  and 
higher  PIM  were  recorded.  A  commercial  size  adductor  muscle 
(mean  wet  weight  of  6  g)  was  attained  in  September  2004  at  3  m, 
whereas  at  9  m.  it  was  only  attained  4  months  later. 
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of  environmenlal  factors,  season  and  size  at  deployment  on  growth  and 
retrie\'al  of  posthinal  lion's  paw  scallop  Nodipecten  nodosus  (Linnaeus. 
1758)  from  a  subtropical  environjiicnt.  Ai/iuiciihiin-  243:19.5-216. 


MOLECULAR  PHYLOGENETICS  OF  AMERICAN  PEC- 
TINIDS.  Carlos  Saavedra  and  Juan  B.  Pefla.  Institute  de 
Acuicultura  de  Tone  la  Sal-CSIC.  Ribera  de  Cabanes.  E- 12595 
Castellon,  Spain. 

Pectinids  are  one  of  the  mast  conspicuous  families  of  Bivalves 
living  in  the  sea.  In  spite  of  its  abundance  and  economic  impor- 
tance, the  taxonomy  and  systematics  of  pectinids  is  not  well 
known.  Several  different  taxonomic  classifications  below  the  fam- 
ily level  have  been  proposed  in  the  past,  most  of  them  based  on 
shell  features  of  adult  individuaks.  In  a  collection  of  papers.  Waller 
argued  that  these  were  not  good  characters  for  taxonomy,  and 
based  his  classification  in  features  of  the  larval  shell.  He  proposed 
that  the  family  could  be  divided  into  2  subfamilies,  pectininae  and 
chlamydinae.  The  problem  of  the  classification  of  pectinids  has 
been  recently  approached  with  the  tools  of  molecular  phylogenet- 
ics.  Matsumoto  and  Hayashi  (2000)  studied  a  fragment  of  the 
mitochondrial  cytochrome  oxidase  gene  in  17  species.  His  analysis 
was  based  on  amino  acid  sequences,  and  supported  the  existence  of 
the  two  subfamilies  proposed  by  Waller.  Barucca  et  ak  (2004) 
published  a  study  of  2.^  species  (16  genera),  based  on  ca.  1000 
nucleotides  of  the  mitochondrial  large  and  small  ribosomal  RNA 
subunits.  supporting  that  subdivision  as  well.  Most  of  the  species 
studied  by  Matsumoto  and  Hayami  were  from  the  west  Pacific, 
whereas  most  of  the  species  studied  by  Barucca  et  ak  were  from 
other  regions,  mainly  Europe.  American  species  were  poorly  rep- 
resented (3  species  in  Barucca  et  al's  study,  of  which  only  one  was 
exclusive  of  the  American  continent;  1  non-exclusive  species  in 
Matsumoto  and  Hayami's  study).  However,  the  American  conti- 
nent has  a  very  specific  pectinid  fauna,  with  several  exclusive 
genera.  Many  of  these  species  have  commercial  interest  as  well. 
The  phylogenetic  relationships  of  these  genera  and  species  and  its 
evolutionary  history  has  been  studied  from  a  morphological  and 
paleontological  perspective,  but  rarely  from  a  molecular  phyloge- 
netics  perspective.  A  molecular  phylogenetic  study  ofthe.se  genera 
and  of  its  relationships  with  pectinids  from  the  other  continents  is 
highly  desirable.  Here  we  present  a  phylogenetic  analysis  of  10 
American  species  belonging  to  6  different  genera:  Argopecten  gib- 
bus.  A.  piirpwatKs.  A.  ventricosiis.  Euvoki  z'lczac,  E.  vogdesi.  Hiii- 
iiiles  giganteus.  Nodipecten  nodosus,  N.  siibnodosus.  Placopecten 
magelhmicus  and  Zygochlanns  patagonica.  We  scored  the  same 
16  S  and  12  S  ribosomal  gene  regions  studied  by  Barucca  et  ak, 
which  allowed  us  to  conduct  a  phylogenetic  study  of  these  taxa  in 
the  context  of  the  world  pectinid  fauna. 
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BENTHIC  RICHNESS  IN  SCALLOP  BEDS— 
ZYGOCHLAMYS  PATAGONICA  (KING  AND  BRODERIP. 
1832)  AS  PRIMARY  SETTLEMENT  SUBSTRATE.  Laura 
Schejter  and  Claudia  Breniec.  INIDEP.  Instituto  Nacional  de 
Investigacicin  y  Desarrollo  Pesquero.  Paseo  Victoria  Ocampo  1. 
7600.  Mar  del  Plata.  Argentina. 

The  availability  of  a  suitable  substratum  is  one  of  the  critical 
factors  for  the  colonization  of  sessile  species.  Mollusc  shells,  de- 
capod carapaces  and  sea  urchin  spines  are  several  frequent  sur- 
faces used  as  hard  substrata  available  for  settlement  of  sessile 
organisms  in  soft  bottoms.  Epibiosis  is  the  scientific  name  for  this 
aquatic  phenomenon  of  a  non-symbiotic  association  between  epi- 
bionts  (organisms  growing  attached  to  a  lixing  surface)  and  basi- 
bionts  {substrate  organisms  that  are  hosts  to  the  epibionts)  (Wahl 
1989).  Previous  works  on  Zygocldamys  patagonica  (Diehl  1977. 
Walossek    1991.  Rosso  &   Sanfilippo    1991.   Sanfilippo    1994. 
Bremec  &  Lasta  2002.  Bremec  et  ak  2003)  mentioned  a  great 
\ariety  of  organisms,  including  calcareous  algae,  poriferans.  hy- 
drozoans.  anthozoans.  polychaetes.  molluscs,  cirripeds.  foramin- 
iterans.  ascidians  and  br>ozoans.  This  study  summarizes  available 
and  new  information  of  epibionts  on  Zygochlamys  patagonica  and 
assesses  the  contribution  of  this  basibiont  to  increasing  the  species 
richness  in  scallop  beds  in  the  Argentine  Sea.  The  checklist  of 
epibionts  is  given.  We  compiled  information  from  the  bibliograph- 
ic sources  earlier  cited  that  refer  to  epibionts  on  Patagonian  scal- 
lops. Additionally,  we  give  new  results  from  material  collected 
during  monitoring  cruises  (INIDEP)  carried  out  during  2001  (Hy- 
drozoa,  G.  Genzano.  pers.  comm.)  and  2003  (Porifera.  Schejter  et 
ak  in  prep..  Polychaeta  &  Ascidiacea.  pers.  observ.).  The  study 
area  comprises  between  39°  S  and  47°  S  in  the  Argentine  Sea. 
along  the  100-m  isobath  and  in  the  north-patagonian  coast  (90-1 10 
m)  and  the  Magellan  Strait  (80m.  53°S).  A  total  of  35  epibiont  taxa 
was  registered  on  Zygocldamys  patagonica  valves  (Table  1 ).  The 
presence   of  the   sponge   Hyinedesniia  (Stxiopus)  longnrius 
(Hent.schel.  1914)  is  a  new  record  for  the  Argentine  Sea.  the  spe- 
cies was  only  known  for  Antarctic  waters  (Schejter  et  al..  in  prep). 
The  hydroids  Uifoea  frmicosa  (M.  Sars.  1851 )  and  Phiallcia  clul- 
ensis  Hartlub.  1905  were  found  as  secondary  le\el  epibionts  (epi- 
bionts of  other  Z.  patagonica  epibionts.  mainly  other  hydroids). 
Other  epizoic  organisms  were  small  isopods  and  amphipods.  found 
as  free  living  organisms  between  the  crevices  developed  by  the 
association   of  epibionts.   The   mollusc   Calyptraea  pileoliis 
(d"Orbigny.  1841 )  and  the  sea  cucumber  Psoitis  patagonicus  (Ek- 
man.   1925)  were  closely  associated  to  the  scallop  valves,  and 
unidentified  small  egg  capsules  of  gastropods  were  also  occasion- 
ally found  (personal  observation). 

A  total  of  82  species  were  identified  in  the  Patagonian  scallop 
assemblage  in  the  Argentine  Sea.  including  the  deeper  fishing 
grounds  along  the  100  m  isobath  and  the  coastal  north-patagonian 
beds  Sea  Bay  and  Tres  Puntas,  16  of  which  were  indicated  as 
scallop  epibionts  (Bremec  &  Lasta  2002).  This  region  is  charac- 
terized by  soft  bottoms  and  the  scallops  constitute  the  available 
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TABLE  1. 
Epibionts  on  Zygochlamys  patagonica. 


3 
4 
5 
6 

7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 


29 
30 
31 
32 
33 
34 
35 


TAXA 


Foraminifera 

lophnn  sp. 

Hynu'desmio  iStylopiis)  longuritis  (Hentschel,  19141 

Clathria  sp. 

Grammaria  magclluima  Allnian.  1888 

Symplcctoscypliys  snbdichotomus 

(KIrchenpaver.  1884) 
Plumuhiria  setucea  (Linne,  1758) 
Uifoeci  fruticosa  (M.  Sars,  1851) 
Phiallela  chitensis  Hurtlaiib.  1905 
Akyoniwn  sp. 
Actiniaria 

Hiatclla  soiida  (Sowerby.  1834) 
Zygochlamys  patagonica  (King  &  Broderip,  1832) 
Serpula  narconensis  Baird,  1865 
Idanthyrsus  urmatus  Kinberg.  1 867 
Pnnolaeospira  (P.)  lehnmi  Harris.  1969 
Romanchetla  perrieri  Caullery  &  Mesnil.  1879 
Romancbetla  cf.  imeinis  (Hams.  1969) 
Other  Serpulidae 
Other  Spirobidae 
Sabellidae 

Chaetopterus  rariopedatus  (Ranier.  1807) 
Oiiuitoscalpellwn  sp. 
"barnacles" 

Magellania  venosa  (Solander.  1786) 
Terebratela  dorsata  (Gmelin.  1790) 
Alloeocarpa  mcrustans  (Herdnian.  1886) 
Cnemidocarpa  nordenskjoldi 

(Michaelsen.  1898) 
Paramolgula  gregaria  (Lesson.  1830) 
Didcnmum  sp. 

Alcxonidniw  australc  Waters.  1904 
Membranipiiridae 
Porella  sp. 
Other  Bryozoa 
Green  algae 
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hard  substrate  for  the  settlement  of  sessile  invertebrates:  at  least  33 
taxa  are  mostly  epibionts  on  scallops  according  to  our  results. 
Green  algae  and  barnacles  only  encrusted  scallops  from  the  Ma- 
gellan Strait  (Rosso  &  Sanfilippo  1991.  Sanfilippo  1994).  It  is 
remarkable  that  recruits  of  Patagonian  scallops  only  settled  on 
living  scallops  (Bremec  et  al.  2003,  Bremec  &  Schejter  this  Work- 
shop), as  well  as  the  other  epibionts  listed  in  Table  I .  Free  shells 
provided  substrate  to  egg  capsules  of  Fiisitiiloii  inagellaiiicus  Rod- 
ing.  1798,  Odontocyiuhitilii  imigclkinica  Gmelin.  1791  and  Ade- 
lomelon  ancilla  (Solander.  1786)  (Bremec  et  al.  2003)  and  ocas- 
sionally  sponges.  Among  other  frequent  and  conspicuous  organ- 
isms of  the  benthic  assemblage,  the  spider  crab  Libidocluea 
granaria  (Schejter  &  Spivak,  in  press),  the  gastropods  Fusitriton 
magelUmiciis.  Odoiitocyinbiola  iiiagellaiiica  and  AdeloineUm  cm- 
cilla  presented  encrustations,  not  all  ta\a  shared  with  scallops 


(pers.  obs.).  It  is  known  that  most  of  the  epibiont  species  in  the 
world  are  not  species-specific  (Wahl  &  Mark  1999)  even  though 
epibionts  are  almost  restricted  to  scallop  valves  in  the  Patagonian 
scallop  beds.  The  contribution  of  Zygochlamys  patagonica  to  in- 
creasing the  benthic  species  richness  is  greatly  favored  by  its 
dominance,  both  in  abundance  and  biomass. 
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BENTHIC  COMMUNITY  ASSEMBLAGE  ASSOCIATED 
WITH  THE  PATAGONIAN  SCALLOP  FISHERY  IN  RE- 
CLUTAS  BED,  39°S,  ARGENTINA,  BETWEEN  1998  AND 
2003— COMPARISON  OF  DISTURBED  AND  UNDIS- 
TURBED AREAS.  Laura  Schejter,  Claudia  S.  Bremec  and 
Daniel  Hernandez.  INIDEP.  Instituto  Nacional  de  Investigacion  y 
Desanollo  Pesquero.  Paseo  Victoria  Ocanipo  1..  7600.  Mar  del 
Plata.  Argentina. 

Fishing  provokes  the  removal  of  a  huge  biomass  of  target  and 
non-tai'get  species.  Trawling  or  dredging  over  the  marine  bottom 
produces  an  important  effect  on  the  ecosystem,  damaging  not  only 
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the  substrate  but  also  the  invertebrates  associated  with  the  bottom. 
These  modit'ications  could  cause  destruction  of  the  benthic  habitat 
and  long  and  short-term  changes  in  the  composition  and  structure 
of  the  associated  fauna  (National  Research  Council.  2002).  The 
Patagonian  scallop,  ZygDchlaiiiys  patafi<>])ica  (King  &  Broderip, 
18.'!2).  is  distributed  in  the  Magellanic  Biogeographic  Province, 
and  it  is  the  target  species  of  a  recent  fishery  in  Argentina  along  the 
100  m  isobath  (Lasta  &  Bremec  1998).  The  Reclutas  bed  is  located 
between  39''00'-39' 30'S  and  5.'i'45'-56().'i'W.  An  exclusion  area 
(39°20'-39°30'S  and  55°52'-56°00'W,  not  allowed  to  commer- 
cial fishing)  was  established  inside  this  bed  in  1996.  The  aim  of 
this  study  is  to  compare  the  composition  and  structure  of  the  as- 
semblage in  the  scallop  bed  Reclutas.  in  areas  subjected  to  fishing 
effort  and  in  the  exclusion  area,  between  1998  and  2003.  in  order 
to  identify  short-term  faunistic  changes.  A  total  of  83  samples  were 
collected  at  Reclutas  bed  during  assessment  research  cruises  (R/V 
Capitan  Canepa.  INIDEP)  in  1998,  2001,  2002  and  2003.  with  a 
non-selective  dredge  of  2.5  m  wide  (efficiency  43%;  Valero,  2002) 
following  a  sampling  design  of  stations  spaced  regularly  at  5  nm 
intervals.  Additionally,  8  samples  in  1998.  6  in  2001,  9  in  2002  and 
3  in  2003  were  also  taken  in  the  exclusion  area  of  the  same  bed. 
Identification  of  organisms,  abundance  and  biomass  data  were 
obtained  on  board  (1998  and  2001 )  and  at  the  laboratory  (2002  and 
2003).  Data  indicate  abundances  and  biomasses  of  organisms  per 
100  m-.  Multivariate  analysis  (ANOVA.  PRIMER  software)  was 
applied.  Hierarchical  and  multidimensional  analysis  (Bray-Curtis 
similarity  index,  fourth  root  transformation)  and  SIMPER  test 
were  developed  to  establish  similarity  between  stations  and  species 
assemblages.  ANOVA  was  used  to  test  differences  between  areas 
(fi.shed-REX)  and  years  (1998-2003):  transformation  •■log(x  -i-  1 )" 
was  used  for  biomass  values.  ABC  curves  were  used  to  detect 
disturbance  levels  in  all  years  and  areas.  Richness  in  the  fishing 
area  ( F)  ranged  from  37  to  56  and  number  of  taxa  per  station  varied 
between  5  and  29,  both  varying  in  different  years.  In  the  exclusion 
area  (RE.X ),  richness  ranged  from  23  to  40  and  number  of  taxa  per 
station  varied  between  8  and  25.  Differences  in  richness  are  mainly 
due  to  differences  in  sampling  effort  (that  was  higher  in  the  last  2 
years)  and  to  the  expeilise  acquired  in  identification  of  taxa  re- 
corded. In  general  terms,  echinoderms  were  always  dominant  in 
biomass  both  in  F  and  REX.  Four  invertebrate  taxa  {AiistrocUhuis 
cunnlicidala.  Cosmaslerias  luricla.  Clenoili.scKS  cin.sntilis  and 
Porifera)  were  closely  associated  with  the  Patagonian  scallop  in 
every  year  and  area  studied,  representing  approximately  457f  (or 
more)  in  biomass  contribution  (SIMPER  analysis)  to  the  commu- 
nity assemblage.  The  addition  of  other  7  common  taxa  {Opliicutis 
aspenda.  Opliiacanta  rivipani.  Libidoclaeu  gnmaria.  Actiiiostola 
crasskornis,  Fiisilrlton  magellanicus.  Ccdyptraswr  sp.  and  Fla- 
hcUiiin  sp.)  increases  the  biomass  contribution  to  approximately 
70%  (up  to  80%  in  1998  in  F).  ABC  curves  showed  that  F  pre- 
sented a  moderately  disturbed  patron  in  the  4  years,  while  REX.  in 
1998  showed  a  moderately  disturbed  area,  but  in  2002  biomass 


curve  is  above  abundance  curve,  in  accordance  with  an  undis- 
turbed area.  Bremec  et  al.  (2000)  found  that  at  least  eight  samples 
are  needed  to  get  representation  of  most  of  the  .species  in  the 
Patagonian  scallop  benthic  community.  For  that  reason,  samples 
from  2001  and  2003  in  REX  are  not  considered  for  the  ABC 
analysis.  Total  biomass  and  scallop  biomass  in  F  differ  signifi- 
cantly from  REX  considering  all  years  (ANOVA:  F  =  5.491,  P  = 
0.021  and  F  =  9.72,  P  =  0.0023,  respectively).  In  both  cases, 
biomasses  were  higher  in  REX.  Faunal  biomasses  (excluding  scal- 
lops) did  not  differ  significantly  between  years  or  areas.  In  this 
study  we  found  that  the  Patagonian  scallop  assemblage  at  Reclutas 
bed  was  persistent  after  9  years  of  fishing  activity,  between  1995 
and  2003  (see  Bremec  &  Lasta  2002  for  1995  data).  Changes  in 
species  richness  detected  since  1995,  baseline  condition,  are  at- 
tributed to  the  sampling  procedure.  Regarding  comparisons  be- 
tween fished  and  non-fished  areas,  the  total  number  of  species  was 
lower  in  the  latter:  but  this  could  be  attributed  to  the  number  of 
samples  analyzed,  what  permits  the  occurrence  of  the  majority  of 
the  species  and  also  to  the  size  of  REX,  which  could  make  sam- 
pling the  rare  or  occasional  species  difficult.  ABC  curves  in  REX. 
however,  seem  to  show  a  recuperation  of  biomass  in  time.  Short- 
term  observations  show  differences  in  scallop  biomass  only  be- 
tween areas  (F  and  REX):  the  fishing  strategy  carried  out  during 
the  study  period  in  Reclutas  bed  did  not  produce  significant  dif- 
ferences in  the  biomass  of  bv-catch  taxa. 
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SCALLOPS  AND  ALGAL  TOXINS  REVISITED.  Sandra  E. 
Shumway.  Department  of  Marine  Sciences,  UCONN,  1080  Shen- 
necossett  Road,  Groton,  CT  06340,  USA. 

The  interactions  between  scallops  and  toxic  algae  are  complex 
and  often  unique  to  the  algal  species,  scallop  species  and  geo- 
graphic region  under  consideration.  In  geographic  regions  where 
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only  the  adductor  muscle  has  been  traditionally  marketed,  algal 
toxins  have  not  posed  a  significant  threat  to  human  health.  In 
regions  where  both  whole  and  "roe-on"  scallops  are  consumed 
there  is  a  need  for  careful  monitoring  of  product.  Recent  increases 
in  aquaculture  and  the  marketing  of  whole  scallops  have  rekindled 
the  discussions  on  sequestering  and  biotransformation  of  algal 
toxins.  There  is  a  general  increased  awareness  of  the  potential 
dangers  of  marketing  and  consuming  whole  scallops  and  conse- 
quently, more  monitoring  programs  now  include  scallops  as  part 
of  their  regular  sampling  regimes.  As  scallop  culture  and  the 
desire  to  market  scallop  parts  other  than  the  adductor  muscle 
continue  to  expand  globally,  so  will  the  need  to  establish 
comprehensive  and  affordable  monitoring  programs  for  algal 
toxins. 


APPLICATION  OF  MULTIBEAM  BATHYMETRY  AND 
SURFICIAL  GEOLOGY  TO  THE  SPATIAL  MANAGE- 
MENT OF  SCALLOPS  iPLACOPECTEN  MAGELLANK'US) 
IN  SOUTHWEST  NOVA  SCOTIA.  Stephen  J.  Smith.'  Gerard 
Costellor  Vladimir  E.  Kostylev.'  Mark  J.  Lundy '  and  Brian  J. 
Todd.'  'Department  of  Fisheries  and  Oceans.  Invertebrate  Fish- 
eries Division.  Bedford  Institute  of  Oceanography.  Dartmouth. 
Nova  Scotia  B2Y  4A2.  Canada;  "Department  of  Fisheries  and 
Oceans.  Canadian  Hydrographic  Service.  Bedford  Institute  of 
Oceanography.  Dartmouth,  Nova  Scotia  B2Y  4A2.  Canada;  -'Geo- 
logical Survey  of  Canada  (Atlantic).  Natural  Resources  Canada. 
Bedford  Institute  of  Oceanography.  Dartmouth,  Nova  Scotia  B2Y 
4A2,  Canada. 

The  management  of  scallop  fisheries  of  the  Scotian  Shelf.  Bay 
of  Fundy  and  the  Canadian  side  of  Georges  Bank  currently  include 
spatial  components.  Areas  have  been  identified  for  seasonal  clo- 
sures to  avoid  gear  conflicts,  different  size/meat  weight  or  harvest- 
ing restrictions  due  to  spatial  variation  in  growth  rates  and  closures 
to  protect  recently  settled  abundant  year-classes.  However,  the 
development  of  reference  points  for  harvest  levels  have  generalK 
taken  a  dynamic  pool  approach  to  their  definition  ignoring  spatial 
patterns  in  abundance,  age  distribution,  growth  rates  and  settle- 
ment patterns.  Recent  work  has  identified  large  differences  in 
growth  rates  within  relatively  short  distances  for  scallop  beds  in 
the  Bay  of  Fundy.  Ignoring  spatial  heterogeneity  of  scallop  popu- 
lations ignores  the  fact  that  fishing  also  concentrates  on  spatial 
patterns  reflecting  growth  rates  and  densities.  Canada  is  committed 
to  developing  fine-scale  maps  of  the  bathymetry  and  surficial  ge- 
ology of  its  continental  shelf  areas  to  provide  the  basis  for  the 
management  and  conservation  of  the  biological  and  mineral  re- 
sources within  its  national  jurisdiction.  Bottom  habitat  maps  de- 
veloped from  multibeam  bathymetry,  back.scatter  strength  and  geo- 
logical sampling  have  been  used  by  the  offshore  scallop  industry  to 
allocate  fishing  effoil.  The  main  advantages  from  using  these  maps 


to  the  fishing  industry  has  been  to  reduce  fishing  effort  in  areas 
that  are  marginal  for  scallops  or  difficult  to  tow  gear  in.  increase 
overall  catch  rates  by  concentrating  effort  in  areas  identifiable  as 
scallop  habitat  and  reduce  costs  associated  with  fishing.  However, 
these  maps  ha\e  not  been  used  to  develop  fine-scale  management 
plans  that  are  attuned  to  the  spatial  heterogeneity  of  the  scallop 
populations.  Scallop  grounds  off  of  southwest  Nova  Scotia  have 
recently  been  mapped  using  multibeam  sonar  technology  in  a  joint 
project  partnership  of  the  Department  of  Fisheries  and  Oceans, 
Natural  Resources  Canada  and  the  local  scallop  fishing  industry. 
One  of  the  major  objectives  of  this  project  is  to  collect  spatial 
information  on  scallop  distribution,  growth  and  size  composition, 
bycatch  data,  as  well  as  fine-scale  bathymetry  and  surficial  geol- 
ogy for  the  purposes  of  developing  spatially  ba.sed  fisheries  man- 
agement plans.  There  are  two  phases  for  the  work  on  this  objec- 
tive. In  the  first  phase,  multibeam  backscatter  strength  data,  geo- 
logical and  benthic  sampling  data  will  be  used  to  develop  habitat 
maps  of  the  area.  At  the  same  time,  spatial  patterns  of  scallop 
growth,  densities  and  size  composition  obtained  from  concurrent 
scallop  drag  surveys  will  be  related  to  these  habitat  attributes.  All 
of  this  information  does  not  in  itself  determine  what  the  objectives 
of  spatial  management  are  and  the  potential  advantages  of  spatial 
management  over  the  standard  approach  will  be  explored  in  the 
second  phase  of  the  project. 


TOWCAM— TOWED  CAMERA  ARRAY  FOR  VIDEO/ 
STILL  BENTHIC  SURVEYS.  Stephen  J.  Smith,'  D.  Mc- 
Keown,'  M.  Lundy,'  D.  Gordon.'  J.  Anderson."  M.  Strong' 
and  M.  Power.'  'Dept.  Fisheries  and  Oceans,  Bedford  Institute  of 
Oceanography.  Dartmouth.  Nova  Scotia  B2Y  4A2.  Canada;  "Dept. 
Fisheries  and  Oceans.  Northwest  Atlantic  Fisheries  Centre,  St. 
John's  Newfoundland  AlC  5X1.  Canada;  'Dept.  Fisheries  and 
Oceans,  Biological  Station,  St.  Andrews.  New  Brunswick  E5B 
2L9.  Canada. 

Towcam  is  a  bottom-following  optical  survey  system  devel- 
oped by  the  department  of  fisheries  and  oceans  at  the  Bedford 
Institute  of  Oceanography  in  Dartmouth,  Nova  Scotia.  This  system 
is  being  used  for  conducting  video  and  photographic  surveys  of 
benthic  communities  and  has  been  routinely  deployed  from  vessels 
as  small  as  19.8  m  (LOA).  This  poster  shows  examples  of  recent 
applications  of  this  new  survey  tool  for  a  number  of  benthic  stud- 
ies. Field  work  on  scallop  beds  was  conducted  in  2002  and  2003 
in  the  Bay  of  Fundy  to  assess  the  feasibility  of  operating  TowCam 
from  a  small  vessel  (CCG  J.  L.  Hart).  Whereas  there  was  a  great 
deal  of  suspended  material  in  the  water,  the  quality  of  the  digital 
stills  was  impressive.  This  technology  will  allow  us  to  estimate 
in-situ  densities  of  scallops  along  with  size  compositions  unaltered 
by  the  selectivity  effects  of  the  scallop  drags  that  we  cuiTently  use 
for  our  survevs.  In  addition,  estimates  of  size  and  luimbers  of 
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associated  species  and  t|iialilati\e  inloriiiatioii  on  bottom  type  can 
also  be  obtained  from  these  pictures — data  not  usually  measured 
when  scallop  drags  are  used  to  sur\ey  the  area.  The  Department  of 
Fisheries  and  Oceans  (DFO)  and  the  Geological  Survey  of  Canada. 
Atlantic  (GSCA)  are  conducting  a  project  to  study  the  spatial 
ulili/ation  of  benthic  habitat  b\  demersal  fish  on  the  Scolian  Shelf. 
Field  studies  are  being  conducted  at  six  sites  selected  using  his- 
torical groundfish  survey  data  to  identify  areas  with  the  highest 
and  lowest  probability  of  encountering  juvenile  haddock.  Towcam 
is  a  critical  ton!  m  the  field  program  and  is  used  off  the  C.C.G.S. 
Hudson  to  collect  video  and  digital  still  imagery  of  the  seabed 
along  5-kni  transects.  This  video  and  still  imagery  along  with  other 
data  are  being  analyzed  to  li>ok  at  the  interrelationships  between 
surface-dwelhng  benthic  invertebrates,  fish  and  seabed  habitat 
characteristics  oxer  spatial  scales  ranging  from  kilometers  down  to 
a  few  centimeters.  Herring  eggs  adhere  to  the  bottom  substrate 
after  spawning  takes  place.  Because  of  the  timing  of  this  survey 
(August I  no  herring  spawning  had  yet  taken  place  on  German 
Bank  (although  there  is  now  substantial  reported  spawning  activity 
from  the  fishing  fleet  over  the  last  few  days)  and  so  no  herring 
spawn  was  observed.  We  believe  that  this  technology  could  be 
very  useful  in  determining  the  substrate  on  which  spawning  occurs 
and  in  mapping  areas  of  successful  spawning  activity.  The  images 
captured  are  sufficient  to  be  able  to  identify  this  with  ease,  but 
there  would  be  the  issue  of  bottom  suitability  to  safe  TowCam 
operations  because  much  of  the  spawning  area  is  of  highly  irregu- 
lar bottom.  The  Gulf  of  Maine  Crustacean  Fisheries  Research  Sec- 
tion at  St  Andrews  N.B.  has  tested  Towcam  for  capturing  benthic 
geo-referenced  video  footage  used  to  determine  lobster  distribu- 
tion and  abundance  in  the  shoal  waters  of  Lobster  Bay  Nova 
Scotia.  A  large  area  could  be  surveyed  in  a  single  day  because  of 
the  fast  towing  speed  and  the  large  camera  footprint  rendered  when 
the  altitude  was  between  2  and  3  meters  above  the  bottom.  For 
quantitative  purposes,  the  option  of  being  able  to  accurately  cal- 
culate the  footprint  size  at  a  given  time  from  laser  indexing,  pitch 
and  roll  values  and  height  above  bottom  was  an  extremely  useful 
feature. 


MOVEMENT  OF  ARGOPECTEN  PURPURATUS  AND  ITS 
IMPORTANCE  FOR  MANAGEMENT.  VVolfgans  B.  Stotz  and 
Pablo  Araya.  Departamento  de  Biologi'a  Marina,  Facultad  de  Cien- 
cias  del  Mar,  Universidad  Catolica  del  Norte,  Sede  Coquimbo,  Chile. 
The  Chilean  scallop  Argopecten  piirpitratiis  lives  attached  by 
byssal  threads  to  stones  or  shells  on  the  ground  at  small  sizes.  At 
larger  sizes  and/or  when  no  stones  or  shells  are  available,  the 
scallop  constructs  a  shallow  hollow  on  the  ground  (a  "nest"),  the 
upper  shell  becoming  completely  covered  by  sediment  thus  the 
individual  completely  mimicked  with  the  ground.  In  this  situation 
the  scallop  is  not  easily  found  by  an  untrained  diver  and  probably 


partially  hidden  to  its  main  predatory  crabs.  Considering  these 
characteristics  of  shelter,  it  is  not  suspected  that  this  scallop  spe- 
cies exhibits  much  movement  on  the  ground.  Nevertheless  accu- 
mulations of  scallops  in  shallow  waters,  probably  produced  by 
directional  active  or  passive  movements  of  the  individuals,  have 
been  obser\ed.  These  accumulations  in  shallow  waters,  connected 
with  storms,  can  cause  the  stranding  of  animals.  In  fact,  in  1999  a 
mass  stranding  of  about  2  million  individuals  occurred  in  the  bed 
of  Puerto  Aldea.  which  represented  a  loss  of  ca.  2W(  of  the  entire 
population  of  the  scallop  bed  protected  and  managed  by  fishers  of 
this  village.  In  order  to  avoid  these  losses  and  to  improve  the 
management  strategy,  the  movement  of  the  scallop  within  the  bed 
was  studied.  To  get  an  idea  of  movement  intensities  within  the  bed 
and  its  eventual  directionality,  a  series  of  traps  were  distributed 
over  the  area.  The  traps  registered  numbers  of  scallops  that  mo\  ed 
over  a  period  of  time  and  the  direction  of  their  movement.  Addi- 
tionally, with  a  set  of  experiments,  the  influence  of  the  density  of 
scallops  in  the  bed  on  their  inovement  behavior  was  studied. 
Therefore  quadrants  with  different  densities  of  maiked  individuals 
were  installed  and  the  distance  and  direction  of  scallop  movement 
registered.  Also  the  abundance  of  predators  and  the  losses  of  scal- 
lops caused  by  predation  were  registered  in  these  experiments. 
Only  in  some  sites  of  the  bed  the  traps  registered  movement,  with 
no  clear  predominant  direction.  These  observations  suggest  that 
movement  occurs  actively  and  is  not  caused  by  prevailing  bottom 
currents.  The  movement  was  most  intense  when  the  density  of 
scallops  was  high.  Coincidently,  with  higher  densities  also  higher 
losses  due  to  predation  were  registered.  The  results  in  general 
suggest  that  movement  is  normally  caused  by  escape  reactions  to 
predators.  When  scallop  density  gets  high,  predators  find  their  prey 
more  easily.  In  this  situation  also,  most  scallops  when  escaping 
from  the  predator  disturb  other  scallop  individuals,  which  in  turn 
move,  abandoning  the  shelter  of  their  nest  thus  becoming  more 
susceptible  to  predation.  Considering  these  movements  of  the  scal- 
lop and  its  causes  and  consequences,  the  maintenance  of  low  den- 
sities within  the  bed  is  suggested  as  management  strategy  to  pro- 
tect the  scallops  from  predation  and  avoid  losses.  Individuals  in 
areas  of  high  densities  of  scallops  within  the  bed,  produced  by 
occasional  intense  recruitments,  should  be  moved  by  divers  to 
scallop  free  areas  thus  increasing  production  of  the  bed  by  an  increase 
of  occupied  bottom  area  and  not  by  an  increase  of  its  density. 


DEVELOPMENT  OF  SUSTAINABLE  DIVER-FISHERY 
FOR  PECTEN  MAXIMVS  IN  NORWAY.  Oivind  Strand.  Tore 
Strohnieler  and  Stein  Mortensen.  Institute  of  Marine  Research. 
P.O.  Box  1870  Nordnes,  N-5817  Bergen.  Norway. 

The  great  scallop  Pecten  inaximus  is  distributed  along  the  Eu- 
ropean Atlantic  coasts,  north  to  Lofoten  Islands  in  Norway  (69°N), 
Dredge  exploitation  of  great  scallop  in  Norway  has  been  impeded 
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by  the  unfavorable  bottom  conditions,  and  scuba  diving  has  been 
the  common  harvesting  method.  A  commercial  diver-fishery  has 
developed  during  the  last  decade,  with  the  main  fishing  areas  west 
of  Trondheim  (64°N).  The  harvest  is  not  regulated,  while  selling 
scallops  is  regulated  through  licensed  dealers.  In  the  beginning  of 
the  1990s  this  statutory  marketing  was  implemented,  and  data  on 
catch  appeared.  Prompted  by  efforts  on  developing  a  shellfish 
industry  the  catches  increased  and  has  been  approximately  400- 
700  t  since  1999.  with  a  value  of  about  2  million  US  dollars.  In  a 
diver-fishermen  team  a  diver  may  catch  150-250  kg  scallops  per 
day  (3^  scallops  per  kg).  3-5  days  a  week.  The  increase  in  diver 
participation  in  this  fishery  during  1998  to  2000  incited  the  Nor- 
wegian Labor  Inspection  Authority  to  set  new  requirements  on 
diver  certification  for  scallop  harvesters.  This  reduced  the  number 
of  diver-fishermen  and  contributed  to  regulate  the  fishing  effort.  In 
recent  years  there  are  some  indications  of  lower  availability  of 
large  scallops  (>12  cm  shell  height)  and  new  scallop  beds  are 
exploited  northward  from  the  main  fishing  areas.  Because  the  fish- 
ery developed  the  possibility  of  over-exploitation  of  the  harvest- 
able  stock  this  has  been  an  issue,  also  among  many  harvesters. 
Management  of  the  scallop  fishery  has  also  been  associated  with 
the  development  of  scallop  sea  ranching  and  possibilities  of  stock 
enhancement.  In  2004  a  new  law  was  implemented,  regulating 
stock  enhancement  through  release  of  cultured  sedentary  species 
as  mollusks.  crustaceans  or  echinoderms.  This  law  assign  the  own- 
ership of  released  scallops  within  a  licensed  area.  In  2005  the 
Fishery  and  Aquaculture  Industry  Research  Fund  and  Institute  of 
Marine  Research  initiate  a  pre-project.  involving  the  diver  fisher- 
men, to  propose  current  research  priorities  and  management  strat- 
egies for  a  future  sustainable  scallop  diver-fishery. 


PREDATION  ON  HATCHERY  REARED  SCALLOP  SPAT 
iPECTEN  MAXIMUS  L.)  BY  THE  BALLAN  WRASSE  (LA- 
BRUS  BERGYLTA)  IN  CONTROLLED  EXPERIMENTS 
AND  IN  SEA  RANCHING.  Tore  Strohmeier.'  Guri  G. 
Oppegard'  and  Oivind  Strand.'  'institute  of  Marine  Research, 
Norway;  "University  of  Bergen.  Norway. 

Sea  ranching  of  scallops  (Pecten  inaxiinits)  in  Norway  has  been 
associated  with  great  losses  caused  by  predation  by  the  edible  crab 
(Cancer  pagunis,).  This  predation  is  now  hindered  by  the  devel- 
opment of  a  fence  that  prevents  intrusions  of  crabs,  which  has 
resulted  in  high  survival  of  scallops  in  sea  ranching.  Because  crab 
predation  is  radically  reduced,  the  opportunity  of  seeding  scallops 
directly  from  hatchery  to  bottom  culture  emerged.  A  straightaway 
release  of  scallops  from  hatchery  will  greatly  reduce  the  labor 
effort  and  cost  associated  with  operation  of  intermediate  culture.  In 
the  summer  of  2002  Helland  Skjell  AS  carried  out  preliminary 
experiments  with  early  transfer  of  spat  from  intermediate  culture  to 
bottom  culture.  The  seeding  of  scallops  from  intermediate  culture 


attracted  fish  and  by  seeding  30-mm  spat  it  was  observed  that  the 
ballan  wrasse  {Labrus  bergylta)  nab  on  the  scallops.  Tank  and  field 
experiments  were  conducted  to  test  if  ballan  wrasses  predate  on 
hatchery  reared  scallop  spat.  Ballan  wrasses  were  offered  spat 
from  15  to  35  mm  in  shell  height.  Predation  was  recorded  in  20  of 
40  tanks  and  predation  was  greater  than  20%  in  seven  tanks.  In 
these  seven  tanks  the  mean  predation  frequencies  significantly 
decreased  with  increasing  shell  height.  Predation  was  not  recorded 
for  spat  larger  than  30  mm  in  shell  height.  There  was  also  indica- 
tion of  size  dependent  predation  from  the  field  experiment,  but 
other  fishes  than  ballan  wrasse  may  be  the  predator. 


SPATIAL  AND  TEMPORAL  DISTRIBUTION  OF  SEA 
SCALLOP.  PLACOPECTEN  MAGELLANICUS  IN  THE 
BAIE  DES  CHALEURS,  QUEBEC,  CANADA.  Benoit  Thom- 
as,' Michel  Giguere"  and  Sylvie  Brulotte."  'Min.  Agr.  Pech. 
Alim..  CAMGR.  C.P.  340.  Grande-Rivierc  (Quebec).  GOC  IVO. 
Canada;  "Department  of  Fisheries  and  Oceans.  IML.  C.P.  1000, 
Mont-Joli  (Quebec),  G5H  3Z4,  Canada. 

The  first  studies  regarding  sea  scallop  spat  collecting  activities 
ill  Gaspesie  were  done  by  the  private  sector  in  the  mid  1980s  and 
by  universities  in  early  1990s  in  a  small  part  of  the  peninsula. 
Between  1999  and  2001.  new  activities  were  realized  along  the 
coast  from  Miguasha  to  Gaspe.  Since  2002.  more  precise  factors 
were  examined  in  the  two  most  successful  sectors.  Within  the  last 
2  years,  the  vertical  and  temporal  distributions  of  the  two  scallop 
species  (Placopccten  inagcUaniciis  and  Chhmiys  ishindka)  and 
other  associated  organisms  were  examined.  In  the  two  sectors  of 
interest.  Bays  of  Tracadigache  and  Gaspe.  a  mean  of  1200  to  3400 
giant  scallops/bag  was  collected  in  the  best  sites.  The  mean  num- 
ber of  scallop  spat  per  bag  decreased  between  the  autumn  and 
following  summer  and  could  be  as  high  as  809!-  in  Tracadigache. 
The  temporal  and  vertical  distribution  patterns  changed  with  sector 
and  year  so  it  is  still  difficult  to  distinguish  a  pattern  and  further 
analyzes,  and  trials  may  be  needed  in  the  future.  The  two  sectors 
are  describe  as  their  quality  to  minimize  biofouling  and  other  non 
productive  by  catch. 


AGE  COMPOSITION  AND  GROWTH  RATES  OF  QUEEN 
SCALLOPS  AEQVIPECTEN  OPERCL'LARIS  (L.)  AROUND 
THE  ISLE  OF  MAN.  Belinda  J.  Vause,  Bryce  D.  Beukers- 
Stewart  and  Andrew  R.  Brand.  Port  Erin  Marine  Laboratory.  Uni- 
versity of  Liverpool.  Port  Erin.  Isle  of  Man.  IM9  6JA.  British  Isles. 
Landings  of  the  queen  scallop  Aequipccteti  opcrcitUiri.s  (L.) 
have  fiuctuated  widely  around  the  Isle  of  Man  since  the  fishery 
began  in  1969.  These  fluctuations  have  been  attributed  to  large 
variability  in  recruitment.  Regardless  it  remains  the  second  most 
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valuable  species  accounting  for  nearly  309(-  of  all  fish  and  shellfish 
landings  in  2002.  There  are  no  regulations  on  the  fishery,  however, 
it  predominantly  operates  between  June  and  October  (the  closed 
season  for  the  great  scallop  Pecien  iiuixiiiiu.s  L.)  and  it  is  not 
economically  viable  to  land  indi\iduals  less  than  .55  mm  in  shell 
height.  Stock  abundance  has  been  well  monitored  with  fisheries 
independent  stock  sinveys  since  1992.  but  the  age  structure  and 
growth  rates  of  the  populations  have  received  little  attention.  The 
aim  of  this  study  is  2-fold.  Firstly,  to  ascertain  the  best  method  of 
age  determination  and  secondly  to  investigate  seasonal  and  spatial 
variation  in  age  composition  and  growth  rates  of  the  exploited 
queen  populations  around  the  Isle  of  Man.  Three  methods  of  de- 
termining age  composition  were  used  and  compared:  reading  of 
the  annual  growth  tings  from  untreated  shells,  reading  of  the  an- 
nual growth  rings  from  treated  shells  and  length  frequency  analy- 
sis. A  sample  of  150  queen  scallops  were  collected  during  stock 
surveys  in  June  and  October  2004  froin  .3  fishing  grounds;  South 
PSM.  East  Douglas  and  Laxey.  An  additional  sample  of  500  queen 
scallops  were  collected  from  South  PSM  and  kept  alive  in  the 
aquarium.  Queen  scallops  can  be  difficult  to  age  as  their  annual 
growth  bands  are  not  always  clear.  A  sub-sample  of  150  of  the  live 
sample  were  tagged  and  aged  to  the  be.st  of  our  ability  in  their 
original  state.  These  animals  were  then  sacrificed  and  their  shells 
were  treated  in  order  to  make  the  annual  growth  rings  more  visible. 
The  left  (upper)  valve  was  cleaned  of  epifauna  and  epiphytes, 
treated  with  5%  NaOCI.  washed  with  98%  ethanol,  rinsed  with 
water  then  dried  at  60"C  for  12  hours.  These  individuals  were  then 
aged  again  and  the  results  compared  to  determine  if  this  treatment 
assisted  in  the  ageing  procedure.  The  remainder  of  the  live  samples 
are  being  kept  in  the  aquarium  for  12  months  to  validate  the 
formation  of  an  annual  growth  ring.  The  6  frozen  samples  were 
treated  as  earlier  mentioned,  measured  and  aged.  Ageing  the  scal- 
lops was  conducted  by  three  independent  readers,  before  and  after 
treatment,  and  size  was  recorded  as  shell  height  (mm).  Length 
frequency  analysis  was  conducted  using  Bhattacharya  method  on 
the  size  data  to  mathematically  determine  age  composition.  The 
results  from  these  three  methods  of  age  determination  were  com- 
pared. It  was  more  difficult  and  less  precise  to  determine  the  age 
of  queen  scallops  before  treatment  compared  to  after  treatment.  An 
average  of  84%  (SE  4.6)  of  untreated  shells  were  considered  to  be 
readable  by  the  three  readers  as  opposed  to  nearly  100%  after 
treatment.  In  addition,  differences  between  the  readers  decreased 
after  treatment  (precision  index  before  treatment  29.7.  after  treat- 
ment 2.3.6).  A  significant  difference  was  found  between  the  ages 
determined  before  and  after  treatment  (Kolmogorov-Smimov  test 
Z  =  -4.206,  P  <  0.001)  and  regression  analysis  showed  that 
ageing  before  treatment  was  biased  towards  the  lower  ages  (y  = 
0.77  +  0.54).  Further  results  will  be  presented  comparing  length 
frequency  analysis  with  these  results.  The  age  distribution  at  South 
PSM  was  relatively  even  for  the  first  3  cohorts  with  approximately 
20%;  1-year  olds,  30%;  2-year  olds,  30%;  3-years  olds,  then  de- 


creasing to  13%;  4-year  olds  6%;  5-year  olds,  as  would  be  ex- 
pected with  natural  and  fishing  mortality.  East  Douglas  also  had 
individuals  present  in  each  year  class  but  3-  and  4-year  olds  were 
most  abundant.  At  these  two  grounds  there  was  little  seasonal 
variation  in  the  age  compositions  of  the  populations.  The  age 
composition  at  Laxey  was  dominated  by  1-year  olds  that  ac- 
counted for  64'/;  ill  June  and  94%  in  October.  In  2003  there  was 
exceptionally  high  recruitment-population  at  Laxey.  which  has 
survived  to  produce  this  strong  year  class:  recruitment  at  Laxey, 
prior  to  this,  was  poor.  Von  Bertalanffy  growth  curves  were  fitted 
to  the  treated  shell  data,  and  mean  size  at  age  was  calculated  to 
investigate  seasonal,  temporal  and  spatial  variation  in  growth. 
Generally  mean  size  at  age  increased  between  June  and  October 
for  1-.  2-  and  3-year  olds  but  not  4-  and  5-year  olds  and  at  this 
point  the  growth  curves  plateaued.  This  was  expected  because 
most  growth  takes  place  over  the  summer  period  and  growth  slows 
down  considerably  with  age.  The  difference  between  mean  size  of 
I -year  olds  in  June  and  October  was  8.3  mm  at  South  PSM,  3.2 
mm  at  East  Douglas  and  13.6  mm  at  Laxey.  Spatial  variation 
between  the  three  grounds  was  apparent.  In  June,  Laxey  had  the 
smallest  1-year  olds  of  the  three  grounds,  yet  the  largest  3-  and 
4-year  olds.  In  contrast.  East  Douglas  had  the  largest  I -year  olds 
but  the  smallest  3-5-year  olds  and  South  PSM  was  in  between. 
Despite  spatial  variation  of  the  size  of  I -year  olds,  the  growth 
curves  on  the  three  different  grounds  intercepted  at  2  years  old, 
which  is  when  individuals  are  approximately  55  mm.  Despite  the 
time  taken  to  prepare  shells  we  recommend  this  method  over  using 
live  specimens  because  of  the  improvements  in  readability,  preci- 
sion and  potentially  accuracy  (see  laboratory  experiment  1.  If  length 
frequency  analysis  is  found  to  give  comparable  results  to  prepared 
shells  however,  this  would  be  a  much  more  cost  effective  method 
because  these  data  can  be  collected  quickly  and  easily  in  the  field. 
Differences  between  the  queen  scallop  age  compositions  on  the 
different  grounds  seem  to  be  the  product  of  both  variable  recruit- 
ment and  the  effects  of  fishing.  Several  years  of  poor  recruitment 
at  Laxey  has  resulted  in  very  low  abundances  of  2-year  olds  and 
older.  The  increase  of  I -year  olds  in  the  age  composition  between 
June  and  October  may  be  explained  by  the  increase  in  size  due  to 
summer  growth  and  thus  the  increase  in  catch  efficiency.  Analysis 
of  fishing  effort  on  all  grounds  around  the  Isle  of  Man  (from  a 
voluntary  logbook  scheme)  shows  that  for  the  season  of  2003 
Laxey  incurred  0%,  South  PSM  15%  and  East  Douglas  33%  of 
total  effort.  There  was  no  fishing  at  Laxey  because  poor  recruit- 
ment in  previous  years  resulted  in  a  low  abundance  of  economi- 
cally viably  sized  queens.  This  lack  of  t~ishing  disturbance  may 
explain  the  fast  growth  of  these  1-year  olds  at  Laxey,  whilst  East 
Douglas  had  the  highest  fishing  effort  and  the  slowest  growing 
1-year  olds.  Fishing  pressure  may  also  explain  the  size  distribution 
of  the  older  cohorts.  Fishing  gear  is  selective  towards  larger  individu- 
als so  higher  effort  may  drive  down  mean  size  at  age  once  a  cohort  is 
available  to  the  fishery.  This  increased  knowledge  of  population  dy- 
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namics  and  monitoring  methods  will  be  used  to  provide  management      industry  to  process  high  levels  of  harvest  when  they  occur  again, 
advice  aimed  at  ensuring  the  sustainabilitv  of  the  fishery.  Queensland  scallop  fishery  overview  available:  http://wwvv.dpi.qld 

.gov.au/fishweb/ 1 2545.html#5. 


SCALLOP  INDUSTRY  IN  QUEENSLAND— CHANGES 
AND  OPPORTUNITIES.  Lew  Williams.  Assessment  &  Moni 
toring  Unit.  QDPI&F,  GPO  Box  4b.  Brisbane  Qld  Australia.  4001 . 
In  the  Queensland  scallop  industry,  based  on  (Ainusiwu  japoni- 
ciim  hcdloti).  scallops  are  primarily  harvested  by  the  otter  trawl 
fleet  specifically  targeting  scallop.  Lesser  amounts  of  scallop  are 
taken  as  incidental  catch  when  trawlers  target  prawn.  The  scallop 
year  refen'cd  to  here  is  from  July  to  June  because  this  allows  better 
description  of  the  changes  in  annual  scallop  harvest.  Harvest  of 
scallop  meat  varied  between  400  t  and  1700  t  from  1988/1989  to 
2003/2004.  The  two  lowest  harvest  years  occuired  in  the  last  2 
years  of  the  series.  The  number  of  boats  reporting  harvest  of  scal- 
lops each  year  also  declined  from  approximately  300  boats  to 
about  200  boats.  At  the  same  time,  mean  daily  harvest  per  boat  for 
the  last  2  years  was  only  slightly  lower  than  the  overall  mean  daily 
harvest  rate.  Two  major  management  interventions  have  been  ap- 
plied to  the  otter  trawl  fishery  in  recent  years  with  tlow-on  effects 
to  the  scallop  sector  of  the  fishery.  Firstly,  otter  trawlers  now  are 
effectively  managed  by  a  "nights  fished"  quota  as  well  as  by  other 
inefficiencies  such  as  time  and  area  closures  including  some  spe- 
cifically targeted  at  the  scallop  sector.  In  addition.  TEDs  have  been 
compulsorily  introduced  into  otter  trawl  nets,  which  have  changed 
the  dynamics  of  the  scallop  sector  through,  for  example,  the  loss  of 
Moreton  Bay  Bugs  as  incidental  catch  making  targeted  scallop 
harvest  less  profitable  in  some  areas.  Secondly,  known  key  scallop 
producing  areas  have  been  closed  to  trawling  since  1997  to  allow 
build  up  of  scallop  stocks.  These  strategies  have  now  changed  to 
include  a  2-year  harvest  rotation  and  changes  in  size  of  the  areas 
involved.  These  management  changes  have  caused  changes  in  the 
behavior  of  fishers,  because  they  seek  to  maximize  daily  income 
while  taking  into  account  their  view  of  the  riskiness  of  generating 
that  daily  income.  There  is  no  simple  explanation  for  this  dramatic 
change  in  the  performance  of  the  scallop  sector.  Some  suggest  it  is 
the  result  of  the  introduction  of  the  otter  trawl  management  plan  in 
2000,  others  suggest  that  it  is  the  effect  of  specific  management 
measures  for  the  scallop  sector;  whereas  others  suggest  that  there 
may  have  been  a  weather  effect  due  to  drought  in  the  adjacent  land 
mass.  There  has  been  a  tlow-on  effect  into  the  processing  sector 
(saucer  scallops  are  shucked  by  hand)  especially  from  Yeppoon  to 
Urangan.  The  low  production  in  the  last  couple  of  years  and  the 
change  in  fishing  patterns  of  the  trawlers  has  caused  considerable 
rationalization  in  the  processing  sector  with  the  number  of  firms 
available  to  process  scallops  declining  substantially.  These 
changes  have  the  short  term  potential  to  limit  the  capacity  of  the 


REPRODUCTIVE  ECOLOGY  OF  THE  SCALLOP  PECTEN 
NOVAEZELANDIAE.  James  R.  \Mlllams'  and  Russell  C.  Bab- 
cock."  'Leigh  Marine  Laboratory.  University  of  Auckland.  PC 
Box  349,  Warkworth,  New  Zealand;  "CSIRO  Marine  Research, 
Private  Bag  No.  5.  Wembley  6913.  WA.  Australia. 

Key  factors  intluencing  the  reproductive  success  of  the  scallop 
Peclc'ii  luivcu'zeliiinliae  were  examined  in  the  Hauraki  Gulf.  North 
Island.  New  Zealand  using  a  combination  of  field  and  laboratory 
studies.  Size  at  maturity  was  objectively  estimated  to  be  65  mm 
shell  height,  although  small  differences  in  size  at  maturity  among 
sites  may  exist  owing  to  differences  in  en\  ironmcntal  conditions 
that  affect  growth  rates.  Reproductive  activity  was  monitored  at 
four  sites  from  2000  to  2003  using  multiple  techniques.  Gonad 
indices  appropriate  for  measuring  reproduction  were  assessed  and 
a  method  that  directly  scaled  gonad  mass  to  shell  height  was  ap- 
plied. A  visual  grading  index  based  on  gonad  appearance  was 
significantly  correlated  with  quantitative  histological  and  gonad 
mass  data  (/"  =  0.74-0.87).  Visual  grading  facilitated  rapid  as- 
sessment of  reproductive  condition  and  could  be  conducted  non- 
destructively.  Repeated  observations  of  visual  grade  in  tagged 
scallops  tethered  to  the  seabed  were  made  /;;  sirti.  the  first  time  that 
long-term  sequential  reproductive  activity  of  indi\ iduals  has  been 
described  for  a  mobile  free-spawning  animal.  Scallops  exhibited 
episodic  spawning  from  spring  through  to  early  winter.  Temporal 
variability  in  gonad  size  and  condition  was  the  result  of  multiple 
(serial)  spawnings  per  year.  Four  to  75*^  of  individuals  spawned 
synchronously  between  sampling  dates.  Partial  spawnings  were 
common  and  gonads  redeveloped  between  spawnings.  Partial 
spawning  may  be  part  of  a  bet-hedging  strategy  to  manage  the  risk 
of  fertilization  failure  in  asynchronously  spawning  populations. 
The  timing  of  spawning  varied  among  sites  and  years,  but  they 
often  coincided  with  a  sharp  drop  in  sea  surface  temperature.  Scal- 
lop spawning  behavior  reflected  their  fertilization  requirements, 
releasing  millions  of  gametes  in  a  series  of  contractions  over  a 
short  period  of  time.  ///  vitrei  fertilization  success  was  priinarily 
dependent  on  sperm  concentration,  but  was  also  influenced  by 
gamete  age  and  sperm-egg  contact  time.  Maximum  fertilization 
rates  (up  to  92Vf)  occuired  only  at  high  sperm  concentrations 
(10''-10^  sperm  niL"').  A  polyspermy-adjusted  fertilization  kinet- 
ics model  explained  87%  of  the  variation  in  fertilization  success. 
Pecten  novaezelandiae  gamete  traits  seem  to  be  adapted  to  fertil- 
ization at  high  sperm  concentration.  Consequently,  low-density  popu- 
lations may  be  susceptible  to  allee  effects  and  reproductive  failure. 
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Mating  experiments  1 153(23) 
Maturation  82.5(22).  483(23) 

Maturity  835(21).  85(22).  1213(23).  597(24).  603(24) 
Meat  condition  747(22) 
Meat  content  15(24) 
Meat  yield  161(20).  .33(21) 
Mecklenburg  Bight  161(20).  33(21) 
Mediterranean  Sea  967(19).  569(22) 
Megalopa  261(24) 
Megiilluini  creimlulu  301(20) 
Meiosis  503(21) 
Meiotic-checkpoint  93(21) 
Melanization  749(24) 
Melongena  cycle  849(23) 
Mercemria  51(19).  6.35(21).  659(21).  501(22) 
Merceimrui  mercemiria  9(18).  77(18).  99(18).  ,555(18).  561(18).  43(19). 

957(19),  127(20),  3(21),  777(21),  61(22),  205(22),  689(22).  697(22). 

1013(24).  1043(24) 
Mercury  1229(24) 
Merelrix  hisoria  1053(24) 
Mesh  size  61(24) 
Mesocosms  59(21).  67(21) 
Mesodesma  macroides  451(23) 
Metabolic  rate  243(23) 
Metabolism  127(21).  415(22).  1229(24) 
Metacereria  107(20).  1097(24) 
Metal  accumulation  763(22) 
Metal  detector  487(  19).  501(22) 
Metal  toxicity  353(23) 
Metals  321(23).  353(23) 

Metamorphosis  571(20).  5(23).  93(23).  975(23).  I  123(24) 
Metapenaeopsis  dcilei  237(23) 
Metapopulation  829(20).  883(24) 
Method  249(  2 1 ) 
Method  validation  841(19) 
Methoprene  787(24).  795(24).  798(24).  859(24) 
Mexican  pacific  545(23) 

Mexico  919(19),  317(20),  279(21).  1  189(23).  .597(24) 
Microalgae  337(20).  377(22) 
Microalgal  diet  153(19) 
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Micrcialjial  meal  505(22) 

Microbial  loop  361(19) 

Microcapsules  649(21 ) 

Microdensitonietry  115(18) 

Microllora  211(21) 

Microhabi(al  447(20) 

Microinjection  1123(23) 

Microparticle  diet  957(23) 

Miciosatellite  839(22).  621(23).  11.57(23).  1195(23) 

Microsatellite  DNA  379(23) 

Microsatellite  loci  XI  1(21 1 

Microsporidian  71(19) 

Microstructure  1073(23) 

Mid-Atlantic  33(23) 

Migratory  shorebirds  765(23) 

Mimachlamys  463(23) 

Mineralogy  685(20).  1073(23) 

Migration  495(20).  289(21) 

Mississippi  River  221(24) 

MIST  Alert  455(21) 

Milliro.x  575(23) 

Mitigation  379(19) 

Mitochondrial  DNA  .501(20).  219(211.  1  I  1(22).  781(22).  91  1(23) 

Mixed  benthic  diatom  cultures  401(24) 

Model  501(18).  231(20).  125(22).  63(23).  675(23) 

Modiolus  harbatiis  1097(24) 

Molecular  markers  319(20).  1101(24).  1117(24) 

Molecular  phylogeny  91 1(23) 

Molecular  systematics  453(20) 

Mollusc  nutrition  97(20) 

Mollusca  605(18),  897(19).  185(23).  683(23).  1149(24) 

Molluscan  communities  875(23) 

Molluscs  85(19).  175(19).  243(24),  353(24).  477(24) 

Mollusks  611(18).  183(19).  8-V5(l9).  861(19).  913(19).  477(20).  211(2 

715(21).  1041(23) 
Molting  711(19).  373(20) 
Monitoring  487(19).  1201(23) 
Monoclonal  antibodies  55(20).  705(20) 
Morphological  changes  1079(23) 
Morphological  identification  937(24) 
Morphological  variability  135(22) 
Morphology  441(20).  931(24) 
Morphometries  PCR  501(20) 
Mortality  575(18).  233(19),  933(19),  289(21 ),  691(24).  695(24). 

787(21).  417(23).  463(23).  715(23).  795(23).  387(24).  88.^(24). 

995(24) 
Mortality  factors  35(19) 
Motility  1187(24) 
Moulting  235(22) 
Moult  increment  235(22) 
Mouse  bioassay  455(21) 
Movement  495(20).  771(20).  289(21) 
Movement  behavior  447(20) 
Movement  periodicity  447(20) 
Movements  533(22) 
MS-222  121(23) 
MSX,  501(18) 
MSX  di.sease,  475(18) 
Miilima  lateralis  677(21) 
Mulloscan  aquaculture,  19(18) 
Muricid  snail  905(19) 
Muricadae9(l8).  897(19).  193(21) 
Muscle  483(23) 
Muscle  contraction  905(24) 
Mu.ssel  19(18).  1017(19).  75(21 ).  471(21 ).  489(21 ).  .503(21 ).  119(22). 

423(22).  753(23).  531(24).  1101(24) 
Mussel  culture  521(23).  745(23) 


Mussel  cultivation  519(21) 

Mussel  dredging  529(21 ) 

Mussel  physiology  125(22) 

Mussel  seed  195(19) 

Mussel  seed  collectors.  19(18) 

Mya  arenaria  35(19).  135(20).  75(22).  457(23) 

Mya  irumata  25(24) 

Myoglobulin4ll(20) 

Mytilacea  203(19) 

Mytillidae  13(20) 

/Wvr//«i  991(19).  41(21).  1 19(22).  521(23).  529(23),  1101(24),  1117(24) 

Mynlus  califomiamts  135(22).  515(23) 

Mytilus  chilensis  753(23) 

Mylilus  ediilis  367(18).  375(18),  167(19),  175(19),  1017(19).  67(21), 

503(21).  509(21).  519(21).  209(22).  633(22),  185(23).  731(23). 

545(24) 
Mytilus  edulis  complex  species  135(22) 
Mytilus  s-alloiyroviiicialis  3,^(18).  183(19).  195(19).  75(21).  515(23). 

535(23).  531(24) 
Mytilus  spp.  31(20) 
MytUus  tmssuhis  367(18).  59(21).  67(21).  423(22).  545(24).  567(24) 


N 


N-halamine  91(22) 

Narragansett  Bay  547(18) 

Native  oyster  135(23) 

Natural  bank  749(19) 

Natural  mortality  63(19),  63(23),  675(23) 

Natural  reproduction  11(22) 

Natural  selection  415(20) 

Navicula  incerta  995(23)  401(24) 

Nearest  neighbor  distance  781(20) 

Necrotic  eggs  553(23) 

Nekton  361(19) 

Neoparainoeha  pcnuu/uidt-nsis  7 1 9(  24 ) 

Nephrops  347(20) 

Neritidae  75(24) 

Nerve  ganglia  173(21).  1087(23) 

Net  energy  balance  715(23) 

Neuroactive  compounds  93(23) 

Neurohormone  905(19) 

Neuropeptides  1129(23) 

Neurosecretory  cells  733(20) 

Neurotoxic  shellfish  poison  465(21) 

Neurotropical  Region  141(22) 

Neutral  red  assay  745(23) 

New  Caledonia  463(23) 

New  species  1169(23) 

New  York,  47(18) 

New  Zealand  539(  1 8 ).  487(  1 9 ).  743(  2 1 ) 

New  Zealand  abalone  647(20) 

New  Zealand  Austrovciuis  stutchhuiyi  21(21 ) 

Nickel  227(24).  125.^(24) 

Nitrate  633(22) 

Nitric  oxide  243(21) 

Nitrite  633(22) 

Nodilittorina  spp.  489(20) 

Nodipecten  723(23) 

Nodipecten  luidosus  5(23).  473(23) 

Nodipecten  subiiodosus  15(23).  353(24) 

Noetia  ponderosa  185(20) 

Non-destructive  983(19) 

Non-native  497(24) 

Non-transcribed  spacer  431(22) 

Nonindigenous  crab  255(22) 

Nonindigenous  species  203(  19) 
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NOR  605(18) 

Nodlittorina  393(20) 

Nonh  American  179(23) 

North  Sea  benthos  25(24) 

Northern  (Pinto)  abalone  831(22) 

Northern  California  553(23) 

Northern  quahog  3(21).  697(22).  47(23).  1013(24).  1043(24) 

Northwestern  Atlantic  255(22) 

Nucleic  acid  861(21) 

Nucelotide  diversity  429(24) 

Nucleotide  polymorphism  379(23) 

Nucleotide  sequence  431(22) 

Nudibranchia  1209(24) 

Null  alleles  379(23) 

Numerical  modeling.  475(18).  75(22) 

Numerical  taxonomy  599(23) 

Nursery  culture  555(18).  101(22).  473(23) 

Nursery  ground  445(  18) 

Nursery  habitat  253(24) 

Nutrient  cycling  51(23) 

Nutrient  enrichment  51(23) 

Nutrient  trading  51(23) 

Nutrient  transference  15(23) 

Nutrient  uptake  171(20) 

Nutrition  227(18).  651(18).  861(19).  653(20).  211(211.  649(21) 

Nunallia  obscurata  185(22) 

Nonparametric  method.  185(18) 


O 


Ocean  climate  755(20) 

Ocean  quahog  943(19).  161(20).  673(21),  517(24) 

Octopine  dehydrogenase  85(19) 

Octopus  hmkahkeei  1203(24) 

Octopus  vulgaris  243(21) 

Odor  and  visual  quality  143(23) 

Okadaic  acid  1017(  19).  461(21 ) 

Olfactory  589(22) 

Olympia  oyster  409(  19).  135(23) 

0:N  ratio  489(21) 

Oocyte  707(21 ).  465(22).  483(23).  1 197(24) 

Ontogenetic  trend  685(20) 

Oocyte  frequency  597(21) 

Oocyte  growth  283(20) 

Oogenesis  145(21) 

Open  reefs,  451(18) 

Opistobranchia  1209(24) 

Orientation  363(24) 

Ormer  fishery  951(23) 

Ornamental  shrimp  361(20) 

Osmoregulation  263(22).  903(23) 

Osmotic  pressure  719(21) 

Ostrea  697(21) 

Ostrea  chilensis  743(21) 

Ostrea  circumpicla  41 1(23) 

Osirea  edulis  799(19),  1017(  19).  76,^(21 ).  763(22).  1019(24) 

Ostrea  eqitestris  733(22) 

Ostrea  puelchana  191(24) 

Oslreala  conchaphda  409(  19).  685(21 ).  135(23) 

Ostreinae  685(  2 1 ) 

Other  neurotransmitters  667(20) 

Otter  trawling  561(22) 

Ovaries  507(23) 

Ovarian  parasite  475(22) 

Overdominance  85(19) 

Overfishing  789(22),  575(23) 

Oxygen  consumption  489(21).  281(22).  555(22).  715(23).  903(23) 


Oxygen  isotopes  707(23) 

Oyster  19(18).  437(18).  517(18).  125(19).  335(19).  341(19).  387(19). 

397(191.467(19).  789(19).  835(19).  841(19),  1017(19).  197(20). 

215(20),  231  (20).  137(21),  691(21),  715(21),  763(21),  6(22),  39(22). 

91(22),  451(22).  589(22),  747(22),  753(22),  767(22),  63(23), 

129(23),  143(23),  321(23),  353(23),  366(23),  599(23),  795(23), 

803(23).  825(23).  831(23).  841(23).  113(24).  157(24),  143(24). 

191(24).  227(24).  443(24),  457(24),  469(24),  497(24),  995(24). 

1253(24) 
Oyster  disease  417(23) 
Oyster  drill  597(18).  149(23) 
Oyster  industry  51(22) 
Oyster  management  353(23) 
Oyster  mucus  175(18) 

Oyster  reef  371(19).  127(24).  139(24).  1007(24) 
Oyster  reef  restoration  353(  19).  483(24) 
Oyster  set  133(18) 
Oyster  shell  379(19) 


Pacific  abalone  811(21).  1113(23) 

Pacific  caper  933(19) 

Pacific  geoduck  85(22) 

Pacific  Northwest  535(22) 

Pacific  oyster  445(18),  243(20).  465(21).  475(22).  715(22).  721(22), 

379(23),  429(24) 
Palaemonid  301(19) 
Panama  789(22),  575(23) 
Panopea  ahrupta  57(19).  63(  19).  313(19).  85(22).  661(23).  675(23). 

693(23) 
Panopea  zelandica  683(23) 
Panulirus  259(.\9).  575(231 
Panulirus  argus  279(21).  533(22) 
Panulirus  cygnus  289(21).  265(23) 
Panulirus  yuttalus  279(21 ) 
Paphia  umhilata  431(22) 
Paralithiodes  221(23) 

Paralytic  shellfish  poisoning  211(18),  55(20).  895(20).  213(22).  927(23) 
Paralytic  shellfish  poisoning  toxins  455(21 ) 
Paramoeba  691(24) 
Parametric  method  185(18) 
Parapanaeon  consolidatuin  237(23) 
Parapenaeus  longirostris  843(21) 
Parasite  517(18),  561(18).  657(18).  71(19).  231(20).  557(21).  185(22), 

805(22),  831(23),  1169(23),  121(24) 
Parasite-host  interaction  1179(23) 
Parentage  analysis  1157(23) 
Particle  clearance  rale  233(21) 
Particle  concentration  209(22) 
Particulate  matter  539(21) 
Particulate  organic  matter  71(18) 
Patagonia  203(18),  289(20),  497(21) 
Patagonian  scallop  gut  contents  549(21) 
Patagonic  fjords  69(20) 
Patches  261(24) 
Pathogen  573(24) 
Pathology  43(19).  731(23) 
Patiiu'pcctcn  ycssociisiis  109(21  ).  913(24) 
PCR  991(19) 
Pea  crab  121(24) 
Peari  nets  5.39(21) 
Peari  oyster  19(18),  159(18).  451(18).  153(19).  127(21).  145(21). 

773(22).  781(22).  113(23),  375(23),  403(23),  215(24),  1187(24), 

1191(24).  1  197(24) 
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Peat  impacls  437(  ISl 

Peat  moss  113(24) 

Peainidae  483(23).  353(24) 

Peclen  jacobcieus  639(22 ) 

Pecten  nwxiimis  59(18).  741(19).  75(20).  117(20).  121(20).  81(21). 

539(21).  647(22).  507(23).  61(24).  937(24).  951(24) 
Pectinid  93(21).  463(23) 
Pediveliger  733(22) 
Peeler  crab  241(22) 
Pen  shell  39(20),  49(20) 
Penaeid  301(19) 
Penaeoidea  911(23) 
Penaeus  chinensis  717(19).  897(23) 
Penaeus  monodon  267(21) 
ft-nrfoeiM  651(18).  291(24) 
Penilella  sp.  889(20) 
Peppermint  shrimp  227(23) 
Periodic  recruitment  667 
Peritrichia  251(18) 

Perkinsiis  231(20).  119(21).  366(23).  477(24) 
PerkinsKs  mariiuis  133(19).  341(  19).  827(19).  725(21 ).  91(22).  143(24). 

167(24).  177(24).  487(24).  503(24).  1027(24).  1035(24) 
Perkinsus  spp.  349(19),  871(21),  431(22),  661(221,  101(23) 
Perna  viridis  13(20),  20(21).  741(23),  1087(24) 
Perna  perna  203(19),  125(21) 
Pernacanaliculus.  347(18) 
Pesticides  69(24).  859(24).  865(24) 
pH  611(18),  719(21),  1223(24) 

Phagocytosis  13(21).  243(21).  487(24).  713(24).  931(24) 
Phenotypes  135(22) 
Pheromone  715(21) 

Phenoloxidase  223(18).  477(24).  1223(24) 
Pholas  oriemalis  19(19) 
Phosphate  633(22) 
Phospholipids  507(23) 
Photoperiod  363(24) 
Phyllosoma  225(22).  265(23) 
Phylogenetic  analysis  31(22) 
Phylogeny  881(23).  1203(24) 
Phylogeography  759(23) 
Physiology  97(20).  269(22).  107(23) 
Phytoplankton  497(21) 
Pili)ctipuipura  pansa  193(21) 
Pi  lunula  451(18) 
Pimtada  imhricata  249(21) 

Piiukula  margarilifera  159(18).  773(22).  1187(24).  1191(24) 
Piiutuda  malensii  (D.)  147(19).  147(20) 
Pinctada  maxima  159(19).  781(22).  375(23) 
Pinctada  mazatlanica  127(21),  145(21).  113(23).  121(23).  215(24). 

1197(24) 
Pinna  95(19) 
Pinnotheres  121(24) 
Placopeaen  365(22) 
Plucopecten  maj^ellanicus  67(18).  113(19).  757(19).  605(21).  101(22). 

377(22).  33(23).  905(24) 
Plan  409(19) 

Plankton  361(19).  733(22),  185(23) 
Pleuropedal  ganglia  733(20) 

Plicopurpiira  pansa  913(19).  21 1(23).  85(24).  421(24) 
Point-nearest-neighhor  393(24) 
Polar  body  101(19) 
Polar  lipid  265(23) 
Polychlorinated  biphenyls  737(22) 
Polycyclic  aromatic  hydrocarbons  209(24),  451(24) 
Polydora  85(18) 
Polyethylcnimine  I  123(23) 


Polymerase  chain  rcactum  213(19) 

Polyoridae  1179(23) 

Polyploidy  835(19) 

Pomaloceros  5 1 9(2 1 ) 

Ponds  273(21) 

Populations  269(22).  681(22) 

Population  dynamics  279(21).  63(23).  877(24) 

Population  ecology  843(20).  149(23) 

Population  enhancement  659(21) 

Population  genetics  29(19).  765(20),  781(22).  693(23) 

Population  modeling  517(18) 

Population  regulation  403(20) 

Population  structure  853(19),  569(22),  839(22),  47(24) 

Population  trends  849(24) 

Postharvest  265(19).  27.5(19) 

Postingestive  selection  167(19) 

Postlarvae  135(20).  603(20).  473(23),  401(24) 

Postlarval  abalone,  243(18).  637(18).  795(22).  989(23) 

Postlarval  nutrition  957(23) 

Postlarval  settlement  393(22) 

Postlarval  survivorship  93(23) 

Postprandial  metabolism  282(22) 

Potassium  263(22) 

Poultry  mortality  723(19) 

Power  analyses  273(21) 

Precautionary  approach  829(20) 

Predation  901(19).  777(21).  621(22).  227(23),  457(23).  579(24) 

Predators  831(22) 

Preingestive  selection  167(  18) 

Prepared  feed  5()5(  22 ) 

Prevalence  831(23) 

Prespawning  1019(24) 

Presumptive  bacterial  identification  599(23) 

Procamhimis  acitlus  aciitus  255(21) 

Procambunis  clarkii  255(21).  521(22).  527(22) 

Procambants  zonangulus  255(21) 

Proctoeces  maculatus  731(23) 

Programming  397(  19) 

Progressive  motility  1 187(24) 

Prophenoloxidase  assay  295(21) 

Propylene  phenoxetrol  121(23) 

Prorocenlrum  32 1  ( 1 9 ) 

Prorocenlimn  lima  I003(  19).  461(21) 

Protandric  hermaphroditism  849(23) 

Protein  235(18).  171(22).  1027(23) 

Protein  content  227(18) 

Protein  electrophoresis  41 1(20) 

Protein  leaching  627(20) 

Protein  phosphatase  inhibition  assay  1017(19) 

Protein  recognition  325(19) 

Protein  requirement  97(20) 

Protein  source  1059(23).  1065(23).  1073(23) 

Protist  561(18) 

Protollwca  sumnnca  681(22) 

Psammechimi.s  miliaiis  995(19).  377(20) 

Pseudu-nitzschiu  1007(19),  75(20) 

PSP  471(21) 

Psychrochlamys  paraf>onica  877(24) 

Pteria  colymbus  I55(  18),  249(21 ) 

Pteria  penguin  403(23) 

Public  stock  enhancement  127(20) 

Puget  Sound  213(22).  681(22) 

Pulse  exposure  679(20) 

Purification  409(22) 

Purple  clam  73(23) 

Purple  dye  919(19) 
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Purple  ink  581(23) 

Purple  snail  913(19).  211(23).  85(24).  42I(24| 

Pyruvate  85(19) 


Q 


Quahog  547(18).  555(18).  51(19).  957(19),  127(20).  635(21).  61(2 

Quahog  parasite  unknown  (QPX)  43(19).  561(18).  205(22) 

Quantification  763(22) 

Quantitative  genetics  979(24) 

Quarantine  366(23).  573(24) 

Queen  conch  883(19).  789(22).  387(24).  1123(24) 

Quinaldine  121(23) 

Quotas  795(20) 


R 


Radiolabeling  175(19) 

Radula  1079(23) 

Rae  1235(24) 

Ranching  population  1195(23) 

Random  primers  1 1 1(22) 

Range  extension  381(24) 

Rapa  whelk  777(21) 

Rupaihi  venosci.  9(18).  897(19).  777(21).  381(24) 

Rapana  venosa  organs  601  ( IS) 

RAPD  marker  165(23) 

Razor  clam.  19(18).  1007(19).  29(21).  443(23) 

rDNA  sequence  698(21) 

Reactive  oxygen  species  699(24) 

Real-time  PCR  1027(24) 

Rearing  463(23) 

Recapture  501(22) 

Reconstruction  773(23) 

Recovery  1219(23),  377(24) 

Recreational  boating  965(24) 

Recruitment  89(20).  353(20),  619(20),  819(22),  63(23),  73(23),  387(23). 

391(23).  661(23).  675(23).  975(23).  215(24).  517(24).  1043(24) 
Recruitment  failure  1201(23) 
Recruitment  index  185(18) 
Recruitment  substrate  387(19) 
Recruitment  variability  1009(23) 
Rearing  condition  1191(24) 
Red  abalone  431(19).  875(20).  205(23),  415(24) 
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ERRATUM 

ADDENDUM  TO:  DIOXIN  AND  HEAVY-METAL  CONTAMINATION  OF  SHELLFISH  AND 
SEDIMENTS  IN  ST.  LOUIS  BAY,  MISSISSIPPI  AND  ADJACENT  MARINE  WATERS 


RALPH  ELSTON,  P:DWIN  W.  CAKE,  JR..  KAREN  HUMPHREY,  WAYNE  C.  ISPHORDING, 
ROD  O'CONNOR  AND  J.  E.  (JACK)  RENSEL 

[Article  in  Journal  of  ShcUfish  Research.  Vol.  24,  No.  4,  1253-1255.  2005.) 

Regretfully,  following  submission  of  correct  page  proofs  hy  authors,  an  error  occurred  during  the  final  publishing  process  in  the  first 
column  of  page  1255. 

The  2nd  line  of  the  left  hand  column  on  page  1255  should  read  "adjacent  waters  of  Mississippi  Sound  are,  on  average,  about  10%". 

The  Publisher  greatly  regrets  the  error. 
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REPRODUCTIVE  PATTERNS  AND  THEIR  INFLUENCE  ON  THE  POPULATION  GENETICS  OF 
SYMPATRIC  SPECIES  OF  THE  GENUS  CREPIDULA  (GASTROPODA:  CALYPTRAEIDAE) 


ALFONSO  J.  SCHMIDT,  JORGE  ¥..  TORO'*  AND  OSCAR  R.  CHAPARRO 

Instltiilo  dc  Bioloiii'a  Muhiui.  Dr.  J.E.  Winter,  Univcrsidad  Aitslral  dc  Cliilc.  Ccrsilla  567.  Valdivia.  Chile 

AB.STRACT  Crepuliila  ililataui  (Lam.irk.  IK22)  and  Crepidiila  feciinda  (Gallardo.  1979)  are  sympatric  species  in  southern  Chile. 
•Separating  them  by  species  is  difficult  because  they  are  morphologically  similar;  an  important  character,  which  separates  them  is  their 
comparative  larval  development.  C.  dilahita  includes  nutritive  eggs  within  its  egg  capsules  that  are  consumed  by  larvae  in  the  capsule 
durmg  their  intracapsular  development.  Metamorphosis  occurs  in  the  capsule,  followed  by  the  hatching  of  crawling  juveniles.  The  C. 
fecmula  intracapsular  development  leads  to  the  release  of  planktotrophic  veliger  larvae  that  persist  in  the  water  column  for  about  15 
days  prior  to  settlement  and  metamorphosis.  These  two  contrasting  reproductive  strategies  (direct  and  indirect  development)  may 
influence  the  capabilities  of  these  species  for  dispersal,  which  could  influence  their  comparative  gene  flow  and  population  genetics. 
Newly  developing  molecular  genetic  techniques,  such  as  RAPD  used  in  the  present  study,  were  useful  in  identification  of  the  two 
species  studied  and  provided  some  initial  data  on  their  comparative  population  genetics.  Greater  gene  flow  and  interpopulational  gene 
diversity  were  found  in  C  feaimia  (pelagic  larva)  compared  with  C  dilatala  (direct  development),  with  the  latter  showing  populations 
to  be  the  more  genetically  heterogeneous  within  the  geographic  range  studied.  It  was  thus  evident  that  the  pattern  of  larval  development 
(direct  or  planktonic)  intluenced  the  comparative  population  genetic  structure  between  these  two  species. 

KEY  WORDS:     Crepuhda  dilaiaia.  C.  feaiiula.  Chiloe  Island,  reproductive  patterns.  RAPD.  population  genetic 


INTRODUCTION 

The  basic  pattefiis  in  repiodiiclive  strategies  of  marine  benthic 
invertebrates  include  holobenthic  cycles,  with  (a)  direct  larval  de- 
velopment and  no  pelagic  larval  phase;  (b)  completely  pelagic 
cycles  and  (c)  pelagic-benthic  cycles  where  larval  development  is 
mixed.  The  latter  case  includes  the  pi'esence  of  a  free-living  larva 
in  the  water  column  prior  to  settlement  and  metamorphosis  in  the 
benthos  (Thorson  1950.  Mileikovsky  1971.  Gallardo  19S7.  Gal- 
lardo 1989). 

The  presence  of  a  pelagic  larva  may  influence  the  characteris- 
tics of  population  structure,  based  on  the  impact  of  these  stages  on 
the  capacity  for  dispersion  of  these  species  (gene  flow)  (Hunt 

1993.  Williams  &  Betizie  1993.  Ayre  et  al.  1997.  Hoskin  1997. 
Kyle  &  Boulding  2000.  Collin  2001.  Collin  2003.  Nishikawa  et  al. 
2003.  Goffredo  el  al.  2004).  A  pelagic  larva  (lecithotrophic  or 
planktotrophic).  can  remain  in  the  water  column  for  weeks,  thus 
favoring  its  dispersion,  in  contrast  with  the  direct  mode  of  devel- 
opment where  the  individuals  hatch  from  maternal  incubatory 
structures  as  crawling  juveniles  (Collin  2001 )  thus  remaining  close 
to  their  sites  of  generation.  Loss  of  the  larval  pelagic  phase  may 
favor  evolutionary  divergence  in  congeneric  species  with  locally 
adapted  populations;  these  could  diversify  in  the  expression  of 
certain  traits  in  their  life  histories,  reflected  in  their  gene  frequen- 
cies (Strathmann  1980.  Gallardo  1989.  Pechenik  1999.  Marshall  & 
Keough  2003). 

On  the  other  hand,  the  reproductive  strategy,  which  includes  a 
pelagic  larva  would  guarantee,  in  the  absence  of  geographic  bar- 
riers or  restrictive  oceanic  currents,  greater  larval  dispersal  and 
thus  greater  gene  flow.  This  might  however  diminish  variability  in 
the  population  structure  (Strathmann  1986.  Hunt  1993.  Palumbi, 

1994.  Kyle  &  Boulding  2000.  Collin  2001.  Hellberg  et  al.  2002. 
Whalan  et  al.  2005),  resulting  in  genetically  homogeneous  popu- 
lations. 

Species  in  the  Family  Calyptraeidae  ("slipper  limpets")  are 
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typically  protandric  hermaphrodites.  They  deposit  egg  capsules 
and  exercise  parental  brooding  as  part  of  their  reproductive  strat- 
egies. Crepichila  dilatcita  (Lamark  1822)  and  Crepidula  fecunda 
(Gallardo  1979)  coexist  along  a  portion  of  the  Chilean  coast,  hav- 
ing a  distribution  from  29°58'S  to4r52'S  and  12'5'S  to4r'31'S, 
respectively  (Collin  2003);  both  species  inhabit  both  intertidal  and 
subtidal  rocky  substrates  (Gallardo  1977).  They  can  occur  at  high 
densities  in  estuaries  and  bays  along  the  interior  coast  of  the  Island 
of  Chiloe,  as  well  as  in  protected  bays  and  fjords  in  the  southern 
channel  region  of  Chile.  The  species  closely  resemble  each  other 
morphologically,  and  are  best  identified  based  on  type  of  devel- 
opment undergone  by  their  larvae,  and  secondarily  by  the  maxi- 
mum size  of  the  adults  (Gallardo  1976,  1977,  1979,  Brown  & 
Olivares  1996). 

Taxonomic  studies  of  the  Chilean  species  of  the  genus  Crep- 
idula have  been  based  historically  on  morphological  criteria, 
where  comparisons  are  made  between  morphometries  of  the  shell 
and  radula  (Gallardo  1979,  Brown  c^  Olivares  1996).  Also,  these 
species  can  coexist  sympatrically,  which  makes  specific  identifi- 
cation even  more  difficult,  particularly  when  trying  to  determine 
the  frequency  of  each  species  within  a  given  habitat. 

Capsules  deposited  by  C.  diliitata  contain  nutritive  eggs  that  are 
consumed  as  extraembryonic  nutrition  by  larvae  developing  in  the 
capsules.  This  factor  allows  well  developed  crawling  juveniles  to 
hatch  from  the  capsules,  having  shell  lengths  of  between  0.9  and 
1.2  mm  (Gallardo  1976.  1977,  1979,  Chaparro  &  Paschke  1990), 
With  C.  fecunda  all  the  eggs  deposited  in  the  capsules  develop  into 
veliger  larvae  that  hatch  into  the  water  column.  They  assume  a 
planktotrophic  life  of  about  15  days  prior  to  settlement  and  meta- 
morphosis, at  which  time  they  have  a  shell  length  of  about  0.65  ± 
0.028  mm  (Chaparro  et  al.  2005). 

Based  on  the  reproductive  mechanisms  of  these  two  species  it 
was  expected  that  C  dilatala  would  have  a  comparatively  lower 
degree  of  dispersion  in  the  absence  of  a  pelagic  larva,  consequently 
reducing  gene  flow  among  its  populations.  On  the  other  hand,  C. 
fecunda  has  a  wider  dispersion  because  of  its  freely  drifting  larvae, 
the  development  of  which  continues  in  the  water  column  for  a 
period  of  about  two  weeks  prior  to  settleinent  (Chaparro  et  al. 
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2005).  In  view  of  these  considerations,  the  present  research  was 
carried  out  in  an  attempt  to  differentiate  between  these  species  at 
the  genetic  level  using  the  technique  of  random  amplified  poly- 
morphic DNA  (RAPDs).  A  comparison  was  made  on  the  level  of 
dispersion  and  the  degree  of  influence  exercised  by  the  different 
reproductive  strategies  of  the  two  species,  and  their  impact  on  the 
isolation  of  populations 

MATERIALS  AND  METHODS 

Population  Sampling 

About  50  specimens  of  the  Crepididu  species  introduced  earlier 
were  collected  from  mixed  populations  inhabiting  the  intertidal 
and  subtidal  zones  at  sites  along  the  interior  shore  of  Chiloe  Island 
in  southern  Chile.  The  sites  sampled  included:  Quempillen 
(41°52'S:  73°46'W),  Quemchi  (42°08'S;  73°28'W).  Dalcahue 
(42°22'S:  73°39'W).  Queilen  (42"52'S;  73°28'W),  Chaiguao 
(43°08'S;  73°29'W)  and  Yaldad  (43°08'S:  73°44'W)  (Fig.  1). 

As  a  means  of  corroborating  later  results  obtained  with  mo- 
lecular markers,  limpets  from  each  site  were  identified  with  spe- 
cies by  examining  the  type  of  the  larval  development  occurring  in 
their  associated  egg  capsules. 

For  the  study  of  molecular  markers,  a  tissue  sample  of  about 
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Figure  1.  Sampling  locations  from  the  eastern  coast  of  Chiloe  Island, 
Southern  Chile. 


I  g  was  taken  from  the  foot  of  each  specimen,  fixed  in  95%  EtOH, 
and  stored  in  Eppendorf  tubes  at  -20°C  until  processed. 

DNA  Extraction 

Each  specimen's  DNA  was  obtained  from  a  subsaniple  of  pedal 
tissue  ( 100-150  mg).  which  was  macerated  and  digested  in  lysis- 
buffer  (50  mM  Tris-HCL  (pH  8.0):  1.0%  SDS:  25  nM  EDTA)  with 
200  |jLg  of  protease  K  (Sigma).  The  samples  were  incubated  at 
37°C  for  12  h  in  1.5  ml  Eppendorf  tubes:  each  tube  then  received 
500  |JiL  of  a  phenol/chloroform/isoamyl  alcohol  (24:24:1)  solu- 
tion. The  mix  in  each  tube  was  shaken  with  a  vortex  mixer  for  a 
few  seconds  and  then  centrifuged  at  x  13.000  rpm  for  15  min  at 
5°C.  Following  this,  the  supernatant  containing  the  DNA  was  as- 
pirated, taking  care  not  to  touch  the  intermediate  layer.  Each  su- 
pernatant was  transferred  to  a  new  1.5  ml  (autoclaved)  Eppendorf 
tube.  Each  extracted  DNA  sample  was  resuspended  in  200  |ji,L  of 
957r  EtOH  and  placed  in  the  cold  at  -18  C  for  30  min  to  precipi- 
tate the  sample.  The  EtOH  was  then  removed,  leaving  the  tubes 
containing  the  DNA  pellet.  Concentration  and  drying  of  samples 
was  done  using  a  SAVANT  DNA  model  1 10  concentrator.  Each 
DNA  pellet  obtained  was  resuspended  in  200  (jlL  of  ultradistilled 
water  (modified  from  Toro  1998).  and  the  samples  were  cleaned 
with  200  jjiL  of  8M  lithium  chloride  for  3  h  at  -20°C  and  then 
centrifuged  at  x  10,400  rpm  for  30  min  at  4°C  (Sambrook  et  al. 
2001 ).  The  cleanup  of  the  DNA  was  finalized  by  eliminating  the 
supernatant  and  washing  the  pellet  in  70%  EtOH.  Finally,  each 
pellet  was  dried  for  20  min  using  the  above  SAVANT  concentra- 
tor, resuspended  in  200  jjiL  of  double-distilled  water,  and  stored  at 
-20  'C  until  amplification. 

DNA  in  the  samples  was  quantified  by  reading  absorbancies  at 
260  nm  in  a  SUV  2120  UV/VIS  spectrophotometer.  This  was 
carried  out  following  dilution  of  sample  aliquots  to  1/20  in  distilled 
water  (Sambrook  et  al.  2001 ). 

DSA  Amplification 

Of  a  total  of  49  primers,  only  three  (5'-TAGCCCGCTT-3'; 
5  -GTGCGTCCTC-3':  5'-ACGACGTAGG-3'  Biosource  Interna- 
tional) demonstrated  polymorphism. 

Amplification  of  the  DNA  samples  was  carried  out  using  the 
polymerase  chain  reaction  (PCR)  employing  a  total  mixture  of  25 
ji,L  in  ultrathin  (500  |xL)  PCR  tubes  (Gordon  Technologies).  The 
reaction  mixture  was  prepared  using  1  |xL  of  genomic  DNA  (ca.  50 
ng/(ji.L),  2.5  iJiLof  dNTPs  (2  mM).  1.75  |xL  of  MgCK  (25  mM).  2.5 
|jiL  PCR  -  buffer  X 10.  4.5  (jlL  of  the  primer  ( 10  jjiM/|jlL),  I  unidad 
of  Taq  ADN  polimerasa  (5  U/p-L)  (Invitrogen)  and  12.55  |xL  of 
double-distilled  water  (modified  from  Toro  et  al.  2004). 

The  mixture  was  covered  by  a  drop  of  mineral  oil  to  avoid 
e\  aporation  and  then  each  of  the  samples  was  placed  in  a  thermo 
cycler  (Amplitron  II.  Thermolyne  Inc.).  The  program  of  the 
thermo-cycler  began  with  generalized  denaturation  of  the  DNA  at 
95°C  for  15  sec  followed  by  36  cycles,  which  included  a  partial 
denaturation  at  94°C  for  30  sec.  an  annealing  process  at  32' C  for 
30  sec,  and  finally  a  duplication  period  at  72°C  for  1  min;  after  the 
36  cycles  the  amplified  product  was  maintained  at  4"C  (Toro  et  al. 
2004). 

Agarose  Gel  Electrophoresis 

All  of  the  DNA  fragments  amplified  with  the  primers  used 
were  separated  in  agarose  gels  (Invitrogen  Ultra  Pure  1000),  at 
1.2%  in  TBE  0.5  x  buffer  (44.5  mM  tris  base.  44.5  mM  boric  acid. 
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1 M  EDTA  pH  8).  Ethidium  bromide  (10  mg/niL)  was  added  tii  the 
gel  preparation  at  a  coneentration  of  \Vc.  Eacli  gel  was  loaded  with 
a  pattern  of  1000  bp  standard  bands  (ladder  DNA.  Promega)  for  an 
approximate  estimation  of  the  molecular  weight  of  the  amplified 
bands.  The  gels  with  the  samples  incoiporated  were  submerged  in 
an  electrophoretic  chamber  containing  TBE  0.5  x  buffer  (44.5  iiiM 
tris  base.  44.5  mM  boric  acid.  I  M  EDTA  pH  8).  Each  gel  was  run 
at  75  Volts  for  approximately  1.5  h.  Visualization  of  the  band 
patterns  of  each  gel  was  done  under  UV  light,  and  the  image  of  the 
gel  was  obtained  using  a  digital  camera  (modified  from  Toro 
1998). 

Uala  Analysis 

The  results  of  the  RAPDs.  were  analyzed  based  on  the  band 
patterns  recorded  by  photography  of  the  agarose  gels.  Codification 
u  as  made  of  the  bands  present  ( 1 )  and  those  that  were  absent  (0). 
which  was  then  configured  into  a  data  matrix. 

The  identification  of  species  was  carried  out  based  on  the  data 
obtained  in  the  matrix,  searching  for  bands  or  patterns  of  bands 
particular  to  each  of  the  two  species  analyzed. 

The  statistical  analysis  was  carried  out  using  POPGENE  32 
computational  programs  (Population  Genetics  Software)  (Yeh  & 
Boyle  1997)  and  the  GenAlEx  version  5.1  program  (Peakall  & 
Smouse  2001). 

The  gene  flow  (Nm)  was  calculated  based  on  the  coefficient  of 
populational  differentiation  (Gst)  by  applying  the  formula  (Nm  = 
0.5  ( I  -  Gst)/Gst)  (Mc.  Dermott  &  Mc  Donald  1993).  Also  deter- 
mined was  the  genetic  diversity  (h).  and  genetic  distance  (D)  based 
on  the  Nei  ( 1978)  formula,  and  also  the  number  and  percentages  of 
polymorphic  loci.  Based  on  the  pattern  of  genetic  differentiation 
(genetic  distance  of  Nei  1978).  a  dendrogram  was  generated,  using 
the  unweighted  pair  group  method  with  arithmetic  mean  (UPGMA). 

An  analysis  was  carried  out,  by  species,  of  the  number  of  bands 
present  in  each  of  the  populations  examined,  as  well  as  the  mean 
heterozygosity  using  the  GenAlEx  program  (Peakall  &  Smouse 
2001  ).  An  analysis  of  molecular  variance  was  also  carried  out 


(AMOVA;  Excoffier  et  al.  1992).  to  evaluate  the  inter  and  intra- 
populational  variation,  and  estimate  the  degree  of  panmixia  of  the 
populations  (Holmes  et  al.  2004.  Sands  et  al.  2003.  Kruse  et  al. 
2003).  Use  of  a  Mantel  test  (GenAlEx  program,  version  5.1)  al- 
lowed for  making  paired  comparisons  between  genetic  distances 
and  geographic  distances,  using  a  large  number  of  random  permu- 
tations. The  geographic  distances  between  the  sampling  sites  were 
approximated  by  measurement  from  a  nautical  chart  of  the  coast- 
line. 

RESULTS 

The  use  of  the  RAPD  technique  identified  34  loci  that  were 
amplified  starling  with  the  three  primers  used. 

The  patterns  of  the  bands  used  for  each  of  the  species  allowed 
identification  of  discriminant  bands  in  Crepiduia  dilatata  and 
Cifpidiila  fcciinda  (Fig.  2).  The  bands  existing  for  C.  fecunda  had 
weights  of  about  700.  400  and  300  base  pairs.  In  contrast.  C. 
ililalala  had  bands  of  only  500  and  300  base  pairs.  Results  from 
individuals  that  did  not  show  the  presence  of  discriminant  bands 
were  excluded  from  all  analyses  because  these  results  may  have 
been  caused  by  technical  complications. 

Identifications  of  the  samples  from  all  the  populations  showed 
that  70'/(  consisted  of  C.  fecunda  and  19%  were  C  dilauiki;  1 1% 
of  the  samples  were  not  identified  to  species  by  the  molecular 
method  and  were  eliminated  from  subsequent  analyses  (Fig.  3). 

The  highest  percentage  of  C.  dilatala  occurred  at  Quempillen, 
whereas  the  highest  percentages  of  C.  fecunda  occuixed  at  Dal- 
cahue  and  Yaldad.  The  remaining  populations  (Quemchi.  Queilen 
and  Chaiguao)  contained  both  species,  with  a  predominance  of  C. 
fecunda. 

The  number  of  bands  amplified  for  each  of  the  species  and  each 
of  the  populations  studied  gave  an  average  value  slightly  lower  for 
C.  dilatata  (22  ±  1.50)  than  for  C.  fecunda  (25  ±  4.67). 

At  the  population  level,  there  was  a  smaller  number  of  bands 
recorded  for  the  Quempillen  samples,  with  18  bands  found  for  C. 
fecunda.  The  remaining  populations  maintained  equal  numbers  of 
bands  per  species.  A  few  specific  bands  were  identified  for  indi- 
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Quempiilen  Quemchi    Dalcahue     Queiien     Chaiguao     Yaldad 
Location 
Figure  3.  Proportions  of  C.  dilalala  (vertical  lines),  C.  fecunda  (hori- 
zontal lines)  and  unidentified  specimens  (without  lines)  at  each  popu- 
lations sampled  along  the  eastern  coast  of  C'hiloe  Island. 

viduals  of  C.  dilatata  at  Quempiilen  and  Quemchi,  which  were 
encountered  exclusively  in  limited  populations,  suggesting  a  de- 
gree of  uniqueness  of  the  limited  population. 

The  gene  flow  estimated  for  C,  dilatata  was  0.91  and  1.86  for 
C.  fecunda.  A  paired  analysis  of  gene  flow  estimated  between 
populations  showed  that  for  almost  all  the  locations  analyzed,  the 
values  were  greater  for  C.  fecunda:  exception  to  this  occurred  at 
Quempillen-Queilen  and  Quempillen-Chaiguao  (Fig.  4). 

The  intra  and  interpopulational  genetic  diversity  was  greater  for 
C.  fecunda  than  for  C.  dilatata  at  each  of  the  locations  sampled, 
with  values  of  0.20  and  0.14,  respectively  for  the  two  species 
(Table  1).  The  population  at  Quempiilen  had  lower  values  for 
genetic  diversity,  both  for  C.  dilatata  (0.09  ±  0.02)  and  for  C. 
fecunda  (0.11  ±0.05). 

In  C.  dilatata.  the  number  of  polymorphic  loci  was  nearly 
constant,  fluctuating  between  19  and  22,  whereas  for  C.  fecunda. 
these  fluctuated  between  16  and  ,^0;  the  percentage  of  polymorphic 
loci  for  each  species  was  85.2%  and  100%,  respectively.  The 
populations  that  showed  the  lowest  value  for  polymorphic  loci 


Figure  4.  Gene  flow  of  C.  dilalala  and  C  fecunda  species  between  pairs 
of  populations.  Qp,  Qempillcn;  Qm.  (Quemchi;  Dl,  Dalcahue;  Ql, 
(Jueilen;  Ch,  Chaihuao;  \d,  \  aldad:  Aniiiiij;,  Interpopulation  analysis 
for  each  species. 
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Figure  5.  UPGM  dendrogram  of  Nei's  genetic  distance  for  (A)  C. 
feciinda  and  (B)  C.  dilolata. 

were  Chaigiuui  (14)  f(ir  C  iliUiniin  and  Qiieiiipillen  (16)  for  C. 
fecwuta  (Table  1 ). 

For  C.  dilatata,  the  population  at  YalUad  v\as  that  presenting 
the  greatest  genetic  distance  among  all  the  populations  studie(i, 
whereas  populations  at  Quenipillen,  Queilen,  Quemchi  and 
Chaiguao  showed  lower  genetic  distances.  In  the  case  of  C.  fe- 
ciincla.  the  populations  at  Yaldad  and  Quempillen  had  the  highest 
values  for  genetic  distance  in  relation  to  the  other  populations 
studied.  The  populations  at  Quemchi.  Chaiguao  and  Dalcahue  had 
lower  values  for  genetic  distance,  with  Dalcahue  the  most  outlayer 
from  the  group  (Fig.  5.  Table  2). 

The  magnitude  of  the  genetic  distance  (Nei  1978)  for  C.  di- 
latata was  approximately  double  that  for  C.  feciinda  (Fig.  5). 

The  average  heterozygosity  of  each  of  the  populations  studied 
was  greater  for  C.  fecunda  than  for  C.  dilatata.  In  the  Quempillen 
population.  C.  dilatata  and  C.  feciinda  had  lower  values  than  all 
the  other  populations  studied,  suggesting  that  this  location  had 
unusual  biological  and  oceanographic  characteristics. 

The  analysis  of  molecular  variance  showed  significant  differ- 
ences [P  <  0.01 )  between  C.  dilatata  and  C.  feciinda.  explained  by 


intrinsic  variations  in  each  population,  lii  hoih  species  the  percent- 
age of  interpopulational  \ariation  was  greater  than  the  intrapopu- 
lational  variation,  indicating  that  the  total  genetic  variation  was. 
for  the  most  pari  explained  by  differences  among  populations 
{Table  3). 

Correlation  between  geographic  distance  and  genetic  distance, 
using  .S.OOO  permutations,  showed  significant  correlations  (F  < 
0.05)  for  both  species.  When  the  genetic  distance  was  estimated 
for  C.  diialaia  we  obtained  a  Mantel  value  of -0.081.  whereas  the 
value  obtained  from  the  Mantel  correlation  for  C.  fecunda  was 
0.260. 

DISCUSSION 

The  RAPD  marker  technique  permitted  identification  of  dis- 
criminant bands,  which  allowed  species  discrimination  among 
samples  of  Crepidula  spp.  as  reported  for  other  taxa  (Crossland  et 
al.  1993,  Andre  et  al.  1999,  Rego  et  al.  2002.  Costa  et  al.  2004.  Liu 
&  Cordes  2004) 

The  two  species  were  found  sympatrically  in  some  of  the  popu- 
lations studied.  C  fecunda  was  the  only  species  identified  from 
Dalcahue  and  Yaldad  locations  (marine  conditions),  whereas  at 
Quempillen  (estuarine  conditions)  more  than  75%  of  the  individu- 
als were  C.  dilatata.  This  suggested  a  difference  in  distribution 
between  the  two  species  based  on  environmental  differences  in 
water  mass.  The  percentage  of  unidentified  individuals  (11%). 
could  be  because  of  technical  problems  encountered  during  the 
DNA  extraction,  as  well  as  in  the  amplification  procedure. 

The  interpopulational  gene  flow  for  C.  dilatata  (Nm  =  0.91) 
was  less  than  that  for  C.  fecunda  (Nm  =  1.86).  Slatkin  (1994) 
indicated  that  values  for  this  parameter  above  unity  indicated  that 
populations  were  overcoming  the  effects  of  genetic  drift,  and  thus 
impeding  local  differentiation. 

Paired  analyses  for  populations  of  the  two  species,  suggested  a 
higher  gene  flow  for  C.  fecunda  than  for  C.  dilatata.  The  excep- 
tions that  favored  the  species  with  direct  development  (C  dilatata) 
occurred  in  comparisons  between  Quempillen  and  Chaiguao  and 
Quempillen  and  Queilen.  A  similar  situation  has  been  described 
for  the  Chilean  oyster  Ostrea  cliilen.'ii.'i.  where  aquaculture  activi- 
ties have  distorted  the  population  genetic  structure  caused  by  trans- 
fer of  juveniles  from  one  culture  location  to  another  (Toro  & 
Aguila  1996). 

The  greater  degree  of  gene  tlow  within  the  populations  of  C 
dilatata  from  Quempillen,  Queilen  and  Chaiguao,  could  be  related 
to  the  presence  of  superficial  marine  currents  (0-30  m),  which  run 
from  the  Gulf  of  Ancud  to  the  Gulf  of  Corcovado  having  a  net 
transport  from  the  north  toward  the  south  of  Chiloe  Island  (.Silva  et 
al.  1998). 


TABLE  2. 
Genetic  distances  for  Crvpidulii  feciinda  (above  the  diagonal)  and  Crepidula  dilaliilu  (under  the  diagonal)  according  Nei  (1978). 


Location 


Quempillen 


Quemchi 


Dalcahue 


Queilen 


Chaiguao 


Yaldad 


Quempillen 

**** 

Quemchi 

0.0484 

Dalcahue 

— 

Queilen 

0.0084 

Chaiguao 

0.0178 

Yaldad 

0.1700 

0.0369 

0.0805 

0.0747 

O.OiSXO 

0.0734 

**** 

0.0336 

0.0131 

0.0314 

0.0670 

— 

**** 

0.0367 

0.0593 

0,1018 

0.0216 

— 

**** 

0.0240 

0.0976 

0.0522 

— 

0.0067 

**** 

0.1042 

0.1004 

— 

0.1650 

0.2004 

**** 
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TABLE  3. 
Molecular  variance  (AMOVAl  for  C.  dilatala  and  C.  feciiiida  using  999  permutations. 


Species 


Level 


D.f. 


Mean  Square 


%  Variance 


Mode  of  Development 


C  dilatata 
C.  fecimda 


Among  population 
Within  population 
Among  population 
Within  population 


3 
45 

14.268 
3.365 

75.5% 
24.5% 

<().()  1 

Dnect 

5 
171 

41.543 

3.7.^4 

73.9% 
26. 1  % 

<0.01 

Planktotrophii 

This  condition  could  facilitate  the  drift  of  juvenile  indi\iduals 
by  rafting,  as  reported  for  Crepiihila  convexa  (Collin  2001 ). 

The  greater  genetic  diversity  found  for  C.  fecunda  in  each  of 
the  populations  studied  may  be  explainable  based  on  its  having  a 
pelagic  larval  stage  lasting  about  two  weeks.  This  amount  of  time 
in  the  waters  along  the  coast  of  Chiloe  would  give  the  larvae  of  this 
species  ample  time  for  broad  dispersion,  promoting  genetic  inter- 
change among  populations.  The  populations  of  both  species  at 
Quempillen  showed  lower  values  for  genetic  diversity,  suggesting 
reduced  dispersion,  or  even  larval  retention  (Bilton  et  al.  2002). 
This  probability  is  supported  by  the  hydrographic  configuration  of 
the  Quempillen  estuary,  which  has  natural  baniers  to  the  entrance 
and  exit  of  larvae. 

The  percentage  of  polymorphic  loci  fluctuated  between  47.09f 
and  88.2%  for  C.  feciimUi  and  ^5.'&'/c  to  64.7%  for  C.  dilauihi. 
These  values  were  higher  than  average  values  for  polymorphic  loci 
reported  for  molluscs  (41.27f .  Fujio  et  al.  1983).  The  percentage  of 
polymorphic  loci  in  the  oyster  Ostrca  cdiiUs  was  between  18.2% 
and  40.9%  (Saavedra  et  al.  1993).  and  in  the  prosobranchs  Coin- 
inella  lineolata  and  Bedeva  hanleyi  it  was  24.1%  and  41.7%  re- 
spectively (Hoskin  1997).  Based  on  the  preceding,  the  values  pre- 
sented from  the  present  study  are  cotnparatively  high,  which  may 
be  because  of  the  use  of  DNA  based  molecular  techniques. 

The  dendrograms  for  both  species  show  that  the  genetic  dis- 
tance of  C.  fecunda  is  half  that  present  in  C.  dilatata.  This  allows 
the  inference  that  differences  in  their  reproductive  strategies  (pe- 
lagic larva  versus  direct  developtiient)  have  an  important  effect  on 
the  genetic  structure  of  the  populations  of  each  species.  The  ge- 
tietic  distances  of  species  with  direct  development  such  as  Crep- 
idula  cf.  convexa  (0.008-0.076)  and  Crepidula  convexa  (0.037- 
0.057)  (Hoagland  1984)  were  lower  than  those  presently  reported 
for  C.  dilatata  (0.0067-0.2004).  which  indicates  that  genetic  in- 
terchange in  the  latter  species  is  comparatively  less.  Greater  or 
lesser  genetic  interchange  may  depend  on  factors  such  as  the  popu- 
lation density  (Scheltema  1971,  Kyle  &  Boulding  2000),  or  repro- 
ductive variables  such  as  the  effective  population  size  (Hedgecock 
1994)  and  presence  and  duration  of  the  pelagic  larval  period  (Hell- 
berg  1996,  Star  et  al,  2003).  C.  convexa  produces  from  8-20  cap- 
sules per  female  with  each  capsule  containing  15-25  embryos 
( Hendler  &  Franz  1 97 1 ),  C.  dilatata  produces  only  9-22  capsules 
per  female  with  a  range  of  2-12  embryos  per  capsule  (Penchasza- 
deh  et  al.  2002).  These  factors  could  strongly  affect  the  dispersive 
capabilities  of  these  species,  because  a  greater  number  of  descen- 
dents  per  generation  would  be  more  conducive  to  net  gene  flow 
between  populations. 

The  genetic  distance  for  C.  fecunda  (0.0131-0.1042)  was 
mildly  comparable  with  Crepidula  foniicata  (0.003-0.016)  and 
Crepidula  plana  (0.052-0,097)  (Hoagland  1984),  all  of  which 
have  a  larval  planktonic  phase.  The  low  values  for  genetic  distance 
in  C.  fecunda  could  be  because  of  local  marine  cuirents  whose 
magnitude  and  direction  of  flow  (Silva  et  al.  1998)  impeded  ef- 


fective larval  transport  among  some  of  the  populations  studied 
(Scheltetna  1971). 

The  averages  of  heterozygosity  for  C.  dilatata  (0.09-0.16)  and 
for  C.  fecunda  (0.1  1-0.19),  were  within  the  ranges  reported  for 
different  species  of  mollusks  (0.05-0,21,  Fujio  et  al.  1983).  The 
average  heterozygosity  was  low  for  C.  dilatata.  which  indicated 
that  the  genetic  interchange  among  its  populations  was  very  low, 
suggesting  a  future  decline  in  the  genetic  diversity  of  the  gene  pool 
within  these  populations.  This  heterozygosity  not  only  may  be 
influenced  by  the  mechanics  of  reproduction  of  the  species  (e.g., 
absence  of  pelagic  larvae),  but  also  by  geographic  and  oceano- 
graphic  factors,  which  may  interrupt  the  flow  of  individuals  among 
the  populations  (Palumbi  1994.  Collin  2001.  Wares  et  al.  2001. 
Hellberg  et  al.  2002.  Zacherl  et  al.  2003.  Whalan  et  al.  2005). 

Species  with  direct  development  such  as  C.  convexa  and  C. 
atrasotea.  share  similar  characteristics  as  those  of  C.  dilatata 
based  on  the  results  of  the  AMOVA.  In  these  cases  the  interpopu- 
lational  variation  was  greater  than  intrapopulation  variation,  indi- 
cating that  the  genetic  variability  was  greater  among  the  popula- 
tions (Hellberg  1996).  In  contrast,  the  AMOVA  data  presently 
obtained  for  C.  fecunda  do  not  coincide  w,'ith  previously  reported 
data  for  C.  foniicata.  as  the  latter  species  shows  less  interpopula- 
tional  variation  (Collin  2001).  C.  fecunda.  releases  intermediate- 
sized  larvae  having  shell  lengths  of  0.18-0.37  mm  (Chapano  et  al. 
2002),  whereas  C,  fornicata  larvae  are  0.44-0.48  mm  in  length 
(Collin  2001).  Shell  length  at  settlement  in  these  species  are  0.65 
±  0.028  mm  (Chaparro  et  al.  2005)  and  0,94-1.00  mm  (Pechenik 
et  al.  1996),  respectively.  As  cited  earlier  C.  fecunda  has  a  pelagic 
life  of  only  15  days,  whereas  that  of  C.  fornicata  is  34  days 
(Thouzeau,  1991).  Differences  in  the  pelagic  period  of  the  life 
cycle  imply  different  capabilities  for  in  larval  dispersal,  which 
could  have  an  impact  on  the  genetic  homogeneity  of  the  popula- 
tions (Ayre  et  al.  1997.  Nishikawa  et  al.  2003). 

The  positive  conelation  between  geographic  and  genetic  dis- 
tances, but  low  values  for  coiTelation  between  populations  of  C 
fecunda  and  C.  dilatata  as  shown  by  the  Mantel  test,  may  be 
because  of  the  fact  that  the  greatest  distance  between  populations 
was  only  230  km,  which  may  influence  the  sensitivity  of  the  analy- 
sis (Hellberg  1996,  Exadactylos  et  al.  2003).  Also,  the  physi- 
ographic configuration  of  the  coastline  may  also  have  effected  the 
low  conelation  given  by  the  Mantel  test  (Wares  et  al.  2001.  Hell- 
berg et  al.  2002.  Zacherl  et  al.  2003).  For  example,  whereas  the 
populations  at  Yaldad  and  Chaiguao  are  closer  geographically  (39 
km  of  coastline),  their  genetic  distances  are  very  high  (C  dilatata 
=  0.2004;  C.  fecunda  =  0.1042).  Yaldad  is  a  protected  bay,  and 
is  not  exposed  to  direct  influence  from  subantarctic,  and  estuarine 
water  produced  eastward  of  Chiloe  island  (Silva  et  al.  1998).  The 
Chaiguao  region  is  tnore  exposed  to  direct  influences  of  the  former 
water  masses,  and  we  suggest  there  is  very  low  probability  of 
larvae  from  Chaiguao  entering  Yaldad  Bay. 

To  summarize,  the  present  study  focused  tnolecular  genetic 
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tecliniqLics  on  the  specifii;  ditTereiiti;iti(>n  between  C.  tliliiliilii  and 
C.  fcciinda.  These  methods  are  a  valuable  coniplemenl  to  classieal 
morphometrie  methods,  particularly  when  there  exists  phenotypic 
plasticity  influenced  by  environmental  conditions  at  each  locality 
(Seed  1992).  The  results  of  the  present  investigation  support  the 
hypothesis  that  the  presence  of  a  pelagic  stage  in  the  life  cycle  of 
a  Cri'pidiila  species  is  conducive  to  comparatively  greater  inter- 
populational  gene  flow,  which  in  turn  produces  greater  heterozy- 
gosity in  the  populations.  In  contrast,  direct  development  leads  to 
an  increase  in  intrapopulational  homogeneity  and  isolation  in 
populations  because  of  constraints  in  dispersion  encountered  by 
the  juvenile  stages. 

Continued  research  along  the  lines  developed  in  the  present 
study,  supported  by  ecological  and  oceanographic  studies,  is  ot 


great  interest  because  it  can  provide  a  more  detailed  vision  of  the 
factors  affecting  the  population  genetics  of  C.  dilatata  and  C. 
fecimda.  This  study  is  of  particular  interest  in  the  marine  environ- 
ment because  it  is  not  only  an  interesting,  well  defined  model 
within  a  limited  geographic  area,  but  it  can  also  serve  as  a  general 
model  of  population  genetic  processes  of  systematic  and  evolu- 
tionarv  import  by  combining  classical  and  newly  molecular  ge- 
netic methods. 
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LOCAL  DISTRIBUTION  AND  TEMPERATURE  PREFERENCES  OF  PREDATORY  WHELKS 
(THAIS  SPP.)  IN  TAIWAN:  IMPLICATIONS  FOR  OYSTER  CULTURE 
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.ABSTRACT  .Among  Ihe  Tlhii\  species,  the  broad  consensus  has  long  been  that  Thais  clarigera  (Kuster)  is  the  most  noxious  predator 
of  cultured  oysters  in  Taiwan.  Recently,  two  new  Tliais  species  {i.e.,  T.  nifotincta  Tan  &  Sigurdsson  19%  and  T.  Ae/iio  Tan  &  Liu  2001) 
have  been  identified  and  named  in  Taiwanese  waters  yet  their  impact  on  oyster  culture  is  unknown.  In  this  study, 
the  overall  impact  of  the  three  species  on  the  oyster  industry  was  estimated  on  the  basis  of  their  distribution  in  the  field,  their  feeding 
rate  and  their  temperature  preference  based  on  laboratory  tests.  The  proportion  of  T.  clavigera  varied  monthly  from  24%  to  I009f', 
whereas  the  percentage  of  T.  Lc-Iiid  was  negatively  correlated  with  low  tide  levels  iP  <  0.01).  Thais  clavigera  occurred  widely  in  the 
intertidal  zone  and  T.  keliio  and  T.  nifoiincia  near  the  subtidal,  this  distribution  pattern  was  consistent  with  their  specific-preferred 
temperatures  in  the  upper-limits.  As  shown  in  the  laboratory,  T.  clavigera.  T.  nifotincta  and  T.  keluo  preferred  36°C,  32C°and  30°C 
water,  respectively.  In  the  field,  the  respective  average  feeding  rate  of  T.  clavigera.  T.  nifotincta  and  T.  keluo  was  significantly  different 
at  0.054,  0.010  and  0.038  oysters  snail"'  day"'  iP  <  0.05).  Based  on  the  abundance  of  the  three  Thais  species  at  oyster  cultural  sites 
(Liu  2002)  and  their  feeding  rates,  when  oyster  predation  was  made  up  of  T.  clavigera.  T.  rufotincta  and  T.  keluo.  predation  was 
respectively  879r.  1 1  <7r  and  2%.  The  most  destructive  TImis  species  in  the  oyster  industry  remains  T.  clavigera.  and  it  accounts  for  87% 
to  100%  of  all  intertidal  losses  in  Taiwan.  To  the  other  one-third  subtidal  culture  industry,  owing  to  the  use  of  off-bottom  raft  or 
longlinc  method,  the  distribution  of  snails  extended  to  subtidal  may  be  limited  and  the  reported  major  predator  is  the  flatworm  of 
Stylochus  oriental  is. 

KEY  WORDS:     Thais  clavigera.  Thais  rufotincta.  Thais  keluo.  temperature  preference,  distribution.  Taiwan 


INTRODUCTION 

Thais  clavigera  (KUster)  is  a  common  predator  in  intertidal 
rocky  shores  of  East  Asia,  feeding  on  barnacles,  chitons,  gastro- 
pods, bivalves  and  polychaetes  (Taylor  &  Morton  1996).  It  is  also 
a  major  predator  to  oyster  culture,  which  is  responsible  for  an 
annual  reduction  of  up  to  10%  to  50%  of  the  oyster  industry 
in  Taiwan  (Lin  &  Hsu  1979).  According  to  the  records  of 
the  Taiwan  Fisheries  Bureau,  oyster  cultural  areas  covered 
10.700  hectares,  and  total  production  was  10,400  metric  tons  in 
2003  (Taiwan  Fisheries  Bureau  2004).  Although  oyster  preda- 
tors (i.e..  snails  of  T.  clavigera.  Cymatium  pileare  [Linnaeus] 
and  SiphiiiHilia  fiisoides  [Reeve],  crabs  of  Scylla  serrata 
[Forskal]  and  Matuta  iunaris  [Forskal],  flatworm  of  Stylochus 
orienlalis  Bock  and  fish  of  Thcrapon  jarbua  [Forskal])  have 
been  documented,  the  prominent  two  are  T.  clavigera  and 
S.  oricntalis  (Kuo  1964,  Lin  &  Tang  1980).  Between  the  two, 
S,  orientalis  is  the  major  predator  in  subtidal  culture,  causing  up  to 
50%  of  the  economic  loss  (Lin  &  Tang  19S0).  On  the  contrary, 
T.  clavigera  is  the  predominant  predator  intertidally  (Kuo  et  al. 
1998). 

In  light  of  such  predatory  behavior,  the  great  economic  and 
ecological  significance  of  the  snail  T.  clavigera  cannot  be  denied. 
However,  the  situation  may  have  become  more  complicated  be- 
cause two  new  Thais  species  have  recently  been  identified,  (i.e.,  T. 
rufotincta  [Tan  &  Sigurdsson  1996],  and  T.  keluo  [Tan  c*i  Liu 
2001  ]),  and  these  two  newly  named  species  reportedly  occur  in  the 
same  areas  as  T.  clavigera.  Not  until  the  present  study  have  we 
gained  much  insight  into  their  effects  on  the  oyster  industry.  In  the 
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present  study,  therefore,  the  potential  impact  of  these  two  conge- 
neric Thais  predators  on  the  oyster  industry  of  Taiwan  was  evalu- 
ated from  the  perspective  of  their  field  distribution,  feeding  rate 
and  their  temperature  preference. 


MATERIALS  AND  METHODS 

Populations  of  Thais  species  were  collected  on  a  monthly  basis 
from  September  2000  to  January  2002  at  oyster  cultural  sites 
(i.e..  Chiku  and  Tungkang)  and  nonoyster  cultural  sites  (i.e., 
Tamsui  and  Taichung)  (Fig.  I).  In  a  preliminary  survey,  it  was 
determined  that  although  these  three  snails  inhabit  the  same 
areas,  by  and  large,  they  typically  occur  in  different  zones  (i.e..  T 
clavigera  is  common  in  the  intertidal  areas,  whereas  T.  rufotincta 
and  /'.  keluo  are  more  prevalent  in  the  lower  zones).  Thus,  the 
decision  was  made  to  collect  snails  in  the  zones  near  the  subtidal 
during  the  periods  of  low  spring  tide.  Information  concerning 
the  tidal  heights  on  the  sampling  days  was  obtained  from 
the  Central  Weather  Bureau,  Taiwan  (Central  Weather  Bureau 
2000-2003).  As  for  data  analyses,  the  number  of  each  Thais  spe- 
cies (i.e.,  T.  clavigera,  T.  rufotincta  and  T.  keluo)  was  counted,  and 
the  percentage  of  each  species  froin  every  collection  was  deter- 
mined. 

Feeding  experiments  were  conducted  during  the  November 
2000  to  October  2001  period.  Thirty  to  thirty-five  snails  of  a  single 
species  with  a  shell  length  of  20-30  mm  were  put  into  an  enclosed 
cage  (30  x  30  x  25  cm;  mesh  size  1.5  cm),  and  this  was  replicated 
2^  times  for  each  species.  The  cages  were  hung  in  the  oyster 
cultural  area  at  Chiku.  Cultural  oysters  (about  70-80  individuals 
cage"')  with  a  shell  length  of  50-60  min  were  provided  for  the 
snails  to  feed  ad  lilnuim.  and  fresh  oysters  were  replaced  monthly. 
Additionally,  cages  containing  oysters  without  snails  were  also 
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Figurt  1. 
species. 


Location  map  stiowiiif;  tlie  Narious  slud>  sites  of  the  Thais 


supplied  as  control  groups.  The  number  ot  eaten  oysters  per  snail, 
the  shell  lengths  and  the  total  wet  weights  of  the  snails  were 
calculated  to  detemiine  the  feeding  and  growth  rates. 

For  the  experiments  on  temperature  preference,  snails  were 
collected  in  the  zones  near  the  subtidal  on  the  days  of  low  spring 
tides  in  July  and  August  2003  and  were  kept  moist  during  trans- 
portation. For  comparative  purposes,  the  collection  site  Shunsun 
(Fig.  1 ).  which  had  enough  specimens  of  the  three  Thais  species 
was  sampled.  Upon  anival  at  the  laboratory,  the  snails  were  kept 
in  their  shipping  containers  until  experimental  use.  The  total  ship- 
ping and  handling  time  prior  to  the  e.xperimental  analyses  was,  at 
most,  6  h. 

A  thermo-preferendum  chamber  was  installed  horizontally  with 
a  7.14-m  long  transparent  plastic  pipe  with  an  inner  1 1-cm  diam- 
eter and  a  0.5-cm  thick  wall  (Chen  &  Chen  1991).  The  pipe  was 
closed  at  both  ends.  Two  stainless-steel  tubes  (an  outer  diameter  of 
2.1  cm  and  a  wall  thickness  of  0.05  cm)  were  placed  in  the  upper 
one-fifth  of  the  plastic  pipe,  and  these  served  as  heat  exchangers. 
Chilled  water  was  passed  through  one  of  the  tubes  in  one  direction, 
whereas  heated  water  was  passed  through  the  other  in  the  reverse 
direction,  thereby  forming  a  recirculating  countercurrent  heat- 
exchange  system.  An  aeration  tube,  fitted  with  a  stainless-steel  rod 
to  prevent  flotation,  was  installed  along  the  bottom  of  the  plastic 
pipe  to  increase  dissolved  oxygen,  improve  heat  exchange  and 
prevent  vertical  stratification.  On  the  upper  surface  of  the  plastic 
pipe,  seven  holes  had  been  drilled  to  allow  us  to  measure  the 
temperatures  and  to  release  test  snails  into  the  pipe.  When  the 
system  was  in  operation,  a  continuous  thermal  gradient  was 
formed  inside  the  pipe,  and  it  ranged  from  16°C  at  one  end  to  36°C 
at  the  other. 

Each  experiment  began  with  the  release  of  snails  into  the  test 
pipe  in  the  regions  of  the  low-,  mid  and  high-temperature  openings 
after  the  thermal  gradient  had  stabilized.  The  number  of  each 
species  used  in  every  experiment  was  in  the  range  of  51-311 
indi\iduals.  No  food  was  provided  during  the  trials,  and  none  of 


TABLE  \. 
Thais  species  sampled  at  the  four  sites  on  the  hasis  of  monthly  intervals. 


Location 


Tamsui 


Taichung 


Chiku 


Tungkang 


Date/Species 

Sept.  2000 

Oct. 

Nov. 

Dec. 

Jan.  2001 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Jan.  2002 

Aug.  2003  ( 1 ) 

Aug.  (2) 

Sept.  200.^ 


T.  clavigera  T.  kcliio 


120(55%) 

99(45) 

131  (95%) 

7(5%) 

134  (89%) 

17(11%) 

62  (50%) 

62  (50%) 

66(24%) 

211  (76%) 

182(97%) 

6  (3%) 

85  (89%) 

10(11%) 

76(93%) 


6(7%) 


7".  clavifiera  T.  keluo 


T.  clavigera 
330(85%) 
176(61%) 
124(75%) 
490(87%)) 
74  (97%) 

79  (88%) 


158(91%) 

133(62%) 

657  (89%) 

231  (92%) 

226(100%) 

300  (59%) 

210(41%) 

188(100%) 

0  (0%) 

592(57%) 

450  (43%) 

T.  rufolinctti 

60(15%) 

112(39%) 

41  (25%) 

73(13%) 

2  (3%) 

11  (12%) 

15  (9%) 
81  (38%) 
84(11%) 


20  (8%) 


1  (0%) 


T.  riifiitiiuui 

355  (98%) 
814(100%) 
402  (92%) 
417(95%) 
272  (89%) 
232  (88%) 
258(91%) 
155  (93%) 

152  (65%) 
383  (98%) 

305  (80%) 

478  (99%) 


T.  keluo 

6  (2%) 
0  (0%) 

37  (8%) 
20  (5%) 
35(11%) 
32(12%) 
26  (9%) 
1 1  (7%) 

83  (35%) 

7  (2%) 

75  (20%) 
6(1%) 
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Figure  2.  Seasonal  variations  in  the  appearance  of  Thais  species  and  tide  levels  for  snails  collected  from  (A)  Tamsui  and  Taichung,  (B)  Chiku 
and  (C)  Tungkang.  T  c:  T.  clarigera  ;  T  r:  T.  rufniincia:  T  k:  T.  keliio. 


the  snails  that  had  been  used  were  ever  reused.  The  pipe  system  For  statistical  analyses,  the  simple  linear  regression  was  used  to 

and  heat-exchange  tubes  were  cleaned  prior  to  each  experiment.  determine  if  species  appearance  was  dependent  on  tidal  level.  Lin- 

Because  the  distribution  of  snails  did  not  change  after  the  first  24-h  ear  regressions  together  with  an  ANCOVA  were  applied  for  the 

during  the  observation  period,  over  4  days  in  the  preliminary  ex-  analyses  of  snails"  feeding  and  growth  data.  The  x'-test  of  inde- 

periments,  the  results  for  the  first  24  h  were  recorded.  pendence  was  used  to  determine  whether  there  were  differences  in 
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the  24-h  dislrihutions  of  the  thermal  preferences  of  the  three  Thais 
species. 

RESULTS 

Although  all  the  Tliais  species  were  found  at  each  of  the  col- 
lection sites,  one  of  the  three  species  was  relatively  uncommon 
(<1%  of  the  total  samples;  data  not  shown)  at  each  site.  These  were 
T.  rufotincta  at  Tamsui  and  Taichung.  T.  kcliio  at  Chiku  and  T. 
clavigera  at  Tungkang.  Because  of  the  limited  number  of  samples, 
a  species  that  was  uncommon  at  a  particular  site  was  excluded  in 
the  analysis  for  that  site.  In  Tamsui,  the  compositions  of  T.  clav- 
igera and  T.  I^elitu  varied  monthly  from  24%  to  97%  and  3%  to 
76%  of  the  total  (Table  I  &  Fig.  2).  A  positive  correlation  between 
the  percentage  of  T.  clavigera  of  the  total  and  low  tide  was  found 
(i.e.,  y  =  0.43  +  0.936.v:  P  <  0.01 ),  but  the  percentage  of  T.  l<eluo 
of  the  total  was  negatively  correlated  with  the  low  tide  on  the 
sampling  days  (y  =  0.568  -  0.932.v;  P  <  0.01 ).  In  simple  terms,  the 
higher  the  tide  level,  the  less  abundant  were  T.  kehio.  This  pattern 
was  similarly  observed  in  the  August  to  September,  2003  collec- 
tions from  Taichung.  However,  the  correlation  was  not  significant 
for  T.  rufotincta  and  T.  clavigera  from  Chiku  or  for  T.  kcluo  and 
T.  rufotincta  from  Tungkang  (Fig.  2). 

Turning  to  the  feeding  experiments,  oysters  that  remained  alive 
during  each  experimental  period  were  in  the  ranges  of  1  1%  to  90% 
in  T.  clavigera.  67%  to  98%  in  T.  rufotincta  and  24%  to  88%  in  T. 
keluo.  respectively.  No  dead  oysters  were  found  in  the  control 
groups.  The  average  feeding  rate  of  T.  clavigera.  T.  rufotincta  and 
T.  keluo  was  respectively  0.054,  0.010  and  0.038  oysters  snail"' 
day"'  (Fig.  3).  The  slowest  feeder  was  T.  rufotincta  {P  <  0.05),  and 
monthly  variations  in  the  feeding  rates  of  all  three  species  were 
also  apparent  {P  <  0.05)  (Table  2).  The  overall  growth  of  T.  cluv- 
igera,  T.  rufotincta  and  T.  keluo  was  found  to  base  varied  respec- 
tively from  an  average  of  22.5,  25.2  and  25.3  mm  to  an  average  of 
40.9,  26.6  and  37.0  mm  in  length  (Fig.  4). 

Positive  correlations  between  shell  length  and  cultural  interval 
(month)  in  all  Thais  species  were  found  (i.e.,  y  =  l.78.\  -i-  24.52: 
P  <  0.001)  for  T.  clavigera:  y  =  0.1 3.v  +  24.75  (P  <  0.001)  for 
T.  rufotincta:  and  y  =  1.29.V  -i-  25.83  (P  <  0.001)  for  T.  keluo. 
The  slopes  significantly  differed  among  species,  with  a  descen- 
ding order  of  T.  clavigera>T.  keluo>T.  rufotincta  (P  <  0.05).  Ad- 
ditionally, average  monthly  growth  rate  differed  signifi- 
cantly among  species,  with  values  of  0.89,  0.07  and  0.64  mm 
month"'  for  T.  clavigera.  T.  rufotincta  and  T.  keluo.  respectively 
(P  <Q.0\). 


TABLE  2. 

Tests  of  the  GLM  and  least  square  means  of  the  feeding  rates  of  the 

Thais  species.  The  species  with  different  letters  Indicate  significant 

differences  in  the  feeding  rates  (/'<(l.05). 


Source 

DF 

Sum  of 
Squares 

Mean 
Square 

F  Value 

Pr>F 

Model 
Error 
Corrected  icUal 

29 

46 

75 

0.(M2 

n.ni2 

O.O.s,^ 

0.00 1 
0.000 

.^.25 

<().001 

Source 

DF 

Type 

3SS 

Mean 
Square 

F  Value 

Pr  >  F 

Species 

Month 

Species  x  nionlh 

y 

IS 

0.020 
0.006 
0.007 

0.010 
0.000 
0.000 

2.46 
1..W 

<0.00l 
0.022 
O.IS.^ 

Species 

T.  clavigera 

T.  k( 

luo           T. 

nifotiiHta 

Feeding  rate  (oysters 
snail"'  day"') 

0,0,s4  .-X 

0.0-^S  B 

0.010  c 

With  respect  to  the  temperature  preference  of  the  three  Thais 
species,  they  were  significantly  different  at  all  of  the  collection 
sites  (P  <  0.01.  x"-test)  except  at  Chiku,  the  data  for  which  are 
not  shown  because  T.  clavigera  was  the  only  available  species, 
making  comparisons  with  other  species  impossible  (Fig.  5).  Com- 
paratively speaking,  the  Thais  species  in  areas  of  low-  (I6°C  to 
20°C)  to  mid-temperatures  (24°C  to  28°C)  were  inactive  during 
the  24-h  experimental  period,  but  what  was  particularly  evident 
was  the  distinct  tendency  for  T.  keluo  and  T.  nifoiincta  to  escape 
areas  with  high  temperatures.  Just  as  in  the  collection  from  Shun- 
sun,  the  snails  in  this  experiment  aggregated  in  different  locations 
of  the  high-temperature  area,  with  T.  clavigera.  T.  rufotincta  and  T. 
keluo  respectively  showing  a  preference  for  36°,  32°  and  3()°C 
(Fig.  5C). 

In  summary,  the  average  feeding  rates  of  the  snails  ranged  from 
0.010-0.054  oysters  snail"'  day"',  or  in  descending  order,  T.  clav- 
igera >  T.  kcluo  >  T.  rufotincta.  Moreover,  their  respective  pre- 
ferred temperature  differed  significantly,  with  T.  keluo  and  T.  ru- 
fotincta exhibiting  a  clear  preference  for  lower  temperatures  than 
T.  clavigera.  Such  differences  in  relation  to  their  distribution  were, 
in  essence,  also  indicative  of  the  correlation  between  the  low  tide 
levels  of  their  habitats  and  the  percentage  of  species  that  appeared. 
However,  this  pattern  was  not  always  observed  in  samples  from  all 
the  collection  sites. 


T.  clavigera     — *—  T-  keluo     — •—  T.  nifotiticta 


Figure  3.  Seasonal  changes  in  the  feeding  rate  of  the  Thais  species 
during  the  November  2(10(1  to  October  2(101  period.  The  symbols  rep- 
resent the  median  of  the  feeding  rates;  the  error  bars  indicate  the 
range  of  the  feeding  rates. 
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Figure  4.  Shell  lengths  of  the  Thais  species  at  Chiku  over  the  10-nionlh 
sampling  period.  The  values  are  the  mean  (±SE). 
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Figure  5.  Distribution  of  Thais  species  along  the  test  pipe  in  Ihe  experiments  of  temperature  preference  for  snails  collected  from  (A)  Tamsui, 
(B)  Tungkang  and  (t'l  Shunsun.  The  difference  from  each  location  is  significant  (P  <  0.01;  x'-test).  T  c:  T.  clavigera:  T  r:  T.  riifoliiicia;  T  k: 
T.  keliio;  ■  -♦-  -:  Positions  of  snails"  released. 


DISCUSSION 

It  has  been  documented  that  the  distribution  of  interlidul  gas- 
tropods reflects  the  thermal  resistance  and  preferred  temperatures 
of  individual  species  (Newell  1979).  Whenever  a  species  had  been 
investigated,  the  same  spatial  pattern  with  respect  to  other  species 
is  found  (Underwood  1973).  In  this  study,  further  evidence  in 
support  of  spatial  zonalion  was  also  observed  in  that  T.  clavif;eia 
widely  occurred  in  the  intertidal  zone,  whereas  T.  keliio  and 
T.  lufotincla  appeared  lower  down.  Such  distribution  pattern 
was  consistent  with  their  preferred  temperatures  in  the  upper- 
limits  because  T.  keliio  and  T.  nifotincla  exhibited  lower 
preferred  temperatures  than  did  T.  ciavifiera  (i.e..  30°,  32° 
and  36°C).  respectively.  However,  in  our  results,  the  correlation 
between  tidal  level  and  species  appearance  was  only  found  for 
snails  from  Tamsui  and  Taichung  but  not  for  those  from  Chiku 
or  Tungkang  (Fig.  2).  According  to  the  Central  Weather  Bureau 
of  Taiwan,   the  annual   average   tidal   range  at   the   sites  of 


Tamsui,  Taichung,  Chiku  and  Tungkang  was  respectively  220, 
390,  120  and  60  cm  (Central  Weather  Bureau  2000-2003). 
On  the  level  of  thermal  and  desiccation  stress,  snails  that  nor- 
mally inhabit  a  small  tidal  range  may  be  less  stressful  because 
of  their  increased  exposure  to  moisture  from  wave  splash, 
which  allows  the  lower-down  species  to  distribute  upwardly 
(Newell  1979).  Possibly,  the  marked  discrepancy  of  our  results 
reflects  the  influence  of  tidal  range  on  the  spatial  zonation  of  these 
snails. 

Depending  on  the  salinity  and  temperature  of  the  water  as  well 
as  the  size  of  the  oysters  or  snails,  it  has  been  reported  earlier  that 
the  feeding  rates  of  T.  clavigera  measured  in  the  laboratories 
ranged  from  0.018-0.103  oysters  snail"'  day''  (Lin  &  Hsu  1979). 
As  for  the  southern  oyster  drill.  Stramoiiila  haemastoina  (Lin- 
naeus) (Kool  1987)  fed  on  the  American  oyster  Crassostrea  vir- 
giniiii  (Gmelin)  ranges  from  0.01-0.09  oysters  snail"'  day"' 
(Brown  1997).  Our  field  feeding  data  were  0.010-0.054  oysters 
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snail"'  day"',  in  other  words,  falling  well  within  the  range  reported 
in  previous  study.  And.  there  was  a  5-fold  difference  between  the 
lowest  and  highest  feeding  rates  of  the  three  species,  with  T.  clav- 
igera  having  the  highest  followed  by  T.  kehio  (0.038  oysters 
snail"'  day"')  and  T.  nifotiiictn  (0.010  oysters  snaiP'  day"'). 

Seasonal  variations  in  the  abundance  of  the  three  Thais  species 
have  previously  been  observed  at  some  major  cultural  sites  inves- 
tigated: Shunsun,  Taishi,  Budai  and  Chiku  (Fig.  1)  (Liu  2002). 
Densities  of  T.  clavigera.  T.  rufotincta  and  T.  kehio  were  in  the 
ranges  of  0-272,  1-317  and  0-34  indi\iduals  m"^.  respectively. 
Among  these  sites,  T.  clavigera  varied  in  the  range  of  96%  to 
100%,  62%  to  99%,  64%  to  89%  and  61%c  to  99%,  respectively. 
For  T.  rufotincta,  it  was  0%  to  3%,  1%  to  38%,  1 1%  to  36%  and 
1%  to  39%.  respectively,  and  for  T.  kehio,  it  was  0%  to  1%,  0%, 
0%  and  0%  to  2%,  respectively.  Obviously,  T.  clavigera  is  the 
most  important  species  simply  on  the  grounds  that  they  always 
made  up  more  than  60%  of  the  total. 

Based  on  the  percent  appearance  of  the  three  Thais  species  at 
the  intertidal  cultural  sites  and  their  feeding  rates,  in  the  extreme 
cases  of  the  percent  appearance  of  61%  for  T.  clavigera,  37%  for 
T.  rufotincta  and  2%  for  T.  keluo.  the  impact  of  oyster  predation  by 
T.  clavigera.  T.  rufotincta  and  T.  keluo  was  87%,  11%  and  2%, 
respectively.  Of  course,  when  T.  clavigera  was  the  only  species,  it 
was  responsible  for  all  of  the  losses.  Considering  the  feeding  rate 
and  abundance  of  the  three  species,  there  is  no  doubt  that  the  most 


destructive  species  to  the  intertidal  oyster  industry  remains  T.  clav- 
igera. However,  intertidal  culture  is  only  two-thirds  of  the  whole 
industry  in  Taiwan  (Kuo  et  al.  1998). 

To  the  subtidal  one-third,  T.  rufotincta  and  T.  keluo  are  the  two 
new  potential  predators.  Formerly,  all  oysters  were  cultivated  on 
sandy  tidal  flats  in  the  western  coast  of  Taiwan  and  rocks,  bamboo 
or  plastic  sticks  were  used  to  attract  oyster  spats  to  settle.  Later  on, 
in  1960s,  oysters  are  grown  off-bottom  by  the  rack,  raft,  or  lon- 
gline  method  and  subtidal  culture  is  getting  popular  (Kuo  et  al. 
1998).  Although  data  on  predation  by  snails  in  subtidal  culture  is 
not  available,  oyster  farmers  usually  mentioned  that  the  tlatworm 
S.  orientalis  is  a  serious  problem,  causing  more  than  50%  of  their 
economic  loss  (Lin  &  Tang  1980).  Owing  to  the  use  of  off-bottom 
raft  or  longline  method,  the  distribution  of  snails  extends  to  sub- 
tidal may  be  limited.  Consequently,  the  impact  of  snail  predation 
on  subtidal  oyster  industry  may  reduce  greatly.  However,  further 
field  survey  on  the  distribution  of  these  snails  in  the  subtidal  is 
necessary  to  verify  this  hypothesis. 
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ENERGY  BUDGET  OF  CULTURED  FEMALE  ABALONE  HAUOTIS  TVBERCULATA  (L.) 
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ABSTR.ACT  Thi.s  study  evaliKites  the  effects  of  three  diets,  at  3  different  temperatures  (15",  18'  and  22°C),  on  the  energy  budget 
of  one-year-old  abalone.  The  organisms  were  fed  either  an  experimental  diet  based  on  fishmeal.  a  commercial  abalone  diet  or  fresh 
seaweed  as  control.  The  energy  budget  was  estimated  by  measuring  ingestion,  egestion.  somatic  growth,  reproductive  investment, 
respiration,  excretion  and  pedal  mucus  production.  All  variables  were  assessed  in  female  abalone  of  16.36  ±0.17  mm  length  and  0.24 
±  0.03  g  dry  weight.  Animals  fed  the  formulated  diets  and  cultured  al  I8°C  and  22^C  showed  better  growth  than  those  fed  the  natural 
seaweed  diet.  However,  abalone  reared  at  1 8°C  and  fed  the  formulated  diets  used  94%  of  the  total  energy  consumed,  with  most  of  this 
energy  allocated  to  growth,  respiration  and  reproduction.  Individuals  cultured  at  22°C  channeled  22%  less  energy  into  growth  and 
almost  2.5  limes  more  energy  into  reproduction  than  those  cultured  at  I8°C.  Hence,  diet  and  temperature  were  factors  that  combined 
to  influence  growth  rates  and  gonad  development  in  one-year-old  Halialis  iiihereiilaiu. 

KEY  WORDS:     cultured  abalone.  enen;v  budget,  formulated  diets.  Halions  tiiherciilaia. 


INTRODUCTION 

The  abalotie  or  oinier  Ha/ioti.s  tiiherciilaia  has  been  heavily 
oveil'ished  in  European  waters  and  considerable  interest  has  there- 
fore arisen  in  the  artificial  cultivation  of  this  species  (Koike  et  al. 
1979.  Hayashi  1980;  1982,  Culley  1981.  Culley  &  Peck  1981.  La 
Touche  et  al.  1993.  Mgaya  &  Mercer  1994.  Mgaya  &  Mercer 
1995).  Little  infoimation  is  available,  however,  on  energy  parti- 
tioning in  Haliolis  species  (Barkai  &  Griffiths  1986:  1987;  1988, 
Donovan  &  Carefoot  1998,  McBride  et  al.  2001,  Goniez-Montes  et 
al.  20021.  especially  in  relation  to  aitificial  diets,  and  data  regard- 
ing the  effect  of  different  macroalgal  diets  and  individuals  reared 
at  different  temperatures  (Emberton  1982,  Peck  et  al.  1987)  show 
variaticm  between  the  energy  ingested  and  the  total  energy  used. 

The  study  of  energy  flow  in  an  individual  requires  an  analysis 
of  the  partitioning  of  ingested  energy  into  the  major  physiological 
components  using  the  energy  budget  equation: 

I  -  E  =  All  -  (Pg  +  Pr  +  R  +  U  +  M) 

where  /  is  the  energy  value  of  the  food  ingested,  £  is  the  energy 
egested  in  feces,  Ab  is  the  total  food  ingested  minus  the  total  feces 
egested,  Pg  is  the  energy  allocated  to  production  of  somatic 
growth.  P,.  is  the  energy  incorporated  into  the  reproductive  invest- 
ment. R  is  the  energy  used  for  metabolic  demands  (respiration).  U 
is  the  energy  value  of  waste  materials,  such  as  ammonia  excretion, 
and  M  is  the  energy  value  of  pedal  mucus  pixiduction  (Peck  et  al. 
1987.  Davies  &  Hatcher  1998). 

The  aim  of  this  study  was  to  estimate  the  effect  of  diet  and 
temperature  on  the  energy  budget  of  artificially  reared  H.  uther- 
ciilala.  at  a  time  when  the  individuals  were  13  months  old  and 
se.\ually  mature  for  the  first  time. 


METHODS 


.Ahaloiie  Rearing 


The  H.  tidierculata  specimens  used  in  this  experiment  were 
selected  from  a  previous  growth  experiment  that  ran  for  seven 
months  (Lopez-Acuiia  2000).  Three  fetnales  of  16.36  ±0.17  mm 
length  and  0.24  ±  0.03  a  dry  weight  were  used  per  replicate. 
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Abalone  were  fed  1  of  the  following  3  diets:  an  experimental  diet 
prepared  with  fishtneal  (FM)  as  the  tnain  protein  source  (Table  1 
and  Table  2);  a  commercial  abalone  diet  (CO),  obtained  from  Gulf 
Feeds.  Australia,  and  formulated  with  casein  as  the  main  protein 
source,  though  the  exact  foi-mulation  of  this  diet  is  not  available 
(Table  2);  and  a  seaweed  diet  (SW)  as  control,  consisting  of  a  fresh 
mix  of  66%  red  seaweed,  Pcilmaria  palmata,  and  34%  green  sea- 
weed. Ulva  lactuca  (Table  2).  Three  replicates  per  diet  were  held 
in  natural  seawater  in  constant  temperature  baths  (±0.5°C)  at  15°C. 
I8"C  or  22°C.  The  experimental  groups  were  fed  a  known  amount 
of  food  every  afternoon  and  any  uneaten  food  (solid  material)  was 
collected  the  next  morning  ( 1 2  h).  Daily  rations  related  to  wet  body 
mass  were  about  1%  for  dry  formulated  diets  and  5%  for  fresh 
seaweed;  the  dry  weight  samples  of  each  trial  (15°C,  I8°C  and 
22°C)  were  measured. 

Determination  of  the  Energy  Budget  Components 

Gross  energy  content  of  the  samples  was  estimated  by  com- 
busting three  replicates  per  treatment  in  a  ballistic  bomb  calorim- 
eter using  benzoic  acid  as  the  standard. 

.Absorption  (Ab) 

Fecal  losses  were  siphoned,  placed  in  a  Petri  dish,  examined 
under  a  dissecting  microscope  to  separate  any  remaining  food  from 
solid  feces  (mucus  material)  and  transferred  to  a  25-niL  centrifuge 
tube.  The  samples  were  then  centrifuged  at  3000  rpm  for  10  min 
and  any  excess  seawater  was  dried.  Absorption  was  calculated  for 
each  treatment  from  the  tola!  food  ingested  minus  the  total  feces 
egested. 

Respiration  (R) 

Respiration  was  determined  from  the  conversion  of  oxygen 
uptake  (jjlI  Ot  day"')  to  energy  loss.  A  preliminary  experiment 
determined  the  volume  of  seawater  to  be  used  and  the  experitnent 
duration  at  a  set  temperature.  The  individuals  used  were  of  a 
specific  size  (16.36  ±0.17  mm  and  0.24  ±  0.03  g)  and  consumed 
20%  to  40%  of  the  oxygen  in  no  more  than  two  hours.  It  was 
difficult  to  measure  oxygen  consumption  if  less  than  20%  was 
used,  but  if  more  than  40%  was  consumed  the  animals  were 
stressed  and  oxygen  consumption  was  unstable.  Organisms  were 
transferred  to  1-L  respirometer  vessels  at  15°C,  18"C  and  22°C. 
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TABLE  1. 

Composition  of  tlie  flshmeal  diet  (FM). 


Ingredients 


Percentage  of  Dry  Matter 


Fish  meal' 
Seaweed  meal" 
Corn  meal' 
Starch' 

Sodium  alginate' 
Gelatine' 
Vitamin  mix'* 
Mineral  mix"* 
Cod  oil' 


35.0 

14.0 

10.0 

20.0 

8.0 

4.0 

1.5 

1.5 

6.0 


'  Sigma  Chemical  Co..  UK.  -Palmaria  pabnata  from  the  English  Channel 
Islands.  'Maseca,  produced  in  Mexico.  ''Mix  based  on  the  requirements  for 
fish  in  mg  (SDS).  Vitamins:  A.  4.9;  B,.  1.3;  B,.  1.6;  B^.  1.8;  B,,.  0.0015; 
C,  40;  D.  0.30;  E.  5.0;  H.  0.025;  K.  2.25;  choline  chloride.  75;  PABA.  5;  folic 
acid.  0.075;  inositol.  5.  Minerals:  calcium.  1600;  cobalt,  0.005;  copper.  0.09; 
iodine.  0.01;  ferric  citrate.  0.06;  potassium.  3.5;  selenium.  0.005;  zinc.  0.9. 

Dissolved  oxygen  content  and  temperature  were  measured  in 
respirometer  vessels  with  and  without  organisms  using  a  polaro- 
graphic  probe  connected  to  a  cornputer  (Endeco,  pulsed  D.O.  Sen- 
sor Controller). 

Ammonia  Production  (U) 

Experimental  conditions  for  ammonia  production  were  the 
same  as  those  for  oxygen  consumption.  One-liter  vessels  were 
filled  with  seawater  and  incubated  for  two  hours.  Seawater  in  the 
incubator  tanks  was  analyzed  at  the  beginning  and  at  the  end  of 
each  experimental  period;  three  samples  from  each  vessel  were 
used.  Total  amtiionia  excretiim  was  calculated  as  the  difference 
between  experimental  and  blank  readings  and  expressed  as  |j,g- 
atoms  N  L"'  (Solorzano  1969)  from  a  regression  obtained  from  a 
series  of  ammonia  standards.  Finally,  to  obtain  energy  loss  by 
ammonia  excretion,  a  coefficient  of  68.9  kcal  mol"'  was  used 
(Brafield  &  Solomon  1972). 

Somatic  Growth  (Pg) 

Somatic  growth  was  assessed  as  the  daily  gain  in  dry  body 
weight  measured  monthly  throughout  the  growth  experiment  (L6- 

TABLE  2. 

Proximate  composition  of  the  flshmeal  (FM),  commercial  (CO)  and 

seaweed  (SW)  diets  in  =  3). 


Dietary  Treatments 

Composition 

FM  Diet  ( % ) 

CO  Diet  ( % ) 

SW  Diet  ( % ) 

Dry  matter 

97.9  +  0.14-' 

98.8  ±0.19" 

14.0  ±0.27" 

Crude  protein 

29.1  ±0.22" 

33.1  ±0.31" 

15.5  ±0.19^ 

Total  lipid 

9.5  ±  0.09" 

11.5  ±0.07" 

3.1  ±0.12^ 

Ash 

16.2  ±0.12" 

13.5  ±0.09= 

.30.2  ±0.1 4° 

NFE  -t-  crude  fiber' 

45.1  ±0.31" 

41.9  ±0.26'^ 

51.2  ±0.28" 

GE-  (cal  g"') 

3990  ±  42" 

4400  ±  89" 

2870  ±6  r- 

Protein:energy  ratio 

7.31 

7.53 

5.41 

Values  in  the  same  row  with  different  letters  are  significantly  different  (P 

<0.05). 

'  Nitrogen  free  extract  (NFE)  +  crude  fiber  =  100  -  (<J  crude  protein  -i-  % 

total  lipid  +  %  ash), 

-  Gross  energy. 


pez-Acuna  2000).  In  the  last  month,  and  after  evaluating  the  en- 
ergy budget  parameters,  samples  of  abalone  frotn  each  treatment 
were  weighed,  using  whole  body  values  for  those  animals  that  did 
not  develop  a  gonad  at  15°C  with  the  three  diets  (FM.  CO  and 
SW).  Animals  that  did  show  gonadal  development  in  the  treat- 
ments at  I8°C  and  22°C  were  dissected  and  the  gonad  separated 
from  the  rest  of  the  body,  so  that  the  energy  expended  on  somatic 
growth  could  be  determined.  The  energy  gain  in  somatic  growth 
was  assessed  by  combusting  the  soft  tissue  from  the  individuals 
frotn  each  replicate. 

Reproductive  Investment  (Pr) 

In  Hciliotis  species  the  gonad  is  closely  associated  with  the 
digestive  gland  (the  gonadal  material  includes  part  of  the  digestive 
gland).  To  obtain  a  more  accurate  gonad  weight,  the  digestive 
gland  weight  was  deducted  from  the  total  gonad  weight  for  25 
individuals.  The  energy  consumed  was  determined  as  calories  per 
day  per  animal  dry  weight,  based  on  the  number  of  days  taken  to 
reach  the  ripe  stage  (120  days  for  I8°C  and  90  days  for  22°C). 
Gonad  weight  was  then  multiplied  by  its  energy  content. 

With  the  exception  of  moisture  and  lipids,  proximate  analyses 
of  each  diet,  feces,  whole  abalone  body  from  each  treatment, 
whole  ripe  female  gonad  and  mucus  were  performed  according  to 
standard  methods  (AOAC  1990).  Moisture  content  was  detertnined 
by  weighing  samples  before  and  after  drying  in  a  freeze  dryer  for 
36  h  at  -54°C.  Ash  content  was  measured  using  the  remaining 
dried  samples  by  incinerating  at  550 'C  in  a  muftle  furnace  for  8  h. 
Crude  protein  content  was  estitnated  following  the  total  Kjeldhal 
nitrogen  (N  x  6.25)  method.  Lipid  content  was  determined  by  a 
column  procedure  using  methanol-chloroform-water  as  the  eluting 
solvent  (Bligh  &  Dyer  1959). 

Pedal  Mucus  Production  (M) 

Pedal  mucus  production  was  measured  for  each  experimental 
trial  (FM.  CO  and  SW  diets  and  15  C.  18°C  and  22X).  Each 
container  (400-mL  beakers)  was  cleaned  of  food  and  feces,  and 
refilled  with  UV-filtered  seawater.  After  six  hours  the  animals 
were  removed  and  each  container  was  rinsed  with  distilled  water  to 
clean  off  feces  and  seawater.  The  mucus  from  the  foot  of  each 
abalone  was  carefully  scraped  off  into  the  experimental  container. 
The  contents  of  each  container  were  freeze-dried  and  reweighed  to 
determine  the  dry  weight  of  each  sample. 

Statistical  Analysis 

A  two-way  ANOVA  (P  <  0.05)  was  applied  to  determine  sig- 
nificant differences  among  treatment  means  to  compare  the  pa- 
ratiieters  of  the  energy  budget  between  diets  and  temperatures, 
followed  by  comparisons  of  the  means  using  the  Kruskal-Wallis 
(K-W)  test.  All  statistics  were  calculated  using  the  Sigma  Stat 
package  (2002). 

RESULTS 

Ingestion,  Egestion  and  Absorption 

The  energy  contents  (cal  g~' )  of  whole  abalone  body  and  feces 
from  each  treatment  and  of  whole  ripe  fetiiale  gonad  and  mucus 
are  summarized  in  Table  3. 

The  amount  of  food  consumed  increased  with  tetnperature.  The 
values  obtained  for  ingestion  of  the  SW  diet  (control)  were  sig- 
nificantly different  among  temperatures:  25.0  ±  0.33  cal  day"' 
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TABI.K  3. 

Gross  energy  KIKl  per  gram  drv  Height  of  each  sample  in  each 

treatment:  hody  tissue  (BT,  minus  gonad  \alue),  feces,  uuicus  and 

ripe  lenialc  gonad  of  Haliolis  lubeiculala.  Mean  value  ± 

standard  error. 


Sample 


GE*  (cal  g  ') 


Fishmeal  diet  (FM) 
BT  reared  at  15°C 
BT  reared  at  18°C 
BT  reared  at  22°C 
Feces 

Commercial  diet  (CO) 
BT  reared  at  I5"C 
BT  reared  at  ISX 
BT  reared  at  22°C 
Feces 

Seaweed  diet  (SW) 
BT  reared  at  15°C 
BT  reared  at  18°C 
BT  reared  at  22°C 
Feces 

Ripe  female  gonad 

Mucus  (from  25  individuals) 


4001  ±.55 
4375  ±  62 
4462  ±  47 
2 1 27  ±6.3 

39.^6  ±  28 
4536  ±  44 
4542  ±  68 
2820  ±  52 

3652  ±  iO 
.3690  ±61 
3777  ±  .59 
1699  ±55 

5688  ±  64 
2342  ±  57 


*  Gross  energy  was  calculated  burning  .samples  in  a  ballistic  bomb  calo- 
rimeter. 

animar '  at  1.5"C.  .3.3.9  ±  1.94  cal  day"'  aiiimar'  at  18C  and  45.8 
±  1.58  cal  day-'  animaP'  at  22°C  (K-W  test.  H  =  23.8.  df  =  8. 
P  =  0.0025)  (Table  4). 

The  highest  energy  intake  occtiired  at  18°C  and  22^C  with 
values  of  70.8  ±  1.82  and  73.8  ±4.10  cal  day"'  animar'  for  the 
FM  and  CO  diets,  respectively  (Table  4). 

The  egestion  values  varied  in  all  treatments  and  differences 
among  diets  and  temperatures  were  therefore  observed  (K-W  test. 
W  =  43.1.  df  =  8.  P  =  0.0017).  The  lowest  mean  percentage  of 
egested  energy  was  observed  in  abalone  fed  the  SW  diet,  which 
was  affected  by  temperature.  A  value  of  1 1.2  ±  0.62  cal  animal"' 
day"'  was  obtained  for  abalone  fed  the  CO  diet  and  cultured  at 
18°C  (Table  4), 


Those  individuals  led  the  ,SW  diet  showed  a  significant  in- 
crease in  absorption  with  temperature  (K-W  test.  H  =  30.9.  df  = 
8.  I'  =  ().()()2).  Hnergy  absorption  in  abalone  fed  the  FM  and  CO 
diets  was  low  at  15"C  but  consistent  at  1S"C  and  22  "C.  At  1.5''C 
energy  absorption  was  not  significantly  different  between  formu- 
lated diets  (K-W  test.  H  =  23.9.  df  =  8.  P  =  0.24)  (Table  4). 

Somatic  Growth 

The  energy  values  of  abalone  body  tissue  (minus  gonad  value) 
varied  among  temperatures  for  the  same  diet  and  among  diets  at 
the  same  temperature  (Table  3).  The  lowest  value  (3652  ±  30  kcal 
g"')  corresponded  to  the  SW  treatment  at  15''C  and  the  highest 
(4542  ±  68  cal  g"')  to  the  CO  treatment  at  22°C.  The  energy 
channeled  into  somatic  growth  was  calculated  by  the  factors 
shown  in  Table  3.  Animals  fed  the  formulated  diets  and  grown  at 
18°C  and  22'^C  (34.4  ±  1.77-39.4  ±  2.10  and  25.2  ±  1.01-31.4  ± 
1.23  cal  animal"'  day"',  respectively)  invested  more  energy  in 
somatic  growth  compared  with  those  fed  the  SW  diet  at  the  same 
temperatures  ( 1  1.3  ±  0.39-17.1  ±  0..54  cal  animal"'  day"')  (Table 
4).  Furthermore,  by  the  end  of  the  experiment  abalone  cultured  at 
18°C  and  fed  the  formulated  diets  expended  more  energy  on 
growth  than  those  cultured  at  22 "C  with  the  same  diet  (Table  4). 

Reproductive  In  restment 

To  convert  the  energy  expended  on  reproduction,  a  mean  ovary 
weight  of  5688  ±  64  cal  g"'  was  used.  Females  selected  from  the 
15°C  treatment  showed  an  indeterminate  gonad  stage,  demonstrat- 
ing that  there  was  no  reproductive  investment.  Juveniles  fed  the 
SW  diet  and  reared  at  18°C  and  22°C  expended  the  lowest  energy 
on  reproduction  (0.7  ±  0.04  and  0.9  ±  0.03  cal  animal"'  day"', 
respectively)  (Table  4).  When  formulated  diets  were  used,  the 
energy  expended  on  reproduction  increased  to  2.3  ±  0.09  cal  ani- 
mal"' day"'  in  the  FM  treatment  at  22°C. 

Respiratiiin 

Metabolic  energy  loss  as  a  result  of  respiration  was  calculated 
using  an  oxy-caloric  coefficient  as  follows:  0.00457  cal  |jl10,  with 
NH,  end  product  for  protein  respiration  (Crisp  1984).  0.00469  cal 
fjilO^  for  lipid  respiration  and  0.00504  cal  (xlO^  for  carbohydrate 
respiration  (Brafield  &  Solomon  1972.  Elliott  &  Davidson  1975). 


TABLE  4. 

Energy  budget  (calories  per  animal  per  day)  of  Haliolis  liibcrciiliita:  ingestion  (/),  egestion  (/?),  absorption  {Ah),  somatic  growth  (P?!. 
reproductive  investment  (I'r;  null  indicates  those  organisms  that  did  not  present  gonad  development),  respiration  (K),  ammonia  excretion  (f) 

and  mucus  production  (Af ).  Mean  value  ±  standard  error. 


Slicll 

Length 

B(>d^ 

Energy 

-c 

Dill 

(mm) 

Weight  (g) 

/ 

E 

Ab 

Pg 

I'r 

R 

U 

M 

Utilized  ( % ) 

15  C 

FM 

lh,2±O.I4 

0.2  ±0  1)1 

24.4  ±0  71'' 

4.2  ±(1.10" 

25.2  ±  0.6- 

10.6  ±0.67- 

Null 

6.3  ±0.20- 

0.5  ±  0.02- 

0.5  ±  0.02- 

74 

CO 

16.7±0.I2 

0.2  ±  0.02 

32.1  ±1.70" 

6.8  ±0.13- 

25.3  ±0.2- 

9.7  ±  0.75- 

Null 

7.1  ±021- 

0.4  ±  0.03" 

0.5  ±  0.03- 

73 

SW 

16.2  ±0.11 

0.2  ±0.01 

25.0  ±  (\.'iy 

3.0  ±  0.04^^ 

22.1  ±0.4" 

7.8  ±  0.69" 

Null 

3.9  ±  0.34-^^ 

0.4  ±0.01" 

0.2  ±  0.01- 

60 

18°C 

FlVl 

16.4  ±0.22 

0.2  ±  0.03 

70.8  ±  1.82- 

7.9±0.14'' 

62.9  ±  2.3- 

39.4  ±2.1 0- 

1 .2  ±  0.06- 

16.2  ±0.5- 

0.8  ±  0.02- 

0.7  ±0.01- 

94 

CO 

16.7  ±0.36 

0.2  ±  0.02 

69.4  ±  2.40- 

1 1.2  ±  0.62- 

58.2  ±  1.2- 

34.4  ±  1. 77- 

1.0  ±0.08- 

1 7. 1  ±  0.5- 

0.8  ±  0.01 - 

0.7  ±  0.02- 

93 

SW 

16.3±0..TO 

0.2  ±0.01 

33.9  ±  1.94'' 

4.0  ±  0.5  r 

29.9  ±  1.6" 

11.3  ±0.39" 

0.7  ±  0.04" 

5.4  ±  0.24" 

0.5  ±0.01" 

0.5  ±  0.01 - 

64 

220C 

FM 

16.5  ±0.24 

0.3  ±  0.02 

68.5  ±  2.45- 

9.0  ±  0.22" 

59.5  ±  2.8- 

25.2  ±1.01" 

2.3  ±  0.09- 

1 7.9  ±  0.7- 

1.1  ±0.02- 

0.9±0.01- 

82 

CO 

16.4  ±0.20 

0.3  ±  0,02 

75.8  ±4.10- 

10.9  +  0.71- 

65.9  ±  2.5- 

31.4  ±  1.2.V' 

2.2±0.11- 

1 8.4  ±  0.5- 

1.2±O.0.V' 

0.9  ±  0.02- 

84 

SW 

16.4  ±0.1 4 

0.2  ±0.01 

45.8  ±  1.58'^ 

5.9  ±0.1 6' 

40.0  ±  2.0" 

17.1  ±0.,54' 

0.9  ±  0.03" 

8.1  ±0.22" 

0.7  ±0.01" 

0.7  ±0.01- 

71 

Fi.shmeal  diei  (FM),  commercial  diet  (CO)  and  seaweed  idel  (SWi.  al  15",  18°  and  22X  of  culture.  Energy  utilized  (%)  obtained  from  lOO'i 
(based  on  the  energy  budget  equation:  I  -  E  =  A/j  -  {P^  +  Pr  +  R  +  U  +  M). 
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Respiration  rates  for  the  organisms  fed  the  FM  and  CO  diets 
were  higher  than  those  for  abalone  fed  the  SW  diet.  Although  the 
size  of  the  animals  used  was  the  same  for  each  treatment,  the 
energy  consumed  was  higher  in  animals  cultured  at  22"C  than  in 
those  reared  at  \5°C  (Table  41. 

Energy  expended  through  respiration  differed  between  the  SW 
and  the  formulated  diets  at  15°C  (ANOVA.  F_,  ,^  =  130.5.  P  < 
0.0001).  At  temperatures  above  15°C.  energy  used  in  respiration 
increased  markedly  with  temperature.  When  abalone  were  main- 
tained at  I8°C  and  22"C  and  fed  the  formulated  diets,  a  significant 
increment  in  oxygen  consumption  was  detected,  with  a  mean 
maximum  of  18.4  ±  0.5  cal  animaP'  day"'  for  those  cultured  at 
22°C  and  fed  the  CO  diet  (Table  4). 

Ammonia  Priidiution 

Diet  and  temperature  significantly  affected  the  rates  of  ammo- 
nia excretion  (K-W  test,  H  =  15.7,  df  =  5,  P  <  0.001)  (Table  4). 
Individuals  fed  the  formulated  diets  excreted  more  ammonia  (up  to 
1.2  ±  0.03  cal  animar'  day"' )  than  those  fed  the  SW  diet  in  all  the 
temperature  treatments.  The  results  show  that  ammonia  production 
by  abalone  fed  the  SW  diet  was  low  and  that  the  excretion  rates 
increased  from  0.4  ±  0.01  cal  animal" 'day"'  at  I5°C  to  0.7  ±  0.01 
cal  animal"'  day"'  at  22°C  (Table  4).  In  general,  the  rate  of  am- 
monia excretion  for  animals  reared  at  15'C  was  6.06  |j.g-atoms 
NH4  day"'  on  average. 

Pedal  Mucus  Production 

There  were  no  significant  differences  in  energy  content  of 
pedal  mucus  production  among  dietary  treatments  at  each  experi- 
mental temperature  (K-W  test,  H  =  3.53,  df  =  8.  P  =  0.896). 
Values  were  therefore  pooled  to  obtain  the  energy  content  of  pedal 
mucus  production  (2342  +  57  kcal  g"'  I  to  be  used  in  the  calcula- 
tion of  the  energy  budget  losses  (Table  3).  However,  a  significant 
effect  of  temperature  on  the  production  of  pedal  iiikciis  was  ob- 
served: animals  cultured  at  18°C  and  22"C  expended  from  0.7  ± 
0.02-0.9  ±  0.02  cal  animal"'  day"',  whereas  those  reared  at  15  C 
spent  an  average  of  0.5  ±  0.04  cal  animal"'  day"'.  Pedal  mucus 
production  showed  significant  differences  when  formulated  diets 
were  used  (ANOVA,  F^  .^  =    14.9,  P  <  0.001)  (Table  4). 

DISCUSSION 

In  this  study,  animals  fed  the  FM  diet  and  cultured  at  I8"C 
showed  up  to  55.7'^  ±  3.0'/r  investment  in  somatic  growth  from 


Pg 

(55  7%±3.0) 


R 

(24.2%±1.4) 


^U>     ^ki> 


Ab 


M 


Dietary  Energy 

^ 

^ 

1         > 

(100%) 

E 
(li,i%ii.i) 

(88.8%±3.3) 

Pr 

(1  15%i0  06) 

u 

(1  2%±0.06) 

(0,99%±0.01) 


Figure  1.  Haliotis  tuherculaUi  cultured  at  18  C  and  fed  a  fishmcal- 
based  diet  04'*  total  energy  used).  Knergv  flow  diagram  (calories  per 
animal  per  da>  I  of  ingestion  (/),  egestion  (/;).  absorption  l.\/>),  somatic 
growth  (/'g).  reproductive  investment  (ft),  respiration  (R).  ammonia  ex- 
cretion (to  and  mucus  production  (Af).  Mean  value  ±  standard  error. 


the  total  energy  assimilated  (Fig.  1 ).  Huliniis  liihcrciilcilii  possesses 
physiological  mechanisms  to  use  energy  more  efficiently  when  fed 
formulated  diets  and  cultured  at  18°C  than  when  fed  the  same  diets 
at  22  C.  Peck  et  al.  ( 1987)  reported  that  the  major  coinponent  of 
the  cnerg},  budget  was  somatic  growth  (37.59;-  of  total  ingestion), 
and  other  studies  of  land-based  culture  have  shown  that  H.  tuher- 
culctta  has  maximal  growth  at  temperatures  close  to  20°C  (Shpigel 
et  al.  1996a,  Shpigel  et  al.  1996b). 

The  daily  respiration  energy  expenditure  increased  with  tem- 
perature and  diet.  Animals  fed  the  formulated  diets  spent  more 
energy  through  respiration  than  those  fed  seaweed,  even  at  the 
same  temperature.  These  results  show  that  temperature  and  diet 
have  an  effect  on  oxygen  consumption  rates.  McBride  et  al.  (2001 ) 
also  reported  that  the  stress  of  higher  (24°C  to  28°C)  seawater 
temperatures  increased  respiration  rates  in  H.  tubenukiUi. 

Ammonia  excretion  is  probably  influenced  by  the  protein  qual- 
ity of  the  food  offered.  Ammonia  is  assumed  to  be  the  dominant 
end  product  of  protein  catabolism  in  molluscs  (Bayne  &  Newell 
1983).  When  abak)ne  were  fed  the  formulated  diets  with  high 
protein  content  (31%)  as  opposed  to  the  low-protein  SW  diet 
( 15.5%).  ammonia  production  increased.  Therefore,  the  rates  mea- 
sured may  be  used  to  calculate  the  energy  expended  by  H.  tttber- 
ciilaki  during  these  experiments  and  to  determine  the  nitrogen 
excretion  process  during  the  growth  stage. 

Both  respiration  and  ammonia  excretion  were  affected  by  tem- 
perature and  diets.  The  former  was  low  in  abalone  fed  the  SW  diet 
but  increased  considerably  with  increasing  temperature.  The  val- 
ues reported  herein  are  clearly  lower  than  those  obtained  in  other 
studies  using  the  same  species  but  different  diets,  culture  tempera- 
tures and  animal  sizes:  mean  energy  used  by  H.  luhcrcidaui.  H. 
niiclcie  and  H.  kcmitschatkuiui  on  respiration  was  29%,  32%  and 
59%.  respectively  and  on  ammonia  excretion,  0.88%.  <1%  and 
<l%,  respectively,  for  50-g  abalone  (Peck  et  al.  1987.  Baikal  & 
Griffiths  1988.  Donovan  &  Carefoot  1998). 

The  daily  energy  expended  through  mucus  production  by  H. 
ttihcixulutii  in  this  study  was  from  0.2  ±  0.01-0.9  ±  0.02  cal  g"'  of 
the  total  assimilated  energy.  Evidence  of  the  influence  of  tempera- 
ture on  mucus  secretion  is  rare;  however,  our  data  show  significant 
effects  of  temperature  on  mucus  production,  with  increases  at 
higher  temperatures.  The  same  behavior  was  found  for  the  whelk 
Biicciniiin  imdatum.  with  mean  values  of  12.4  mg  h"'  at  8.2°C,  13.1 
mg  h"'  at  10.5 'C  and  19.5  mg  h"'  at  I5X  (Kideys  &  Hartnoll  1991 ). 

Peck  et  al.  (1987)  found  that  H.  mberciildta  of  13.7  mm  shell 
length  and  0.12  g  body  dry  weight  used  -2.4  cal  day"'  when  fed 
Uha  lacliica  and  cultured  at  15°C,  with  mucus  accounting  for 
-23%  of  the  energy  consumed.  Davies  et  al.  ( 1990)  found  -23%  of 
consumption  was  spent  on  mucus  production  by  Pcilella  vulgata. 
Nevertheless,  in  this  study,  animals  of  the  same  size  fed  fresh 
seaweed  and  cultuied  at  the  same  temperature  showed  an  average 
3-fold  reduction  compared  with  that  observed  by  Peck  et  al. 
( 1987).  These  authors  demonstrated  the  important  role  of  mucus  in 
the  energy  budgets  of  organisms  that  use  mucus,  such  as  H.  tii- 
berculata.  It  is  possible  that  an  assessment  of  the  energy  used  by 
an  individual  of  the  same  species  can  present  very  different  residts. 
Hence,  it  is  important  to  detennine  the  energy  paititioniiig  for  a  par- 
ticular organism  under  specific  conditions,  and  to  get  a  measure  of  a 
specific  parameter  it  is  necessary  that  organisms  of  the  same  sex,  age 
and  body  size  be  compared  under  the  same  experimental  conditions. 

.'\balone  reared  at  1 8"C  and  fed  the  formulated  diets  used  94% 
of  the  total  energy  consumed,  with  most  of  this  energy  channeled 
into  somatic  growth  and  respiration  (Fig.  1 ).  Conversely,  individu- 
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als  cultured  ;il  22 'C  invested  less  energy  in  growth  and  almost  2.? 
times  more  energy  in  leprodLiclion  than  those  cultured  at  ISC.  In 
other  words,  organisms  cultured  at  l!S '  expended  more  energy  on 
somatic  growth  and  less  on  reproduction  than  those  reared  at  22°C. 
Peck  et  al.  (1987)  obtained  a  similar  energetic  partitioning  for 
abalone  cultured  at  15°  and  fed  fresh  seaweed,  leporting  values  of 
839^  absorption.  L^.S*^  egestion  and  excretion,  34%  growth  and 
20%  respiration,  though  mucus  production  was  3-fold  higher. 

Depending  on  species,  50-g  (dry  weight)  abalone  have  been 
reported  to  spend  88%  (//.  tiiheniilala).  74.5%  (H.  midac)  and 
104%  (H.  kimu.schatkana)  of  the  total  energy  consumed  (Peck  et 
al.  1987.  Barkai  &  Griffiths  1988.  Donovan  &  Carefoot  1998). 
However,  abalone  in  this  study  cultured  under  the  same  conditions 
(15°C  and  fed  fresh  seaweed)  but  with  a  mean  dry  body  weight  of 
only  0.22  g.  used  -60%  of  the  energy  assimilated.  These  difler- 
ences  are  probably  a  result  of  an  underestimation  of  the  different 
variables  of  the  energy  budget  assessed  for  abalone  in  this  study. 
The  importance  of  environmental  effects  on  metabolism  and 
physiology  has  been  demonstrated  in  aquaculture  management 


(Brett  &  Groves  1979).  Temperature  has  been  considered  one  of 
the  most  important  environmental  factors  controlling  food  utili/a- 
tion  at  all  levels  and  all  stages  of  growth  in  aquatic  poikilothermic 
animals  (Lovell  1989).  The  data  obtauied  in  this  study  clearly 
show  that  temperature  and  energetically-rich  diets  have  a  signifi- 
cant influence  on  somatic  growth  and  reproductive  investment. 
This  information  should  be  of  use  to  aquaculturists  and  nutrition- 
ists in  developing  a  formulated  diet  and  determining  the  optimal 
culture  conditions  for  H.  tuhcrciiUihi.  and  it  contributes  to  the 
scientific  knowledge  of  the  associated  physiological  responses  at 
different  culture  temperatures. 
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ABSTRACT  Results  are  pre.sented  on  the  histology  of  the  hypobranchial  gland  ol  the  marine  muricid  Plicopurpura  pansci  (Gould 
1853).  The  general  structure  and  secretory  features  were  investigated  using  light  microscopy  and  histochemical  methods  for  the 
determination  of  tryptophan/indol.  The  hypobranchial  gland  oi  P.  punsa  is  an  antero-posteriorly  elongated  organ  located  on  the  internal 
surface  area  of  the  mantle,  that  folds  on  its  posterior  side  near  the  rectum,  right  of  the  ctenidia  and  anterior  to  the  kidney.  In  dead 
animals  it  is  easily  distinguishable  by  the  purple  color  that  develops  after  removmg  the  shell.  Parallel  to  the  hypobranchial  gland,  in 
the  same  position,  can  be  found  a  black-pigmented  structure,  presumably  the  anal  gland.  The  secretory  epithelium,  which  forms  the 
hypobranchial  gland  consists  of  at  least  six  different  and  very  long  (1.56.7  p.m)  cell  types.  Il  was  impossible  to  distinguish  clearly  the 
different  histological  regions  of  the  hypobranchial  gland,  because  the  different  cell  types  were  uniformly  distributed  throughout  the 
gland,  with  the  exception  of  the  rectal  area.  The  number  of  acidophilic  granular  cells  differed  markedly  between  animals,  probably 
because  of  different  levels  of  secretion.  In  the  mantle  cavity  was  always  found  a  large  quantity  of  mucus  and  only  occasionally 
acidophilic  granulated  secretory  products.  Only  the  two  cell  types  with  acidophilic  granules  in  the  hypobranchial  gland  showed 
histochemically  strong  positive  reactions  for  tryptophan,  indicating  in  these  cells  high  concentrations  of  the  precursors  for  ■'Tyrian 
Purple." 
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INTRODUCTION 

Most  marine  snails  in  the  families  Muricidae  and  Thaididiie. 
which  make  tip  the  genera  Miin:\.  Thais  and  Pllcapurpiiia.  pro- 
duce in  the  hypobranchial  gland  (mucus  gland)  a  viscous  liquid 
secretion  containing,  besides  mucus  and  biologically  active  com- 
pounds, minute  amounts  of  chromogens.  These  develop  enzymati- 
cally  in  light  and  oxygen  into  a  purple  pigment  known  as  "Tyrian 
Pui-ple,"  Royal  Purple"  or  ■'Shellfish  Pui-ple."  Fretter  and  Graham 
(1994)  considered  the  main  function  of  the  hypobranchial  gland  to 
be  a  secretor  of  mucus  for  trapping  and  cementing  particulate 
matter  sucked  into  the  mantle  cavity  with  the  respiratory  water 
cuiTcnt  prior  to  its  expulsion. 

The  carnivorous,  gonochoristic.  marine,  inuncid  purple  snail 
Plicopiirpiini  paiisa  (Gould,  185.3)  inhabits  inteilidal  rocky  shores 
exposed  to  high  impact  waves  of  the  open  sea.  The  range  of  P. 
pansa  extends  from  the  northwest  coast  of  Mexico  (Baja  Califor- 
nia Sun  (Clench  1947.  Keen  1971)  to  northern  Peru  (Pena  1970. 
Paredes  et  al.  1999).  The  snail  is  not  too  small  (shell  length  aver- 
ages 30  mm  but  can  be  as  large  as  90  mm),  and  at  low  tides  it  is 
relatively  easily  gathered.  An  exceptional  property  of  P.  pansci.  in 
comparison  with  that  of  other  muricids.  is  that  it  ejects  its  dye- 
producing  liquid  in  such  large  quantity,  that  there  is  no  need  to  kill 
the  animal  to  obtain  the  "Tyrian  Purple."  Furthermore,  the  hypo- 
branchial gland  is  so  active  that  the  snails  can  be  "milked"  peri- 
odically without  harming  the  animals  (Rios-Jara  et  al.  1994,  Nae- 
gel  2005).  For  these  reasons  it  is  not  unexpected  that  P.  pansa  is 
exploited  for  "Tyrian  Purple"  production,  probably  since  pre- 
Colombian  times.  In  recent  years  however,  with  increasing  public 
awareness  of  natural  colors,  the  commercial  exploitation  of  P. 
pansa  for  dyeing  kimonos  with  "Tyrian  Purple"  had  reached  in 
Mexico  such  levels  as  to  threaten  the  survival  of  the  species.  In 
1988  P.  pansa  had  to  be  declared  by  the  Mexican  government  a 
species  under  special  protection  (Anonymous.  1988;  1994).  De- 
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spite  these  exceptional  properties  of  P.  pansa,  first  as  a  source  for 
"Tyrian  Purple"  and  secondly  about  the  state  of  the  endangered 
snail  populations,  little  is  known  about  the  principal  life-history 
features,  and  many  basic  biological  questions  remain.  Until  now 
studies  are  lacking  on  the  histology  of  the  hypobranchial  gland  of 
P.  pansa.  The  objectives  of  this  study  are  to  gain  a  better  under- 
standing of  the  biological  function  of  this  gland  ( 1 )  by  examining 
the  general  rnorphological  features  of  the  P.  pansa  hypobranchial 
gland  using  compound  light  rnicroscopyi  (2)  determining  by  his- 
tochemical means  the  inner-cellular  sites  of  tryptophan  and  (3) 
comparing  the  results  with  previously  published  reports  about  the 
histology  of  the  hypobranchial  gland  from  other  Muricidae  and 
Thaidae. 

M.ATERIALS  AND  METHODS 

More  than  100  specimens  of  an  unexploited  population  of  P. 
pansa  were  collected  in  2001  from  intertidal  rocks  on  days  during 
extreme  low-water  spring  tides  at  Playa  Cerrito  on  the  Pacific 
coast  (23°19'54"N  and  1 10°10'38"W),  about  80  km  south-west  of 
La  Paz.  The  average  size  of  the  males  was  25.87  mm  (range 
14.86-43.5  mm),  of  the  females  30.14  mm  (range  13-73.9  mm). 

Injecting  a  10%  neutral,  buffered,  formalin  solution  into  the 
snails  preserved  the  tissue  of  the  animals.  About  24  h  later  in  the 
laboratory  eight  animals  were  selected  and  removed  from  the  shell, 
subsequently  dehydrated  in  an  alcohol  series,  cleared  with  butyl- 
ated  hydroxanisole,  and  embedded  in  paraffin.  Longitudinal  and 
transversal  sections  (5  jxin)  were  prepared  of  the  hypobranchial 
gland,  and  according  to  the  methodology  by  Humason  (1979), 
stained  with  Ferric  Hematoxylin-Eosin  or  Mallory  Trichromic 
stain.  To  prove  the  presence  of  tryptophan,  as  the  origin  of  the 
precursors  for  "Tyrian  Purple"  (Verhecken  1989).  the  histochem- 
ical method  for  the  demonstration  of  tryptophan  (Davenport  I960) 
was  applied. 

RESULTS 

The  hypobranchial  gland  of  P.  pansa  is  an  antero-posteriorly 
elongated  organ  located  at  the  internal  surface  area  of  the  mantle. 
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that  folds  on  its  posterior  side  near  the  rectum,  right  of  the  ctenidia 
and  anterior  to  the  kidney  (Fig.  1).  On  dead  animals  it  is  easily 
distinguishable  by  the  purple  color  that  develops  after  the  removal 
of  the  shell.  Parallel  to  the  hypobranchial  gland  in  the  same  posi- 
tion can  be  found  a  black  pigmented  structure,  presumably  the  anal 
gland. 

The  secretory  epithelium,  which  forms  the  hypobranchial  gland 
consists  of  at  least  si,\  different  and  very  long  ( 156.7  pm)  noncili- 
ated  cell  types:  (a)  eosinophilic  cells  with  an  irregular  cytoplasmic 
texture,  (b)  very  abundant  goblet  mucus  cells,  (c)  cells  with  strong 
acidophilic  granules,  (d)  cells  with  light  acidophilic  granules,  (e)  a 
few  cells  at  the  rectal  area  with  very  fine  basophilic  granules  and 
(f)  empty  cells. 

Figure  2  shows  a  section  of  the  hypobranchial  gland:  the  basal 
membrane  with  the  longitudinal  muscle  cells,  eosinophilic  and 
goblet  mucus  cells  and  cells  with  acidophilic  granules.  At  the  right 
side  of  the  photograph  is  shown  the  mantle  cavity  with  secreted 
mucus  and  acidophilic  granules.  At  the  left  side  is  shown  the 
external  cubical  epithelium,  which  is  in  contact  with  the  shell. 

It  was  impossible  to  distinguish  clearly  the  different  histologi- 
cal regions  of  the  hypobranchial  gland  because  the  different  cell 
types  were  uniformly  distributed  in  the  gland.  The  exception  was 
the  rectal  area  — the  only  region  where  a  cell  type  was  found  with 
very  fine  basophilic  granules  and  where  the  number  of  mucus  cells 
and  cells  with  acidophilic  granules  was  reduced.  Along  the  glan- 
dular epithelium  in  the  basal  tissue  were  found  a  few  blood  vessels 
and  a  thin  layer  of  longitudinal  smooth  muscle  fibers. 

The  number  of  acidophilic  granular  cells  in  the  hypobranchial 
gland  differed  markedly  between  different  individuals,  probably, 
because  of  the  different  stages  of  secretion.  In  the  mantle  cavity 
there  was  always  a  large  quantity  of  mucus  (Fig.  3).  and  only 
occasionally  acidophilic  granular  secretory  products. 

Adjacent  to  the  secretory  epithelium  of  the  hypobranchial  gland 
is  located  an  acinous  glandular-like  structure,  which  could  be  the 
rectal  or  anal  gland.  The  acini  are  composed  of  small  ( 10  pm) 
nonciliated  cubical  cells  with  a  large  quantity  of  fine  and  dark 
staining  basophilic  granules.  No  products  of  secretion  were  ob- 
served in  the  lumen  of  the  acini,  nor  in  the  duct,  which  connects  to 
the  mantle  cavity,  the  rectum,  or  the  exterior  of  the  snail  (Fig.  4). 

Only  the  two  cell  types  with  acidophilic  granules  in  the  hypo- 


Figure  1.  Microphotograph  of  a  section  (5  pml  of  the  body  of  P.  luiina. 
bnis,  hucal  mass;  ct,  ctenidiiim;  dg,  digestive  gland:  f,  foot;  hg,  hypo- 
branchial gland.  Bar  =1  mm. 
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Figure  2.  Microphotograph  of  the  hypobrancfiial  gland,  bm,  basal 
membrane;  ec,  empty  cell;  eoc.  eosinophilic  granulated  cell;  ape,  aci- 
dophilic granules;  Ini,  longitudinal  muscle;  mc,  mucus  cell.  Bar  =  20  \m\. 

branchial  gland  showed  a  histochemically  strong  positive  reaction 
for  tryptiiphan,  indicating  that  in  these  cells  there  are  high  con- 
centrations of  the  precursors  or  chromogens  for  "Tyrian  Puiple." 

DISCUSSION 

In  the  Old  World  the  production  and  use  of  "Tyrian  purple" 
was  forgotten  with  the  fall  of  Byzantium  (Constantinople)  in  1453 
A:D.  Therefore,  it  was  a  big  surprise  to  the  scientific  community 
when  more  than  200  y  later,  in  1685.  William  Cole  was  informed 
that  at  the  coast  of  Ireland  "Tyrian  Purple"  from  marine  snails  was 
still  used  to  mark  fine  linen  (Cole.  1685).  After  many  trials  with 
different  snail  species  at  Minehead  in  England  he  found  the  means 
to  obtain  the  precursors  of  "Tyrian  Purple"  from  the  muricid  Nu- 
cctla  hipillus.  and  the  procedure  for  dyeing  materials  with  them  to 
obtain  the  final  pigment.  He  made  the  important  observation,  first. 
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Figure  3.  Microphotograph  of  the  hypobranchial  gland  showing  the 
large  (juantily  of  secretory  products  in  the  mantle  cavity,  ec,  empty 
cell;  eoc.  eosinophilic  granulated  cell;  ape.  acidophilic  granules;  k, 
kidney;  mc,  mucus  cell;  sp,  secretory  products.  Bar  =  100  pm. 
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Figure  4.  Microphotograph  showing  the  hypohranchial  gland,  anal 
gland  and  rectum,  ag.  anal  gland:  hg.  hypohranchial  gland;  k.  kidney; 
sp.  secretory  products:  r.  rectum.  Bar  =  KM)  pm. 


that  as  soon  as  the  colorless  fluid  is  exposed  to  air  and  hyht  it 
becomes  immediately  yellow  and  greenish.  Soon  afterwards  it 
turns  into  deep  emerald  green,  blue,  deep  blue,  and  finally  reaches 
the  purple  color;  and.  second,  that  for  this  stepwise  chemical  pro- 
cess light  and  air  are  needed.  However.  30  y  before  the  discovery 
by  W.  Cole  about  the  use  of  "Tyrian  Purple"  in  Ireland,  the  English 
priest  Thomas  Gage  ( 1655)  reported  from  the  New  World.  Nicoya 
(Costa  Rica),  about  the  commercial  exploitation  of  the  secretions 
of  the  hypohranchial  gland  of  P.  iniiisa  to  dye  garments  for  rich 
Spaniards. 

Lacaze-Duthiers  ( 1859)  showed  that  the  precursors  for  the  pig- 
ments are  not  formed  in  the  kidney  or  in  a  vein,  as  thought  during 
his  time,  but  in  a  band-like  glandular  epithelium  located  at  the 
superior  part  of  the  internal  mantle  cavity.  However,  because  of 
missing  acini  and  excretory  ducts  he  considered  the  glandular  epi- 
thelium not  to  be  a  gland.  His  histological  studies  of  the  hypo- 
branchial  epithelium  of  muricids  and  thaids  raised  the  interest  of 
many  scientists  to  describe  in  more  detail  the  histology  of  the 
hypohranchial  gland. 

Letellier  (1890)  observed  in  the  hypohranchial  epilheliuiii  of 
Piirpinii  Uipilliis  that  the  purple  producing  cells  in  the  middle  part 
of  the  purple  band  are  much  larger,  than  the  neighboring  cells. 
During  the  same  year  Bernard  (1890)  found  well-developed  inner- 
vations in  the  base  of  the  hypohranchial  epithelium  of  P.  lapiUiis. 
and  described  that  the  activity  of  neuro-epithelial  cells  has  an 
impact  on  the  production  of  mucus. 

Erspanier  ( 1946)  showed  by  histochemical  methods  that  in  mu- 
ricids the  puiple  precursors  and  the  en/yme  "purpurasi"  are  local- 
ized in  the  median  zone  of  the  hypohranchial  body  and  are  kept 
separate,  so  that  no  reaction  occurs.  Hunt  ( 1 973 )  grouped  the  many 
different  secretory  cell  types  into  two  main  categoiies:  (a)  acid 
mucin  cells  and  (b)  goblet  cells.  He  did  not  include  the  purple 
producing  cells.  Additionally,  as  Bernard  (1890).  he  found  nerve 
cells  on  the  base  of  the  gland.  Astonishingly,  these  nerve  cells  are 
not  in  contact  with  the  secretory  or  purple  producing  but  with 
ciliated  cells  (Hunt  1973). 

Bolognani-Fantin  and  Otta\iani  (1981)  in  a  histochemical 
study  observed  in  the  hypohranchial  gland  of  M.  hminlaris  differ- 
ent cell  types:  (a)  granulated  cells  with  large,  and  fine  granules,  (b) 
with  a  homogenous  cytoplasm,  (c)  ciliated  cells  having  no  impact 


on  the  secretion  and  (d)  empty  cells.  The  different  granulated  cells, 
which  are  only  found  in  the  middle  area,  could  reflect  different 
stages  of  purple  production.  In  another  histochemical  study  of  the 
hxpobranchial  gland  of  the  marine  muricid  Morula  iininiiluhi 
Srilakshnii  ( 1991 )  described  a  similar  basic  airangement  of  cells, 
like  described  before  by  Bolognani-Fantin  and  Ottaviani  (I9S1) 
and  noted  the  presence  of  neuro-sensory  cells,  which  form  the 
hypohranchial  nerve.  Roller  et  al.  (1995)  studying  by  means  of 
light  and  electron  microscopy  the  hypohranchial  gland  of  the  es- 
luarine  snail  Sinuiumita  (  =  Tlniis)  haemasioina  ciiiHiliciilara  de- 
fined three  analoniicaly  and  histologically  different  areas  with 
eight  distinct  cell  types,  which  are  randomly  distributed  in  the 
gland.  Among  these  only  one  is  ciliated,  a  cell  type  with  acido- 
philic granules.  Others  are  secretory  cells  that  release  large 
amounts  of  mucus  into  the  mantle  cavity. 

We  observed  the  same  basic  types  of  cells  and  the  great  simi- 
larity between  the  previously  described  hypohranchial  glands  of 
different  muricids  and  thaids.  According  to  Bolognani-Fantin  and 
Ottaviani  ( 1981 )  the  great  number  of  different  cells  with  different 
functions  is  a  characteristic  of  the  hypohranchial  gland  of  "Tyrian 
Purple"  producing  species.  Bolognani-Fantin  and  Ottaviani  ( 1981 ) 
mentioned  that  the  hypohranchial  gland  of  a  freshwater  iVivipanis 
vivipumsj  and  of  a  terrestrial  (Ptnuatius  elegans)  snail  species 
show  a  much  simpler  glandular  structure.  Bolognani-Fantin  and 
Ottaviani  (1981)  observed  additionally  that  the  cells  with  fine  aci- 
dophilic granules  react  positively  to  phenolic  and  indolic  sub- 
stances, which  are  considered  as  "Tyrian  Purple"  precursors.  This 
was  confirmed  by  Srilakshnii  ( 1991)  who  found  strong  reactions 
for  tryptophan  and  tyrosine  in  the  hypohranchial  gland.  Bolognani- 
Fantin  and  Ottaviani  (1981)  and  our  results  show  that  only  the  cells 
with  acidophilic  granules  react  positively  to  tryptophan.  Therefore 
the  acidophilic  granulated  cells  found  by  Roller  et  al.  (1995)  in  the 
hypohranchial  gland  of  the  muricid  S.  haemasioma  cunaliculaui 
could  be  the  purple  producing  cells. 

Lacaze-Duthiers  (1859)  observed  that  when  the  animal  con- 
tracts vigorously  the  cells  massively  open  by  mechanical  or  os- 
motic pressure  dispersing  their  contents  into  the  mantle  cavity. 
Because  of  the  minimal  quantity  of  muscle  fibers  around  the  hy- 
pohranchial gland  of  all  the  earlier  mentioned  muricids.  the  like- 
lihood of  muscular  stimuli  is  uncertain.  Release  of  the  secretion 
also  could  be  stimulated  by  neurosecretory  activities,  because  of 
the  presence  of  neurosensory  cells  that  form  the  hypohranchial 
nerve  (Srilakshmi  1991 ).  However,  there  is  no  evidence  of  a  con- 
nection between  the  nerve  and  the  secretory  cells. 

Bolognani-Fantin  and  Ottaviani  ( 1981 )  mentioned  the  presence 
of  picrophilic  granules  on  both  lateral  sites  of  the  hypohranchial 
gland  that  reacted  with  indole,  but  they  could  not  relate  them  to  the 
production  of  mucus  or  purple.  Both  authors  also  mentioned  that  in 
the  hypohranchial  gland  of  Miirex  brandaris  no  structural  or 
chemical  differences  could  be  observed  during  the  different  sea- 
sons of  the  year. 

The  large  number  of  different  cell  types  and  many  possible 
chemical  activities  in  the  hypohranchial  gland  are  an  indication 
that  the  gland  has  multiple  biological  functions.  These  are  yet  to  be 
discovered. 
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CAN  THE  COLLECTION  OF  "TYRIAN  PURPLE"  FROM  PLICOPURPURA  PANSA  (GOULD, 
1853)  (PROSOBRANCHIA,  MURICIDAE)  BE  BLAMED  FOR  ITS  DECLINING  POPULATION? 


LUDWIG  C.  A.  NAEGEL*  AND  JORCE  A.  LOPEZ-ROCHA 

Ceniro  liuerdisciplimirio  de  Ciencias  Marinas,  Iitstituto  Polilcknico  Nacional  (CICIMAR-IPN)  Apdo. 
Postal  592  LA  PAZ.  B.C.S.  23000,  Mexico 

ABSTRACT  Marked,  sized  and  sex  determined  puiple  snails  PludpurpKiu  pmisa.  (Gould.  1S5J)  were  dislnbulcd  randomly  among 
other  snails  in  crevices  of  an  intertidal  rocky  island  splashed  during  high  tides  by  high  impact  waves.  After  89  days  18%,  after  1 17 
days  12%,  after  145  days  8%  and  after  183  days  only  3%  of  the  marked  snails  could  be  recovered.  There  was  no  statistically  significant 
difference  between  size  and  sex  and  the  recovery  rate.  In  the  laboratory  we  determined  the  time  needed  for  reattachment  to  the  surface 
under  different  situations.  Snails  placed  with  the  aperture  down  on  a  wet  surface  or  in  water  reattached  themselves  after  about  20  min, 
snails  placed  in  water  on  their  backs;  in  about  40  min.  and  snails  left  on  a  wet  surface  on  their  backs  after  2  hours.  After  4  hours  only 
50%  of  the  snails  placed  on  their  backs  in  a  wet  surface  were  found  to  be  reattached.  Great  differences  were  noticed  in  the  period  needed 
for  reattachment  among  individual  snails.  The  time  needed  for  the  snails  to  overcome  the  stress  of  being  detached  from  the  surface  and 
to  reattach  themselves  again  can  be  blamed  for  the  loss  of  animals  during  the  increasing  incoming  tides  combined  with  the  high  impact 
wave  actions.  The  prohibition  of  •'milking"  P.  paiixa  to  obtain  "Tyrian  Purple"  and  to  collect  the  snails  as  a  bait  for  fishery  or  as  a 
special  food  for  foreigners  should  be  enforced  and  should  be  extended  to  the  removal  the  snails  from  the  crevices  of  intertidal  rocks. 

KEY  WORDS:     purple  snail.  I'licopiirpuni  pun.sa.  muricidae 


INTRODUCTION 

In  antiquity,  the  "Tyrian  purple"  from  the  Mediterranean  niu- 
ricids,  Murex  tninciiliis.  M.  hrandaris  and  Purpura  haemastoma 
was  used  extensively  to  dye  materials  for  the  nobility.  Because  of 
the  enormous  number  of  snails  lo  be  killed  for  the  extraction  of  a 
minute  amount  of  the  chromogens  produced  by  the  hypobranchial 
gland,  the  scarcity  of  the  snails,  and  the  technical  difficulties  to 
obtain  the  final  dye  explains  why  "Tyrian  Purple"  was  at  that  time 
a  most  expensive  luxury  article.  A  remarkable  exception  amongst 
the  tiiuricids  is  Plicopwpura  pansa  (Gould,  185,^)  from  the  Pacific 
coast  of  Central  America  and  Mexico,  because  this  mollusc  ejects 
its  dye-producing  liquid  in  such  a  quantity  that  there  is  no  need  to 
kill  the  animal  to  obtain  the  purple.  Furthermore,  the  dye- 
producing  hypobranchial  gland  is  so  active  that  the  snails  can  be 
"milked"  periodically  without  harming  them  (Rios-Jara  et  al.  1994, 
Naegel  2005).  It  is  possible  that  "Tyrian  Purple"  from  P.  pansa 
was  used  on  the  Pacific  coast  of  Central  America  and  Mexico 
before  Columbus,  however  our  current  knowledge  about  this  is 
very  limited.  During  the  .Spanish  rule,  the  peninsula  of  Nicoya  in 
Costa  Rica  was  center  for  the  production  of  "hilo  morado."  which 
played  an  important  commercial  role  for  the  church  lo  charge  for 
their  services  in  "hilo  morado,"  and  for  the  "gold-hungry"  Spanish 
magistrates  to  obtain  an  income  from  exports  to  Central  and  South 
America.  The  high  demand  for  "hilo  morado"  resulted  in  a  de- 
creased population  of  P.  pansa.  even  leading  in  1760  to  an  uprising 
of  the  indigenous  people  in  Nicoya  against  the  Spanish  adminis- 
tration (Fernandez-Guardia  1938,  Jinesta  1940).  From  written  re- 
ports it  is  seen  that  at  the  end  of  the  19th  century  indigenous  people 
from  Mexico  (Martens,  v.  1874)  and  Nicaragua  (Schunck  1880) 
dyed  textiles  with  "Tyrian  Purple"  obtained  from  P.  pansa.  Von 
Martens  mentioned  that  the  high  value  of  purple  dyed  skirts  is 
explained  by  the  high  number  of  snails  needed,  which  are  not 
numerous  at  Tehuantepec  (Oaxaca)  (Martens,  v.  1898).  In  1909, 
the  ethnologist  Zelia  Nuttall  visited  Tehuantepec.  and  she  also 
reported  that  the  population  of  the  purple  snails  seemed  to  be 


*CorTesponding  author.  E-mail:  InaegeKs'ipn.mx 


over-exploited  and  became  scare,  in  spite  of  the  careful  treatment 
of  the  snails  during  the  "ink"  collection  (Nuttall  1909).  In  recent 
years,  with  the  increasing  interest  in  natural  colors,  the  commercial 
exploitation  of  the  purple  snail  for  dyeing  kimonos  with  natural 
"Tyrian  purple"  had  reached  in  Mexico,  in  the  States  of  Oaxaca, 
Nayarit,  Guerrero  and  Michoacan,  such  levels  as  to  threaten  the 
survival  of  the  species  (Castillo-Rodriguez  &  Amezcua-Linares 
1992,  Acevedo-Garci'a  1995).  In  1988  P.  pansa  had  to  be  declared 
a  species  under  special  protection  by  the  Mexican  government 
(Anonymous  1988,  Anonymous  1994). 

Like  following  a  golden  thread  in  the  history  of  the  exploitation 
of  P.  pansa  for  the  production  of  "Tyrian  Purple"  it  can  be  ob- 
served that  it  resulted  in  a  decrease  of  the  snail  population,  in  spite 
of  careful  treatment  of  the  snails  during  the  "ink"  collection  and 
replacement  afterwards  on  the  rocks  where  they  have  been  previ- 
ously removed.  Naegel  (2005)  has  shown  that  removing  the  snails 
from  the  surface,  and  Rios-Jara  et  al.  (1994)  and  Naegel  (2005) 
have  demonstrated  that  periodically  collecting  the  secretion  of  the 
hypobranchial  gland  does  not  harm  the  animals.  What  are  the 
reasons  for  the  declining  snail  population  after  "milking"?  In  a 
previous  study  Rami'rez-Rodri'guez  and  Naegel  (2003)  suggested 
that  the  snails  are  just  washed  away  by  high  impact  waves  from  the 
rocks  after  "milking"  before  being  able  to  attach  themselves.  In 
this  study  this  suggestion  will  be  followed  up  under  natural  con- 
ditions with  marked  and  recaptured  snails  of  different  sizes  and 
sexes.  Snails  reared  in  the  laboratory  were  used  for  the  determi- 
nation of  the  time  needed  to  reattach  themselves  to  the  surface 
after  being  removed.  The  results  will  serve  as  a  prerequisite  for  the 
planning,  site  selection  and  management  of  the  potential  exploita- 
tion of  P.  pansa  for  its  "Tyrian  purple." 

MATERIALS  AND  METHODS 

In  the  laboratory  at  CICTMAR  (La  Paz,  Baja  California  Sur, 
Mexico)  from  431  P.  pansa  snails  the  size  and  sex  were  deter- 
mined and  afterwards  they  were  tagged  with  colored  and  num- 
bered marks  as  used  in  bee-keeping.  On  November  1 1,  2005  the 
snails  (266  males  with  an  average  total  shell  length  of  27.9  mm: 
range  17,5-44,4  mm  and  165  females  with  an  average  total  shell 
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TABLE  1. 

Size  ranges  of  marked  male  and  female  of  P.  paiisa  snails 

distributed  on  November  11,  20(14  at  Plaja  Cerritos, 

Baja  California  Sur,  Mexico. 


Males 

Females 

Size  (mm) 

N 

SD 

11 

SD 

17.5-26.4 

1)0 

1.7S 

40 

l.W 

26.5-35.4 

I6.S 

2.46 

88 

2.32 

35.5-47.4 

11 

2.77 

37 

2.61 

Total 

266 

4.(14 

165 

5.54 

SD  =  Standard  deviation 

length  of  30.36  mm;  range  18.2— 1-7.4)  (Table  1 )  were  transfened 
to  Playa  Cerritos  (23°19'49"N.  1 10°10'45"W|  (Fig.  1)  about  120 
km  .southwest  of  La  Paz.  Baja  California  Sur,  Mexico  and  placed 
randomly  amongst  other  P.  pansa  snails  in  crevices  on  an  intertidal 
rocky  island.  At  low  tide  the  basalt  rock  covers  an  area  of  about 
800  riT,  from  which,  even  at  low  tides,  are  accessible  only  about 
400  m"^  because  of  the  high  impact  waves  striking  the  rock.  The 
island  has  several  elevated  points,  the  highest  with  3.04  m  above 
the  mean  tide  water  level,  with  many  crevices  located  opposite  the 
impact  of  the  waves.  We  determined  in  a  rough  estimate  that  only 
about  1/Sth  of  the  total  rock  area  is  suited  as  a  habitat  for  P.  pansa. 
The  island  was  revisited  during  extreme  low  tides  after  89.  1 1 7. 
14.5  and  183  days,  the  marked  animals  recaptured,  and  afterwards 
placed  carefully  amongst  other  snails  in  crevices.  The  nuniber  and 
size  of  the  recaptured  marked  snails  was  examined  to  determine 
possible  effects  of  size  and  sex  on  the  rate  of  recovery,  and  x"  test 


I'inure  1.   Location  of  Playa  Cerritos  and  of  La  Haz,  Baja  California 
Sur,  Mexico. 


applied  to  determine  significant  differences.  A  level  of  signifi- 
cance of  P  <  0.05  was  applied. 

In  the  laboratory  we  determined  the  time  needed  for  snails  of 
different  sizes  (n:  382.  average  size:  32.2  nini.  size  range:  19—46.1 
mm.  SD  ±  4  mm)  and  sex  (males:  /;  =  96.  average  size:  32.2  mm. 
size  range:  24.3—14  mm.  SD  ±  3.8  mm:  females:  /;  =  96,  average 
size  33.5  mm.  size  range;  23.1—46.1  mm.  SD  ±  4.6  mm)  to  reat- 
tach. For  each  position  of  the  snails  we  repeated  the  experiments 
four  times.  We  used  a  transparent  plastic  tray  with  a  5-cm  wall 
height  to  observe  the  attachment  of  the  foot  of  the  snails  to  the 
surface.  In  the  experiments  with  snails  lying  on  their  backs  on  the 
wet  surface  and  after  4  hours  remaining  unattached  to  the  surface 
we  had  to  sprinkle  a  few  drops  of  seawater  on  the  operculum  to 
prevent  dehydration  of  the  animals.  To  determine  whether  possible 
differences  exist  between  laboratory  and  field  snails  in  the  time  for 
reattachment  required,  we  performed  two  additional  experiments 
at  Playa  Cenitos  with  snails  (/;  =  48;  average  size:  28.7  mm;  size 
range:  22-36.9  mm;  SD  ±  3.8  mm). 

The  differences  in  the  lime  needed  for  reattachment  to  the 
surface  in  the  field  and  in  the  laboratory  among  the  different  size 
classes  and  sex  were  determined  by  1-way  ANOVA.  The  Tukey 
test  was  further  used  to  determine  significant  differences  and  P  < 
0.05  was  used  as  the  significance  level. 

RESULTS 

On  November  I  I.  2(X)4.  during  an  extreme  low  tide  (tidal  dif- 
ference between  low  and  high  tide:  1.89  m).  431  marked  snails 
were  placed  randomly  amongst  other  P.  pansa  snails  in  crevices  of 
the  intertidal  rocky  island. 

After  89  days  (difference  between  low  and  high  tide  of  more 
than  2  m)  77  marked  snails  were  recovered  (57  iDales  and  20 
females),  after  1  17  days  52  animals  ( 19  females.  33  males),  after 
145  days  36  snails  ( 12  females  and  24  males)  and  after  183  days 
(difference  between  low  and  high  tide:  1.30  m)  13  animals  (no 
females  and  13  males).  To  determine  if  the  size  of  the  animals  had 
an  impact  on  the  likelihood  of  recovery,  the  recovered  snails  were 
divided  into  three  size  classes.  Table  2  shows  in  three  size  classes 
the  nuniber  of  recovered  females  and  males  during  the  experimen- 
tal period.  After  89  days  from  the  size  class  17.5-26.4  mm  27<7r  of 
the  animals  were  covered.  From  the  size  class  26.5-35.4  mm  14% 
of  the  snails  were  recovered.  From  the  larger  size  class  (35.5^7.4 
min).  after  1 17  days,  not  one  male  and  after  145  days  only  one 
female  was  recovered.  After  183  days  of  the  experiment  not  one 
female  was  recovered  from  all  three  size  classes,  and  from  the 
male  snails  T7c  from  the  smallest  and  only  3%  from  the  medium 
size  group.  No  statistical  differences  were  found  among  the  three 
size  classes. 

In  the  laboratory  we  determined  the  time  needed  for  reattach- 
ment of  the  snails  to  the  surface.  Great  differences  were  observed 
between  individual  snails  and  the  time  needed  for  their  reattach- 
ment. These  individual  differences  could  not  be  statistically  related 
to  the  size  or  sex  of  the  animals  {P  >  0.05).  For  animals  placed  on 
their  backs  on  a  wet  surface,  it  took  an  average  of  more  than  2 
hours  for  reattachment  (Fig.  2).  Seventy  percent  of  the  snails 
placed  with  the  aperture  down  on  the  wet  surface,  or  in  water, 
reattached  themselves  on  the  surface  only  after  20  min.  and  90% 
of  the  snails  were  reattached  after  I  h  (Fig.  3).  There  was  no 
statistic  difference  (P  >  0.05)  in  the  tiine  needed  for  reattachment 
between  snails  placed  on  the  aperture  in  water  and  on  a  wet  sur- 
face. Animals  placed  on  their  backs  on  the  wet  surface  and  in  water 
behaved  differentlv.  A  statistical  difference  iP  <  0.05)  was  found 
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TABLE  2. 
Size  classes  of  P.  pansa  snails  recaptured  at  Plava  C'erritos,  Baja  California  Sur,  Mexico,  after  89.  117.  145  and  183  days. 


89  Days 

117  1) 

lys 

145  Days 

183  Days 

Size  (mm) 

Number 

r'c 

N 

urn  hi 

■r 

9c 

N 

umher 

% 

N 

umber 

% 

I7.S-26.4 

35 

27% 

15 

12% 

10 

8% 

7 

5% 

26.5-35.4 

36 

14% 

34 

13% 

25 

10% 

6 

2% 

3S.5_+4.4 

6 

13% 

3 

6% 

1 

2% 

0 

0% 

Total 

77 

IS-S^ 

52 

12% 

36 

8% 

13 

3% 

among  aiiimuls  placed  their  backs  on  the  wet  surface  and  the  other 
three  groups.  After  2  hours.  8()9f  of  the  snails  on  their  backs  in 
water  tuned  over  on  their  aperture  and  attached  themselves  to  the 
surface,  and  after  6  hours  86'/^  were  attaching.  From  the  96  snails 
placed  on  their  backs  on  the  wet  surface,  only  509c  were  attached 
after  4  hours.  After  4  hours  the  remaining  48  snails  received  a  few 
drops  of  seawater  on  the  operculum  and  the  animals  revived,  and 
after  6  hours  86';f  of  the  snails  were  found  attached  to  the  surface 
(Fig.  3).  This  result  shows  the  danger,  for  snails  lying  for  longer 
periods  in  the  dry  on  their  backs,  of  being  desiccated  (Fig.  3). 

We  determined  at  Playa  Cerritos  the  time  needed  for  reattach- 
ment of  snails  placed  with  the  aperture  down  and  in  water.  The 
average  time  for  reattachment  took  1 1.7  min  (SD  ±  13..^  min).  A 
result,  which  is  statistically  not  different  (P  <  0.05)  to  the  findings 
from  the  laboratory  tests  described  before. 

DISCUSSION 

The  recapture  rate  of  snails  placed  carefully  into  crevices  was 
astonishingly  low.  After  89  days  of  the  431  snails  only  18%  were 
recovered,  mainly  (27%)  from  the  smallest  size  class.  It  is  more 
likely  for  large  and  not  yet  attached  animals  to  be  swept  away  by 
strong  waves.  After  183  days  of  the  experiment  only  3%  of  the 
animals  (13)  were  recovered.  Wave-swept  shores,  like  the  inter- 
tidal  rocks  at  Playa  Cerritos.  are  physically  harsh  environments, 
and  only  crevices  give  the  snails  protection  from  not  being  washed 
away  by  high  impact  waves  during  high  tides.  P.  pansa  is  a  most 
spatially  restricted  species  and  over  75%  is  found  primarily  in 
crevices  (Garrity.  1984).  This  microhabital  is  important  in  reduc- 
ing temperature  and  water  loss.  P.  pciiisci  is  extremely  sensitive  to 


140  - 
120 


100  - 

I     80 

I     60 

40 

20 

0 


.  ab 


A  B  C  D 

Figure  2.  Average  time  needed  b\  /'.  pansa  snails  to  reattach  them- 
selves after  removal  to  the  surface.  A  =  .\perture  down  on  a  "el 
surface  (;i  =  94l.  B  =  Aperture  doMn  in  «ater  in  =  96).  C  =  Snails  (m 
the  back  of  the  sliell  on  a  wet  surface  (»  =  96).  I)  =  Snails  on  the  back 
of  the  shell  in  water  [n  =  96).  Columns  with  different  superscripts  are 
statistically  signincantly  different  (P  <  0,05),  Bars  represent  standard 
error. 


heat  and  desiccation  on  open  surfaces.  Animals  removed  from  the 
crevices  during  daytime  low  tides  reach  higher  tissue  temperatures, 
lose  more  mass  and  suffer  higher  mortalities  than  control  animals 
(Garrity  1984).  Removing  the  snails  carefully  from  the  surface  and 
replacing  them  afterwards  in  water  does  not  cause  mortalities 
(Naegel  2005).  This  finding  is  in  contrast  to  the  report  by  Castillo- 
Rodriguez  and  Amezcua-Linares  ( 1992)  who  blamed  the  mortali- 
ties on  the  brusque  removal  of  snails  from  the  crevices,  and  the 
bending  of  the  operculum  and  the  muscular  foot  for  the  extraction 
of  the  dye  precursors.  Acevedo-Garci'a  (1995)  mentioned  differ- 
ences in  the  way  commercial  "ink-collectors"  and  traditional  in- 
digenous people  remove  the  snails  from  the  crevices  in  the  rocks: 
not  to  harm  the  animals  the  indigenous  people  use  a  wooden  stick 
in  the  form  of  a  spatula,  the  "ink-collectors,"  however,  use  a  hook 
made  out  of  wire,  which  sometimes  breaks  the  shell.  Acevedo- 
Garci'a  (1995)  also  mentioned  the  different  methods  used  by  in- 
digenous people  and  commercial  "ink-collectors"  to  obtain  the  dye 
secretion.  To  stimulate  the  expulsion  of  the  "ink"  the  indigenous 
people  spit  and/or  blow  on  the  operculum,  in  contra.st  to  the  coin- 
mercial  "ink-collectors"  who  press  the  operculum  w  ith  the  thumb, 
which  causes  a  weakening  of  the  fixation  of  the  animals  to  the 
rocks,  from  where  they  can  easily  be  washed  away  by  the  strong 
waves.  Some  "ink  collectors"  place  the  snails  after  "milking"  to- 
gether with  their  "milk"  in  a  small  pot.  The  narcotizing  compounds 
in  the  "milk"  reduce  the  capability  of  the  snails,  after  their  release, 
to  attach  themselves  fast  enough,  and  consequently  are  in  danger 
of  being  washed  away. 

During  our  field  experiments  we  didn't  use  a  spatula  or  a  hook 
to  remove  the  snails  from  the  crevices  so  as  not  to  hurt  them.  We 
replaced  carefully  the  snails  again  in  crevices.  Despite  all  this  care 
the  recovery  rate  was  very  low. 

The  removal  and  the  "milking"  o\  the  purple  snails  cannot 
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Figure  3.  Time  needed  by  P.  pansa  snails  for  the  reattachment  to  the 
surface  after  removal.  .\  =  .Aperture  down  on  a  wet  surface.  B  = 
.\perture  down  in  water.  C  =  Snails  on  the  back  of  the  shell  on  a  wet 
surface.  D  =  Snails  on  the  back  of  the  shell  in  water. 
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alone  be  blamed  for  its  declining  population.  The  main  reason  is 
the  time  needed  for  reattachment  to  the  surface,  especially  when 
the  snails  are  placed  on  their  backs  and  in  dry  locations.  The 
attachment  of  the  snails  after  replacing  them  on  the  surface  takes 
too  long  and  does  not  prevent  them  being  washed  away  by  the 
incoming  tides.  The  period  from  "inilking"  until  the  attachment  is 
a  very  critical  phase  for  these  animals.  In  the  laboratory  tests  it 
took  2  hours  for  reattachment  for  50'/f .  and  six  for  80'/f  of  the 
animals  placed  on  the  back  and  on  a  wet  surface.  As  soon  as  the 
animals  are  attached  by  their  large  foot  muscle  to  the  surface  they 
are  relatively  safe  from  being  displaced.  Additionally  the  strong 
shell  gives  P.  pansa  protection  against  destruction  by  the  waves. 
The  removal  of  the  purple  snail  from  rocks  causes  a  never-before- 
experienced  situation  and  stress  to  the  snails.  Individuals  respond 
in  different  ways  by  needing  different  periods  for  reattachment  to 
the  surface.  The  careful  replacement  of  the  snails  after  their  re- 
moval from  the  rocks  with  the  aperture  down,  on  a  moist  surface 
or  even  in  water,  helps  them  to  recover  from  the  stress,  and  to 
reattach  themselves.  However,  even  under  the  most  careful  con- 
ditions of  replacement  some  snails  need  long  periods  before  reat- 
tachment and  are  in  danger  of  being  washed  away  during  the 
approaching  high  tides  with  their  high  impact  waves. 

Today's  commercial  "ink-collectors'"  work  under  piecework 
conditions:  the  larger  number  of  skeins  dyed  with  the  secretion  of 
the  snails  in  less  time  results  in  higher  profits,  but  also  inevitably 
in  a  larger  number  of  snails  "milked"  and  less  care  for  their  reat- 
tachment and  conservation  (Acevedo-Garcfa  \995).  In  the  past  a 
similar  situation  existed  in  Costa  Rica  where  the  indigenous  people 
had  to  fulfill  the  demands  for  "hilo  morado"  by  the  Spanish  ad- 


ministrators and  priests.  This  rush  of  work  often  results  in  the 
snails  not  being  removed  carefully  from  the  rocks,  not  "milked" 
with  care  and  at  the  end  are  left  exposed  to  the  strong  wave  actions 
of  the  sea  or  to  the  sun  thus  causing  the  death  of  the  animals. 
Additionally,  because  female  snails  reach  larger  sizes  than  males 
and  because  of  their  larger  size  expel  more  secretion,  they  are 
preferred  by  "ink"  collectors.  Furtherinore.  the  collection,  espe- 
cially of  larger-sized  purple  snails  as  a  special  food  for  foreigners, 
is  a  recent  development,  which  causes  a  reduction  in  recruitment 
and  a  decrease  in  the  snail's  population.  However,  not  only  the 
activities  of  collectors  of  the  purple  snail  but  also  the  increased 
effects  in  recent  years  of  water  containination  can  be  blamed  for 
the  decrease  in  snail  populations  (Castillo-Rodriguez  &  Amescua- 
Linares  1992). 

A  strict  enforcement  of  the  prohibition  of  collecting  P.  pansa  is 
needed  for  the  conservation  of  the  purple  snail,  yes.  even  the 
prohibition  to  remove  snails  from  the  crevices  of  wave  swept 
rocks.  Additionally  intensive  research  is  required  for  the  controlled 
reproduction  to  restock  over-exploited  areas. 
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ULTRASTRUCTURE  OP^  SPERMATOGENESIS  IN  THE  WHITE  CLAM  CHIONE 
CALIFORNIENSIS  (BRODERIP,  1835)  (MOLLUSCA:  PELECYPODA) 


ESPERANZA  ORTIZ-ORDONEZ,*"^*  ESTHER  URIA  GALICIA," 

ANGELICA  SILVA-OLIVARES,-  VICTOR  TSUTSUMI"  AND  MINEKO  SHIBAYAMA" 
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ABSTRACT  Although  studies  of  this  species  have  focu.sed  on  its  reproductive  cycle,  there  is  no  literature  available  on  the  ultra- 
structure  of  its  germ  cells.  This  study  consequently  aims  to  describe  the  latter  cells  as  well  as  the  shape  of  the  acrosome.  a  character 
that  may  be  of  help  in  the  taxonomic  allocation  of  species  of  this  family  or  other  bivalve  families.  Results  indicate  spermatogonia  have 
a  central,  spherical  nucleus  as  well  as  scattered  heterochromatin  granules  throughout  the  nucleoplasm.  Rough  endoplasmic  reticulum 
is  scarce,  but  the  cytoplasm  is  rich  in  mitochondria  and  disperse  glycogen  granules.  In  primary  spermatocytes,  heterochromatin  is  more 
highly  condensed  and  there  is  a  reduction  in  the  amount  of  cytoplasm  and  number  of  mitochondria  as  compared  with  spermatogonia. 
In  secondary  spermatocytes,  heterochromatin  is  present  in  peripheral  areas  of  the  nucleus,  forming  occasional  projections  towards  its 
center.  In  spermatids  chromatin  is  fully  condensed,  taking  up  the  entire  nucleus.  Mitochondria  increase  in  size  and  migrate  to  the  basal 
pole,  giving  rise,  along  with  the  centriole.  to  the  spermatozoon  neck.  In  spermatozoa,  the  nucleus  is  ovoid,  the  acrosome  is  round  and 
the  centriole  is  surrounded  by  four  mitochondria,  unlike  other  bivalves,  like  Amulani  nihcnuhna.  \\\  which  the  nucleus  is  reported  to 
be  round,  the  acrosome  is  pyramidal  and  there  are  five  mitochondria. 

KEY  WORDS:     while  clam.  Chiiiin:  spermatogenesis,  ultrastructure 


INTRODUCTION 

The  white  clam,  Chione  calitonuviisis  (Brdderip,  1S35)  is  a 
bivalve  mollusc  of  the  family  Veneridae,  a  group  regarded  as  a 
potential  fishery  and  aquaculttire  resource  (Baqueiro  I9S7).  One  of 
several  species  exploited  by  the  traditional  fishing  industry  along 
the  coasts  of  the  Sea  of  Cortez.  it  is  for  the  most  part  a  local  food 
item  (Baqueiro  1989).  The  reproductive  cycle  of  several  species  of 
the  genus  Chione  in  Mexico  has  been  described  previously. 
Garci'a-Dominguez  et  al.  (1993).  in  particular,  have  described  the 
gonadal  cycle  of  Cl^.  californiensis. 

The  ultrastructure  of  the  spermatozoa  has  been  described  in 
many  bivalve  genera,  such  as  Biiiuia  Candida  (Pasteels  &  Harven 
1962),  Hyriopsis  scldegelii  (Higushi  1964).  Turtonia  minuta 
(Ockelmann  1964).  Mytiliis  cdnlis  and  M.  perna  (Niijima  & 
Dan  1965.  Bourcart  et  al.  196.5).  Spisnia  sulidissima  (Longo  & 
Anderson  1969).  Corliiada  sandai  (Hachiri  &  Higashi  1970). 
Crassostrea  virginica  (Galtsoff  &  Philpott  I960.  Daniels  et  al. 
1973).  Bankia  spp.  (Popham  et  al.  1974).  Lyradus  spp.  and  Teredo 
spp.  (Popham  1974).  Ligumia  rostrala  (Trimble  &  Gaudin  1973). 
Niieiila  liartvigiana  (Popham  &  Marshall  Wll).,\uadara  trapezia. 
Anonna  deseripta.  Fiilvia  tennuieostate.  Myodtna  lirevis  and 
Notoeorlnda  viearia  (Popham.  1979). 

The  ultrastructure  of  the  different  germ  cells  occuning  during 
spermatogenesis  and  spermiogenesis  was  described  in  Anadara 
grano.sa  by  Suwanrajat  and  Pamrong  (1999)  and  by  Ortiz  et  al. 
(2003)  in  A.  tuliereitlosa.  Differences  were  found  as  to  number  of 
mitochondria  and  acrosome  shape.  Our  study  thus  aims  to  describe 
the  ultrastructure  of  these  cells  in  Cli.  californiensis,  a  factor  that 
may  help  significantly  to  improve  the  taxonomic  allocation  of 
different  bivalve  species. 


♦Corresponding  author.  E-mail:  perabiol@yahoo.com 


MATERIALS  AND  METHODS 

Male  specimens  were  collected  in  an  intertidal  coral  reef  lo- 
cated north  of  Ensenada  de  la  Paz.  a  coastal  lagoon  lying  southwest 
of  Bahi'a  de  la  Paz.  B.C.S..  Mexico,  at  24^06"  to  24°I0"N  and 
I10°I9"  to  II0"25"W.  Small  samples  of  gonad  tissue  were  re- 
moved and  fixed  in  2.5%  glutaraldehyde  in  seawater  with  a  pH  of 
8  for  48  h.  then  rinsed  with  2.5%  sodium  bicarbonate  and  postfixed 
with  osmium  tetroxide  for  I  h  (Buckland  et  al.  1986).  Dehydration 
was  done  in  three  10-min  shifts  with  different  concentrations  of 
ethanol.  followed  by  two  20-min  propylene  oxide  shifts.  Samples 
were  then  permeated  with  I ;  I  propylene  oxide/epoxy  and  embed- 
ded in  Epon  8 1 2.  Very  thin  70-nm  sections  were  obtained  and  set 
in  mesh  copper  grids.  These  were  treated  with  uranyl  acetate  and 
lead  citrate  to  enhance  contrast  and  later  examined  under  the  trans- 
mission electron  microscope  (Jeol-lOOSX). 

RESULTS 

The  first  germ  cells  to  mature  during  spermatogenesis  are  sper- 
matogonia, which  have  a  large  central  nucleus  and.  typically,  het- 
erochromatin granules  of  varied  size  scattered  throughout  the  nu- 
cleoplasm. The  cytoplasm  is  rich  in  mitochondria,  whereas  rough 
endoplasmic  reticulum,  found  near  the  nucleus,  is  scarce  (Fig.  I  A). 

Primary  spermatocytes  are  formed  by  mitosis  of  the  spennato- 
gonia.  The  nucleus  has  a  larger  amount  of  condensed  heterochro- 
matin. but  there  is  less  cytoplasm  and  fewer  mitochondria  than  in 
spermatogonia  (Fig.  IB).  Primary  spermatocytes  give  rise  by 
meiosis  to  secondary  spermatocytes.  Heterochromatin  is  charac- 
teristically more  condensed  in  the  latter,  migrating  to  peripheral 
areas  of  the  nucleus  (Fig.  IC). 

Spermatids  arise  from  secondary  spermatocytes,  which  have 
become  significantly  smaller.  There  is  less  cytoplasm  and  it  forms 
a  halo  around  the  nucleus.  Chromatin  takes  up  all  of  the  latter  and 
it  is  fully  condensed.  During  this  stage,  mitochondria  increase  in 
size  and  migrate  to  the  basal  pole  of  the  nucleus  (Fig.  ID). 
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Figure  1.  (A)  Spermatogonia.  Randomly  scattered  heterochromatin  (Hi.  Abundant  mitochondria  (arrows)  are  shown.  (B)  Primary  spermato- 
cyte. Condensed  heterochromatin  (H)  and  scarce  mitochondria  (arrows)  are  obser>ed.  (Cl  Secondary  spermatocyte.  Heterochromatin  is  localized 
peripherically  ( H )  and  mitochondria  (arrows)  are  shown.  (D)  Spermatid.  Chromatin  is  completely  condensed  (H)  and  mitochondria  are  increased 
in  size  (arrows).  Bar  =  0.5  uni. 


Lastly.  spei"mati(Js  undergo  a  complex  change  during  speniiio- 
genesis  giving  rise  to  spermatozoa,  which  display  three  I'egions: 
head,  middle  piece  and  tail.  The  head  is  formed  by  an  elongate 
nucleus  and  a  round  acrosojTia  (Fig.  2A).  The  neck  or  middle  piece 
contains  four  mitochondria  with  well-developed  cristae  arrayed  in 
a  circle  (Fig.  2B).  Central  to  the  four  mitochondria  lies  the  cen- 
triole.  which  gives  rise  to  the  nagellum.  The  latter  exhibits  the 
typical  axoneme  structure  of  nine  paired  peripheral  microtubules 
and  two  central  ones. 


DISCUSSION 

During  the  first  two  stages  of  spermatogenesis  involving  matu- 
ration of  the  spermatogonia,  in  the  course  of  formation  of  the 


primary  spermatocytes,  which  undergo  mitotic  multiplication  to 
give  rise  to  secondary  spermatocytes  and  during  meiosis  of  the 
secondary  spermatocytes  in  the  course  of  which  spermatids  arise, 
germ  cells  contain  a  large  central  nucleus  with  heterochromatin 
granules  of  varied  size  and  there  are  few  organelles.  In  spermatids, 
chromatin  is  fully  condensed  and  a  reduced  cytoplasm  forms  a 
halo  about  the  nucleus,  whereas  mitochondria  increase  in  size  and 
migrate  to  the  basal  pole  of  the  nucleus.  These  characters  are 
similar  to  those  reported  by  Suwanrajat  and  Pamrong  (1999)  in 
Anadara  granosa  and  Ortiz  et  al.  (2003)  in  A.  tuherculosa. 

During  spermiogenesis  the  name  given  to  the  last  stage  of 
spermatogenesis  spermatids  are  fully  transformed  to  give  rise  to 
spermatozoa.  Existing  characters  confirm  the  primitive  nature  of 
the  latter,  as  in  several  other  bivalves  with  external  fertilization 
(Franzen  1955). 


Ultrastructure  of  Spermatogenesis  in  White  Clam 
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Figure  2.  (A)  Spermatozoid.  Pyramidal  acrosome  (Ac),  centromere 
(*).  mitochondria  (arrows)  and  ilagcllum  )F)  are  shown.  (B)  Typical 
four  mitochondria  (arrows)  and  centromere  (*).  Bar  =  0.5  jini. 


The  acrosome  of  molluscs  varies  widely  us  to  size,  composi- 
tion, morphology  and  position  in  spermato/oa.  Arising  usually  in 
a  vesicle  derived  from  the  Golgi  body  (Popham  1979).  its  function 
is  to  dissolve  the  various  egg  layers  so  that  fusion  of  spermatozoon 
and  ovum  can  occur  (Colwin  &  Colwin  1967,  Franklin  1970, 
Longo  1973).  Cliione  califomiensis  has  a  round  acrosome,  unlike 
A.  liiheixulosa  where  the  latter  is  pyramidal  (Orti?  et  al.  2CK).3)  and /I. 
granosa  in  which  it  is  triangular  (Suwanrajat  &  Pamrong  1999). 

The  spermatozoon  nucleus  displays  great  morphological  diver- 
sity in  mollusc  species.  In  spermatozoa  of  a  primitive  type  the 
nucleus  may  be  spherical,  ovoid  or  conical  (Popham  1979).  Fran- 
zen  (1955.  1970)  mentions  this  structure  is  used  as  a  systematic 
character. 

Mitochondria  are  usually  spherical  in  shape  and  their  array  as 
spherical  masses  on  the  proximal  end  of  the  spermatozoon  head  is 
also  typical  of  species  with  external  fertilization.  Suwanrajat  and 
Parnrong  ( 1999)  say  the  number  of  mitochondria  may  be  species 
specific.  Five  mitochondria  are  present  in  A.  tuhercutosa  (Ortiz  et 
al.  2003)  and  four  in  Ch.  califomiensis.  confirming  the  fact  that 
this  may  be  a  species  specific  character. 

Axoneme  structure  of  the  flagellum  varies  little  in  bivalve  mol- 
luscs. It  is  comprised  of  a  central  pair  of  microtubules,  which  is 
suiTounded  by  nine  peripheral  pairs  (Ortiz  et  al.  2003).  This  con- 
curs with  our  observations  in  Ch.  califomiensis. 

We  may  conclude  from  this  that  the  spermatozoa  of  Chione 
califomiensis  exhibit  as  species  specific  characters  an  ovoid 
nucleus,  a  I'ound  acrosome  and  a  centriole  surrounded  by  four 
mitochondria. 
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OUT-CROSSING  AMONG  COMMERCIAL  STRAINS  OF  THE  NORTHERN  QUAHOG, 
MERCENARIA  MERCENARIA:  SURVIVAL,  GROWTH  AND  IMPLICATIONS  FOR 

SELECTIVE  BREEDING 
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ABSTR.ACT  Because  the  accumulation  of  inbreeding  within  hatchery-propagated  stocl<s  of  the  hard  clam.  Meicemiriu  mercemiria 
(Linnaeus.  1758).  could  result  in  reduced  growth  and  survival,  we  studied  the  potential  for  improving  performance  through  out-crossing 
among  existing  hatchery  strains.  We  produced  all  10  possible  out-crossed  combinations  among  5  strains  of  clams  as  well  as  all  5  pure 
parental  strains  simultaneously  in  the  hatchery  and  measured  their  size  at  the  time  of  metamorphosis  (the  spat  stage)  and  at  the  end 
of  a  nursery  period  in  mesh  bags  at  a  single  field  site  (the  seed  stage).  We  then  planted  replicate  plots  of  all  fifteen  strains  at  five  field 
sites  in  Virginia.  USA  encompassing  the  range  of  salinity  conditions  used  by  commercial  growers,  and  monitored  growth  and  survival 
for  two  growing  seasons.  We  found  significant  phenotypic  differences  among  strains  at  the  spat  and  seed  stage,  but  different  .strains 
performed  best  at  each  stage.  In  the  field  we  found  significant  site  effects,  strain  effects  and  strain-by-site  interactions,  but  there  was 
no  evidence  of  negative  correlations  in  performance  among  sites  indicating  strong  trade-offs  that  would  be  problematic  for  selective 
breeding.  Three  different  linear  contrasts  designed  to  compare  out-crossed  and  pure  strains  for  each  parental  stock,  test  for  nonadditive 
genetic  effects  within  each  pairing  of  different  parental  strains,  and  estimate  the  general  combining  ability  of  parental  strains  reveal  a 
complex  pattern.  We  found  both  inbreeding  and  oul-breeding  depression  depending  on  the  developmental  stage  of  the  clams  and  the 
parental  strain  examined.  Within  strain  crosses  generally  produced  larger  spat  but  smaller  seed.  Out-crossed  progeny  were  generally 
smaller  at  (he  spat  stage  than  the  average  of  their  parental  lines  hut  larger  at  the  seed  stage.  The  two  best  performmg  parental  strains 
had  significant,  positive,  general  combining  abilities,  whereas  this  measure  was  negative  for  the  two  worst  parental  strains.  In  the  field, 
mbrceding  depression  was  restricted  to  lines  that  showed  poor  pure  strain  performance,  and  these  strains  also  showed  poor  general 
combining  ability,  whereas  strains  with  good  pure  line  performance  showed  out-breeding  depression  and  good  general  combining 
ability.  Only  the  poorest  performing  pure  parental  lines  showed  non-additive  effects  when  we  compared  each  out-crossed  strain  to  the 
mean  of  its  parental  strains,  suggesting  that  heterotic  effects  are  unlikely  to  be  useful  for  selective  breeding.  Finally,  there  were 
significant  correlations  between  seed  measurements  and  field  performance  indicating  that  it  may  be  possible,  in  the  context  of  selective 
breeding  programs,  to  weed  out  inferior  strains  or  families  early  in  the  life  cycle. 

KEY  WORDS:     Merceiuiriu  mereeiiaria.  hard  clam,  nortiiern  quahog,  breeding,  genetics,  heterosis,  inbreeding 


INTRODUCTION 

On  the  eastern  coast  of  the  United  .States,  the  hard  shell  clam  or 
Noilheni  quahojz,  Mereeiiaria  nicrcciiaria  (L.),  is  the  most  valu- 
able aquaculltire  product  produced.  Wild  populations  historically 
supported  a  large  subsistence,  commercial  and  recreational  fishery, 
but  harvests  have  recently  declined  in  many  areas — probably 
caused  by  problems  with  water  quality  and  overharvesting.  On  the 
other  hand,  the  aquaculture  sector  of  the  hard  clam  market  has 
been  growing  rapidly  for  the  last  10-15  y  and  clams  are  now 
cultured  from  Massachusetts  to  Florida.  USDA  figures  indicate 
that  the  economic  value  of  the  clam  aquaculture  market  grew  from 
approximately  $5  million  in  1995  to  approximately  $38  million  in 
food  products  and  $1.2  million  in  seed  clams  in  1998  (Anony- 
mous. 2000). 

Despite  the  coast-wide  economic  importance  of  this  species 
and  the  clam  farming  industry,  there  have  been  relatively  few 
genetic  studies  of  M.  merceiuiria.  and  selective  breeding  and  do- 
mestication efforts  have  been  largely  limited  to  informal  programs 
of  mass  selection  conducted  by  commercial  seed  producers  with- 
out rigorous  genetic  analysis  (Gallivan  &  Allen  2000).  The  few 
genetic  data  available,  along  with  anecdotal  information  from 
growers  and  hatchery  operators,  indicate  that  traits  of  economic 
interest  such  as  sirowth  and  survival  are  heritable  in  hard  clams 
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(recently  reviewed  by  Hilbish  2001 ).  Chanley  (1960)  reported  that 
selection  was  able  to  improve  growth  in  a  population  started  from 
just  three  crosses.  Hadley  et  al.  (1991)  reported  a  wide  range  of 
heritability  estimates  for  growth  (0-0.43).  and  Rawson  and  Hilbish 
( 1990)  reported  a  heritability  of  0.37  for  growth  during  the  first  6 
mo  postspawning.  Commonly  cultured  strains  differ  markedly  in 
susceptibility  to  QPX  disease,  indicating  a  high  degree  of  genetic 
control  over  this  trait  as  well  (Ford  et  al.  2002.  Ragone  Calvo  & 
Burreson  2002.  Ragone  Calvo  et  al.  2003).  In  addition,  some  as- 
pects of  shell  coloration  appear  to  have  a  relatively  simple  genetic 
basis  (Chanley  1960)  All  indications,  therefore,  are  that  domesti- 
cation and  selective  breeding  of  hard  clams  could  result  in  marked 
improvement  of  economically  important  characters. 

Complicating  matters  for  would-be  shellfish  breeders  and  com- 
mercial growers  alike,  however,  is  the  finding  that  genotype  by 
environment  interactions  for  growth  and  survival  are  common  in 
bivalves,  including  M.  mereenaria  (Hilbish  et  al.  1993,  Newkirk 
1978b.  Rawson  &  Hilbish  1990.  Rawson  &  Hilbish  1991).  As  a 
consequence,  genotypes  that  pert'onn  well  in  one  environment  may 
perform  poorly  under  different  environmental  conditions,  and  it  is 
unclear  whether  "generalist"  genotypes  that  perforin  well  under  a 
wide  range  of  conditions,  such  as  those  found  in  Pacific  oysters 
(Langdon  et  al.  2003).  can  be  found  or  created  in  hard  clams.  In  the 
extreme  case,  genotype  by  environment  interactions  can  take  the 
form  of  strong  genetic  trade-offs  in  perfomiance  among  environ- 
ments such  that  good  performers  in  one  environment  are  neces- 
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sarily  poor  performers  in  others,  and  breeders  may  have  no  choice 
but  to  develop  environment-specific  selection  hnes. 

In  addition,  common  procedures  in  commercial  hatcheries  such 
as  mass  spawning  with  complete  mixing  of  gametes  for  fertiliza- 
tion and/or  mixing  of  groups  produced  through  more  controlled 
fertilization  procedures  combined  with  aggressive  sieving  and 
sorting  during  the  early  stages  (i.e..  larvae,  spat  and  seed)  are  not 
conducive  to  either  selective  breeding  or  the  conservation  of  ge- 
netic diversity  (Dillon  &  Manzi  1993,  Hadley  1993.  Newkirk 
1978a).  These  practices  contribute  to  high  variance  in  the  contri- 
butions of  individual  parents  to  the  breeding  population  through 
either  differential  fertilization  success,  larval  mortality,  or  fecun- 
dity and  can  lead  to  the  rapid  accumulation  of  inbreeding,  genetic 
drift,  and  low  effective  population  size  as  has  been  demonstrated 
in  Pacific  oysters  (Hedgecock  &  Sly  1990).  Unfortunately,  if  the 
limited  information  available  from  other  bivalve  species  can  be 
extended  to  hard  clams,  even  relatively  low  levels  of  inbreeding 
may  result  in  substantial  reductions  in  growth  and  survival  (Evans 
et  al.  2004).  Commercial-scale  hatcheries  are  typically  equipped 
with  a  relatively  small  number  of  very  large  tanks  for  larval  culture 
and  thus  are  poorly  equipped  to  prevent  inbreeding  beyond  at- 
tempting to  include  many  parents  in  the  hopes  that  few  are  related, 
and  balancing  the  genetic  contributions  of  parents  at  the  time  of 
fertilization  (M.  Camara  and  S.  Allen,  pers.  obs).  Unfortunately,  a 
recent  study  in  Pacific  oysters  (Taris  et  al..  2006)  found  that  in 
larval  cultures  consisting  of  a  mixture  of  families,  the  relative 
contributions  of  the  families  could  change  rapidly,  especially  if  the 
slow-growing  larvae  are  culled  thmugh  sieving.  In  addition,  these 
strategies  cannot  ameliorate  the  effects  of  even  infrequent  popu- 
lation bottlenecks,  and  as  a  result,  hatchery  strains  are  likely  to 
have  lower  genetic  diversity  and  be  more  inbred  than  wild  popu- 
lations as  has  been  found  in  unselected  hatchery  strains  of  the 
Suminoe  oyster.  Crassostreci  aricikeiisis  (Zhang  et  al.  2005)  and 
strains  of  the  Eastern  oyster.  Crasxo.streti  virgiiiicci  selected  tor 
disease  resistance  (Carlsson  et  al.,  in  review.  Hare  et  al.  2006) 
Thus,  out-crossing  among  genetically  distinct  strains  may  lead  to 
marked  improvement  in  performance  as  has  been  demonstrated  in 
other  bivalve  species  (Hedgecock  et  al.  2004.  Hedgecock  et  al. 
1996). 

As  a  first  step  toward  designing  and  implementing  a  genetically 
rigorous  domestication  and  selective  breeding  program  for  hard 
clams  at  the  Aquaculture  Genetics  and  Breeding  Technology  Cen- 
ter in  Gloucester  Point.  Virginia,  we  evaluated  the  perfomiance  of 
five  genetic  strains  that  are  used  extensively  by  commercial  clam 
growers  in  the  midAtlantic  region  of  the  USA,  both  as  within- 
strain  crosses  and  in  all  possible  pairwise  combinations.  Though 
we  have  no  pedigree  information  from  which  to  estimate  the  levels 
of  relatedness  among  the  parents  used  in  any  of  our  crosses,  indi- 
viduals from  the  same  strain  are  much  more  likely  to  be  related  to 
each  other  than  individuals  from  different  strains.  As  a  matter  of 
convenience,  therefore,  we  will  sometimes  refer  to  the  within- 
cross  strains  as  "pure  strains"  or  "inbred  strains"  and  the  among- 
strain  crosses  as  "hybrids"  or  "outbred"  lines.  We  deployed  all  15 
genetic  groups  across  a  range  of  environments  chosen  to  represent 
the  spectrum  of  conditions  under  which  hard  clam  aquaculture  is 
practiced  in  Virginia.  This  experimental  design  allowed  us  to  make 
comparisons  of  the  performance  of  pure  strains  to  each  other,  ot 
each  pure  strain  to  outcrosses  with  the  other  four  pure  strains,  of 
outcrossed  strains  derived  from  different  combinations  of  parental 
strains  and  of  outcros.sed  strains  to  predictions  based  on  additive 
inheritance  from  their  parental  strains.  In  addition,  we  were  able  to 


determine  if  these  relationships  were  stable  across  varying  envi- 
ronmental conditions.  Finally,  by  collecting  data  on  growth  and 
survival  at  several  stages  in  the  life  history,  we  could  evaluate  the 
strain-level  correlations  among  characters  and  the  stability  of  these 
correlations  across  environments,  to  address  questions  about 
whether  performance  in  the  field  was  predictable  from  data  gath- 
ered in  the  hatchery  or  nursery  phases  of  hard-clam  culture. 

MATERIALS  AND  METHODS 

Broodstock  Sources 

Researchers  in  Virginia  and  New  Jersey  (Ford  et  al.  2002. 
Ragone  Calvo  &  Burreson  2002.  Ragone  Calvo  et  al.  2003)  have 
found  marked  differences  in  QPX  resistance  among  strains  pro- 
duced in  different  regions  when  planted  in  cominon  garden  ex- 
periments. Therefore  we  selected  a  similar  array  of  stocks  for  our 
study.  However,  because  these  studies  found  that  the  Florida  stock 
they  tested  was  highly  susceptible  to  QPX.  and  because  this  find- 
ing resulted  in  a  ban  on  the  importation  of  clam  seed  from  slates 
south  of  Virginia  into  Virginia  waters  (http://www.mrc. Virginia 
.gov/regulation,s/fr754.shtm).  we  did  not  use  a  Florida  strain.  Clam 
stocks  were  obtained  from  Massachusetts  (MA),  New  Jersey  (NJ), 
and  South  Carolina  (SO,  and  two  from  Virginia  (KK  and  VA).  All 
strains  except  for  VA  were  obtained  from  commercial  hatcheries. 
The  VA  strain  was  the  product  of  eariy.  hut  limited,  domestication 
efforts  at  the  Virginia  Institute  of  Marine  Science  (VIMS)  led  by 
Michael  Castagna. 

Spawning,  Larval  Culture  and  Field  i\'ursery 

All  parental  animals  were  brought  to  the  VIMS  shellfish  hatch- 
ery in  Wachapreague,  Virginia  in  March  of  2000  and  brought  into 
reproductive  condition  by  holding  them  in  static  tanks  at  19°C  to 
23'C.  and  feeding  them  with  high  concentrations  of  a  mixed  diet 
of  3  species  of  cultured  algae  (Isochnsis  galbana.  Tetruselmis 
ciniii.  and  Clwetoceros  neogracilis).  Water  was  changed  three 
times  per  week.  A  few  animals  were  checked  weekly  for  gonadal 
development  and  gamete  maturity  by  opening  their  shells  and  ex- 
amining gametes  microscopically.  Feililization  is  external  in  M. 
mercenaria,  and  females  do  not  store  sperm.  Thus,  to  produce 
pairwise  matings  without  contamination  caused  by  having  males 
and  females  in  the  same  spawning  raceway,  we  first  determined 
the  sex  of  individual  animals  by  spawning  all  parents  on  30  March 
2(X)1  using  a  combination  fluctuating  temperature  (Hadley  et  al. 
1997)  and  the  addition  of  microwave-killed  sperm  to  the  spawning 
trays.  We  then  marked  each  animal  individually  and  recorded  its 
gender.  Males  and  females  were  subsequently  reconditioned  for 
spawning  in  separate  tanks  using  the  same  methods  as  mentioned 
eariier.  On  May  17,  2001,  we  respawned  males  and  females  in 
separate  raceways  using  the  same  techniques  as  mentioned  earlier. 

We  first  obtained  gametes  from  each  of  the  parents  in  separate 
containers.  To  accomplish  this,  at  the  first  sign  of  spawning,  in- 
dividual parents  were  removed  from  the  spawning  raceway,  rinsed 
several  times  with  filtered  seawater,  and  placed  in  individual  bea- 
kers filled  with  filtered  seawater  where  they  continued  to  release 
gametes.  Males  that  refused  to  release  sperm  were  strip-spawned 
by  opening  their  shells,  lacerating  the  gonads  with  a  scalpel,  and 
rinsing  sperm  into  beakers  with  filtered  seawater.  We  then  com- 
bined eggs  and  sperm  to  produce  the  desired  crosses  among  indi- 
viduals. 

To  ensure  that  all  groups  were  as  representative  as  possible  of 
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their  parent  strains,  and  that  the  initial  contributions  of  parents 
were  reasonably  balanced,  we  attempted  to  produce  20  full-sib 
families  nested  within  each  pure  strain  and  hybrid  cross  at  the  time 
of  fertilization  and  combined  them  one  hour  later.  Gametes  from  as 
many  as  10  males  and  10  females  from  each  parental  strain  were 
collected  individually  as  described  above.  The  eggs  from  each 
female  were  divided  into  six  equal  aliquots:  one  aliquot  for  each  of 
the  four  hybrid  groups  involving  that  stock  and  two  aliquots  for 
within-strain  crosses.  Each  aliquot  was  fertilized  with  sperm  from 
a  different  male  from  the  appropriate  strain  to  produce  full-sib 
families.  For  the  hybrid  groups  the  different  males  from  each  of  the 
two  parental  strains  were  randomly  paired  with  an  equal  number 
females  from  the  other  strain.  The  outbred  strains  were  thus  rep- 
resented by  up  to  20  full-sib  families  derived  from  a  total  of  up  to 
40  parents.  Half  of  these  families  paired  males  from  one  parental 
strain  with  females  from  a  second  strain,  and  half  paired  females 
from  the  first  strain  with  males  from  the  second.  For  the  fi\e  pure 
strains,  the  crosses  were  slightly  different.  Because  the  number  of 
parents  within  each  strain  was  limited,  we  used  each  male  and 
female  as  parents  for  two  different  full-sib  families.  That  is.  sperm 
from  each  of  the  males  was  used  to  fertilize  aliquots  of  eggs  from 
twii  different  females.  As  a  result,  the  up  to  20  full-sib  families 
within  the  five  pure  strain  crosses  are  actually  a  mi.xture  of  full  and 
half-sib  families  derived  from  of  a  total  of  up  to  20  parents,  each 
of  which  contributed  to  two  single-pair  crosses.  After  fertilization 
was  complete,  all  of  the  families,  representing  each  pure  or  hybrid 
strain,  were  pooled  to  fomi  15  groups  representing  all  possible 
combinations  of  the  five  parental  strains.  For  two  of  our  parental 
strains,  we  were  unable  to  spawn  20  parents.  Specifically  we  used 
only  eight  males  and  eight  females  from  the  SC  stock,  and  only 
tlve  males  and  fi\e  females  from  the  VA  stock. 

Each  of  the  resulting  15  pooled  cultures  was  then  split  into  two 
200  L  static  larval  rearing  tanks,  each  containing  appro.Kimately 
1 .5  million  fertilized  eggs  to  ensure  against  the  loss  of  cultures  and 
to  distribute  each  group  across  potential  environmental  gradients 
in  the  hatchery.  Tanks  were  maintained  at  25-C  and  the  dexeloping 
larvae  were  fed  cultured  Isochrysis  )>ulhaiia  twice  daily  until  meta- 
morphosis. 

After  setting,  seed  from  the  two  larval  tanks  for  each  cross  were 
pooled,  and  we  reared  the  juveniles  first  in  downwellers  and  then 
in  upwellers  in  an  outdoor  nursery  system  supplied  with  unfilteied 
seawater  from  the  estuary  at  Wachapreague.  VA.  On  July  20, 
2001,  when  the  seed  clams  had  reached  about  3-5  mm  in  shell 
length,  they  were  transferred  to  fine  mesh  spat  bags  and  deployed 
on  the  bottom  of  Cherrystone  Creek.  VA  until  October  10.  2001 
when  they  had  reached  about  10  mm  in  shell  length.  At  this  point, 
the  spat  bags  were  retrieved  and  the  animals  from  each  group  were 
divided  into  15  aliquots  of  1,250  animals  each  as  estimated  volu- 
metrically  based  on  group-specific  determinations  of  volume/ 
count  relationships.  Poor  survival  to  this  point  of  the  VA  x  VA  line 
permitted  only  9  aliquots. 

Field  Sites  and  Grow-out 

We  then  deployed  the  animals  at  5  field  sites  chosen  to  repre- 
sent the  range  of  conditions  used  by  commercial  clam  growers  in 
Virginia.  Site  locations  are  shown  in  Figure  1  and  include  two  high 
salinity  "sea-side"  locations  in  estuaries  on  the  eastern  side  of  the 
Delmarva  peninsula  (Quinby  and  Wachapreague  Inlet),  two  mid- 
salinity  sites  in  the  lower  Chesapeake  Bay  (Hungar's  Creek  and 
York  River),  and  one  low  salinity  site  (North  River).  The  two 


Figure  1.  Map  shoHlng  the  locations  of  the  five  field  sites  in  the  \  ir- 
ginia  portion  of  the  Chesapeake  Bay. 

seaside  sites  experience  high  and  stable  salinity  generally  between 
,^0%t  and  35%<.  Salinity  at  the  York  River  and  Hungar's  Creek 
sites  varies  seasonally  from  a  low  of  about  I2%r  in  spring  to  nearly 
25^f  in  fall/winter,  (http://www.vims.edu/data_archive/pier/figs/ 
others.html#sal).  The  North  River  site  is  even  more  variable.  Sa- 
linities at  this  site  be  as  low  as  09?f  after  severe  rain  events  and  as 
high  as  25%c  during  extended  droughts  (K.  Kurkowski.  pers. 
comm.)  At  each  site,  we  planted  three  replicate  1.52  m  x  1.52  m 
plots,  each  seeded  with  1,250  animals  that  had  been  previously 
aliquoted  with  the  exception  of  the  pure  VA  line,  which  was  not 
planted  at  the  Hungar's  Creek  and  North  River  sites.  The 
Wachapreague  site  was  planted  on  October  1 1 .  Quinby  on  October 
12.  North  River  on  October  15  and  Hungar's  Creek  and  York 
Ri\er  on  October  16.  The  45  plots  at  each  site  were  arranged  in  a 
rectangular  grid  in  a  completely  randomized  design  with  plots 
separated  by  0.91  m.  Each  plot  was  covered  with  6.5  mm  plastic 
mesh  to  exclude  predators,  and  the  mesh  was  held  in  place  by 
lengths  of  steel  concrete  reinforcement  bar  pressed  into  the  sub- 
strate at  the  edges  of  the  plots  as  is  typical  for  commercial  clam 
culture  in  Virginia.  Plots  were  visited  regulariy  to  clean  and  main- 
tain the  predator  exclusion  nets,  especially  after  damaging  winter 
storms. 

Sample  and  Data  Collection 

Samples  of  spat  and  seed  were  collected  and  preserved  in  etha- 
nol  at  2  stages  in  the  process:  ( I )  at  the  end  of  the  nursery  stage 
when  the  animals  were  transferred  to  fine  mesh  bags  in  the  field, 
hereafter  referred  to  as  "spat"  and  (2)  at  the  time  of  field  planting, 
hereafter  referred  to  as  "seed."  We  measured  the  size  of  spat  using 
image  analysis.  Approximately  100  randomly  selected  spat  from 
each  group  were  spread  so  that  no  two  were  in  contact  with  each 
other  in  a  clear  plastic  150  mm  diameter  Petri  dish  placed  on  a 
light  table  and  photographed  using  a  digital  camera  mounted  in  a 
copy  stand.  To  minimize  parallax  error,  we  positioned  the  camera 
approximately  60  cm  abo\e  the  dish  and  used  the  camera's  zoom 
lens  feature  to  fill  the  frame  rather  than  placing  the  camera  close 
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to  the  dish.  A  ruler  was  included  in  the  frame  for  calibration. 
Because  of  their  bilaterally  symmetric  shape,  all  spat  naturally 
assume  the  same  position  with  one  valve  on  the  surface  of  the  dish 
and  the  other  facing  the  camera.  We  then  used  SigmaScan  Pro 
image  analysis  software  (SPSS  Inc.)  to  quantify  the  area  presented 
to  the  camera  in  mm"  by  each  of  the  spat  in  the  digital  image.  For 
seed,  we  measured  the  shell  length  and  shell  width  of  a  random 
sample  of  20  animals  from  each  group  to  the  nearest  0.01  mm 
using  digital  calipers.  Shell  length  was  defined  in  this  study  as  the 
longest  dimension  of  the  whole  animal  in  anterior-posterior  direc- 
tion. Shell  width  was  the  longest  dimension  of  the  whole  animal  in 
the  lateral  dimension.  We  did  not  measure  shell  height  (the  longest 
dimension  in  the  dorsal-ventral  dimension). 

Once  the  animals  were  planted  in  the  field,  we  collected 
samples  from  the  plots  in  the  Autumn  (Oct/Nov)  of  each  year  of 
the  study  (2002  and  2003).  At  each  sampling  date,  we  removed  the 
net  from  each  plot  and  removed  4  randomly  located  10.2  cm 
diameter  x  25  cm  deep  cores  of  sediment  and  all  of  the  animals 
they  contained.  We  sieved  each  of  the  cores  in  the  field  through  6.5 
mm  mesh  and  all  live  animals  and  empty  shells  were  collected  and 
counted  to  estimate  the  number  of  live  clams  in  the  plot.  If  we 
collected  fewer  than  20  animals  in  the  core  samples  from  any  plot. 
we  randomly  collected  more  animals  from  that  plot  until  we  had 
collected  20  live  animals  for  size  measurements.  We  then  brought 
all  the  live  animals  and  shells  back  to  the  laboratory  and  measured 
their  shell  length  and  shell  width  to  the  nearest  0.01  mm  using 
digital  calipers. 

Statistical  Analyses 

All  statistical  analyses  were  conducted  using  SAS  version  8 
(SAS,  2000).  We  first  examined  the  frequency  distributions  and 
normal  probability  plots  for  all  of  our  measurement  data  and  found 
no  marked  departures  from  normality.  We.  therefore  tested  for 
overall  differences  among  the  genetic  groups  in  the  size  of  spat  and 
seed  using  1-way  analysis  of  variance  (ANOVA)  with  group  as  the 
single  fixed  factor  with  15  levels  and  spat  area,  seed  shell  length 
and  seed  shell  width  as  response  variables.  In  these  analyses,  we 
u.sed  the  among-individuals  residual  mean  square  as  the  eiTor  term 
in  hypothesis  tests  because  mixing  the  two  larval  cultures  at  meta- 
morphosis made  them  effectively  unreplicated. 

We  followed  these  ANOVAs  with  three  sets  of  linear  contrasts. 
The  first  .set  of  contrasts  compared  the  mean  of  each  of  the  fi\e 
pure  strains  to  the  pooled  mean  of  the  other  four  outbred  strains  in 
which  it  was  represented  as  a  parent.  We  refer  to  these  as  "pure 
versus  hybrid"  contrasts.  The  second  set  of  contrasts  ignored  the 
pure  lines  altogether  and  for  each  of  the  five  parental  strains, 
compared  the  mean  of  the  four  hybrid  strains  to  which  it  contrib- 
uted to  the  mean  of  all  10  outbred  lines.  These  contrasts  estimate 
the  average  impact  of  each  parental  stock  on  the  performance  of 
hybrid  progeny,  typically  referred  to  as  "general  combining  abil- 
ity" in  analyses  of  within-population  genetic  variation  (Falconer  & 
Mackay  1996).  We  refer  to  these  contrasts  as  general  combining 
ability  contrasts  even  though  our  experiment  involves  crosses 
within  and  among  outbred  stocks  rather  than  the  more  typical 
inbred  lines  or  individual  genotypes.  The  third  set  of  contrasts  tests 
for  nonaddilive  contributions  of  the  pure  parental  strains  (i.e., 
dominance  and  epistasis  [Falconer  &  Mackay  1996])  in  outcrossed 
hybrids  by  comparing  each  of  the  10  outbred  strains  to  the  mean  of 
the  two  inbred  strains  from  which  it  was  created.  For  brevity,  we 
refer  to  these  as  "mid-parent"  contrasts  e\en  though  we  did  not 


collect  any  data  on  the  actual  parents  but  rather  on  the  pure  pa- 
rental strains  reared  simultaneously. 

Unlike  the  larval  and  nursery  stages,  each  strain  was  planted  in 
replicated  plots  at  all  sites  in  the  field  (with  the  previously  noted 
exception  that  the  VA  pure  line  was  not  planted  at  two  of  the  five 
sites).  We  therefore  tested  for  differences  among-sites  and  groups 
in  survival  (quantified  as  the  number  of  live  animals  collected  in 
the  core  samples)  and  both  of  the  si/e-at-age  measurements  using 
2-way  ANOVA.  The  linear  model  included  fixed  effects  of  site 
and  group,  site-by-group  interaction  and.  except  for  survival 
(which  can  only  be  measured  on  entire  plots)  a  random  effect  of 
plot  nested  within  site/group  combinations.  We  also  tested  for 
differences  between  pure  and  hybrid  strains  within  each  of  the  sites 
using  the  same  three  sets  of  contrasts  as  earlier  mentioned  follow- 
ing separate  I -way  analyses  of  variance  for  each  site  with  group  as 
the  only  factor. 

To  address  whether  significant  site-by-group  interactions  take 
the  form  of  strong  trade-offs  such  that  groups  that  perform  well  in 
one  site  tended  to  perform  poorly  in  other  sites,  we  tested  all 
possible  pair-wise  correlations  between  the  group  means  among 
sites  with  the  expectation  that  trade-offs  would  manifest  them- 
selves as  significant  negative  correlations. 

Finally,  because  we  wanted  to  determine  if  performance  in  the 
field  was  predictable  from  data  collected  in  the  hatchery  or  spat 
bag  stage  of  culture,  we  tested  for  correlations  between  the  group 
means  for  spat  area  and  seed  length  at  planting  and  the  group 
means  for  survival  and  shell  si/.e  measurenienls  at  each  of  the  field 
sites. 

RESULTS 

Hatchery/Nursery  Characters:  Spat  and  Seed  Size 

There  were  significant  overall  differences  among  the  15  genetic 
groups  in  both  the  mean  size  of  spat  as  measured  by  their  areas  and 
the  mean  size  of  seed  as  measured  by  shell  length  and  shell  width 
(Table  la).  Looking  first  at  the  spat  area  data,  an  examination  of 
Figure  2a  reveals  that  immediately  post  metamorphosis,  the  pure 
NJ  X  NJ  line  produced  much  larger  spat  than  any  of  the  other 
groups,  that  the  KK  x  KK  and  MA  x  MA  pure  lines  are  larger 
(though  less  dramatically)  than  the  others,  and  that  all  of  the  out- 
crossed  lines  that  have  the  KK  strain  as  one  parent  tend  to  be 
slightly  larger  than  the  remaining  groups.  The  pure  versus  hybrid 
contrasts  (Table  lb)  show  significant  positive  effects  on  spat  area 
of  crossing  within  strains  (or  conversely  negative  effects  of  out- 
crossing) for  the  KK.  MA  and  NJ  lines,  no  effect  for  the  SC  line, 
and  a  significant  negative  effect  of  inbreeding  for  the  VA  line.  The 
general  combining  ability  contrasts  (Table  Ic)  show  that  the  KK- 
containing  hybrid  lines  produce  significantly  larger  .spat  than  the 
average  outcrossed  strain,  consistent  with  the  observation  earlier 
that  lines  with  a  KK  parent  are  larger  at  the  spat  stage  than  others 
(Fig.  2a).  In  contrast,  out-breeding  the  MA  and  VA  lines  to  pro- 
duce hybrids  resulted  in  significantly  smaller  spat  than  the  average 
outbred  group  as  indicated  by  significant  negative  parameter  esti- 
mates in  the  general  combining  ability  contrasts,  and  hybrid  lines 
that  include  the  NJ  or  SC  line  as  one  parent  do  not  differ  from  the 
mean  of  all  outbred  groups  at  the  spat  stage  (Table  Ic). 

Because  seed  shell  length  and  seed  shell  height  were  highly 
correlated  (r  =  0.995.  data  not  shown),  and  produced  essentially 
identical  statistical  results,  we  present  results  for  seed  shell  length 
only.  There  are  significant  differences  among  the  15  genetic 
groups  in  an  overall  analysis  (Table  la),  but  these  effects  are  less 
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TABLE  1. 

Analysis  of  variancu  results  for  spat  and  seed  measiiremenls.  A. 

Overall  tests  of  lietero);enelt>  of  means  of  the  15  jjenetic  groups 

produced.  B.  Parameter  estimate  and  sinnilleance  tests  of  linear 

contrasts  comparing  the  mean  of  each  pure  strain  to  the  mean  of 

the  four  hybrid  strains  to  which  it  contrihuted.  Positive  parameter 

estimates  indicate  that  pure  lines  were  superior  to  hybrid  lines.  C. 

Parameter  estimates  and  significance  tests  of  linear  contrasts 
comparin|>  the  mean  of  the  four  hybrid  groups  that  ha\e  the  focal 
group  as  one  parent  to  the  mean  of  all  10  hybrid  groups  produced. 
Positi>e  parameter  estimates  indicate  that  the  focal  line  for  a  given 

contrast  tended  to  produce  superior  progeny.  I).  Parameter 

estimates  and  significance  tests  of  linear  contrasts  comparing  each 

hybrid  group  to  the  mean  of  its  two  pure  strain  parental  groups. 

Positive  parameter  estimates  indicate  that  hybrid  strains  performed 

better  than  the  average  of  the  two  parental  stocks. 


A.  Spat  Area 


A.  Overall  ANOVA  results 

Spat  area 
F  P 

Group  69.75  *** 

B.  Pure  vs.  hybrid  contrasts 

Piirameter  P 

Parent  strain 

KK  1.39  *** 

MA  2.62  *** 

NJ  6.38  *** 

SC  0.19  ns 

VA  -1.97  *** 

C.  General  combining  ahilitv  contrasts 


Parameter 

0.89 
-0.43 

0.07 
-0.02 

-1.97 


Parent  strain 
KK 
MA 
NJ 
SC 
VA 

D.  Mid-parent  vs.  out-crossed  contrasts 

Parameter 
Hybrid 

KK  X  MA  -3.55  * 

KK  X  NJ  -5.62  * 

KKxSC  -0.31 

KKxVA  1.22 

MAxNJ  -8.21 

MA  X  SC  -3.87 

MA  X  VA  -3.02 

NJxSC  -7.61 

NJ  X  VA  -5.95 

SCxVA  2.51 


*** 
ns 
ns 


ns 
ns 


Seed  length 
F 

24.54 

Parameter 

-0.95 
-1.54 
0.06 
-0.72 
-2.95 

Parameter 

0.32 
-0.46 

0.16 

0.60 
-0.62 

Parameter 

2.51 
1.08 
1.80 
5.18 
0.64 
4.16 
1.10 
2.37 
2.63 
2.92 


P 


ns 


ns 


ns 

ns 

*** 


B  Shell  Length  of  Seed 


ns  =  not  significant. 


P  <  0.05; 


=  p <om:  ***  =  p <Q.oo\. 


Parent  Stf»" 


Figure  2.  Size  measurements  for  spat  and  seed.  \.  Spat  area  for  all  15 
possible  combinations  of  the  5  parental  stocks.  B.  Seed  shell  length. 


attributable  to  the  differences  seen  for  the  NJ.  KK  and  MA  pure 
lines  spat  area  data.  Rather,  the  most  obvious  patterns  are  thai  all 
groups  that  have  either  a  KK  or  SC  parent  lend  to  produce  larger 
seed  than  those  that  do  not  (Fig.  2b).  The  general  combining  ability 
contrasts  among  outbred  strains  (Table  Ic)  confirm  this.  Seed  from 
KK-  and  SC-containing  hybrid  lines  were  significantly  larger  than 
the  average  outbred  strain,  and  MA-  and  VA-containing  outbred 
lines  were  significantly  smaller.  Contrasts  comparing  the  pure  ver- 
sus hybrid  progeny  of  each  parental  strain  (Table  lb)  show  sig- 
nificant inbreeding  depression  of  seed  shell  length  in  the  KK.  MA. 


VA  and  SC  lines,  but  these  effects  are  much  stronger  in  the  VA 
and  MA  lines  than  in  the  K  and  SC  strains.  There  were  no  sig- 
nificant effects  of  inbreeding  on  seed  size  in  the  NJ  line. 

The  midparent  contrasts  (Table  Id)  for  spat  area  show  signifi- 
cant negative  effects  for  7  of  the  10  hybrid  lines  indicating  that 
out-crossed  spat  are  typically  smaller  than  the  average  of  their 
parental  stocks.  There  was  also  one  significant  positive  effect  and 
two  of  these  contrasts  were  nonsignificant.  For  seed  shell  length, 
seven  of  the  possible  contrasts  are  significant.  All  of  these  signifi- 
cant tests  have  positive  parameter  estimates  indicating  that  at  the 
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TABLE  2. 

Overall  analysis  of  variance  results  for  field  measurements  in 

Autumn  2002  and  Autumn  2003  testing  for  heterogeneity  of  means 

of  the  15  genetic  groups  produced  and  group-bv-site  interactions. 


Autumn  2002 

Autumn  2003 

#  Live 

Length 
F           P 

#  Live 

Length 

F 

P 

F       P 

F         P 

Site 

.^.'^.IS 

*** 

142.04 

^:  ':■  -.;- 

3.97 

63.01     *** 

Group 

3.59 

*** 

32.49 

'^-^■^ 

1 .94      * 

22.62     *** 

Site  *  Group 

0.86 

ns 

1.44 

* 

1.01      ns 

1.4        ns 

Plot  (Site  *  Group) 

— 

— 

3.74 

;i::i"l- 

—      — 

3.65     *** 

ns  =  not  significant 

*  = 

P  <  0.05.  **  = 

P  < 

0.01.  ***  = 

=  /><  0.001. 

—  =  not  testable. 

seed  stage,  most  hybrid  crosses  are  larger  than  expected  by  addi- 
tive contributions  of  the  two  parental  strains. 

Field  Characters:  Size-al-Age  and  Survival 

The  overall  analy.ses  of  variance  for  the  survival  and  size-at-age 
measurements  (Table  2)  reveal  that  mean  survival  and  shell  length 
in  the  field  differed  significantly  among  field  sites  and  among 
genetic  groups  at  the  Autumn  2002  and  Autumn  2003  samplings. 


For  shell  length  in  Autumn  2002  there  was  also  a  significant  in- 
teraction effect  between  site  and  group  but  not  for  survival  in 
either  year  or  shell  length  in  2003.  An  examination  of  the  pattern 
of  survival  in  the  field  among  sites  reveals  that  the  site  effects  on 
survival  in  2002  (Fig.  3)  are  largely  caused  by  much  higher  sur- 
vival at  the  Wachapreague  site  than  all  other  sites  and  lower  sur- 
vival of  all  groups  at  the  Hungar's  Creek  and  Quinby  sites, 
whereas  by  2003  the  number  of  survivors  is  highest  at  the  Quinby 
site  (Fig.  4).  It  should  be  noted,  however,  that  these  data  have  some 
limitations.  Our  cores  samples,  for  example,  captured  more  live 
animals  in  2003  than  in  2002  at  the  Quinby  site.  One  possible 
explanation  is  that  the  soft,  muddy  bottom  at  the  Quinby  site 
caused  us  to  under  satnple  these  plots  in  2002  because  the  clams 
were  deeper  than  our  core  samples.  This  is.  however,  very  unlikely 
to  have  been  a  problem  at  other  sites  where  the  bottom  was  firm 
sand. 

For  shell  length  in  the  field  (Fig.  .5  and  Fig.  6),  the  signiticaiit 
main  effect  of  sites  is  largely  driven  by  the  larger  size  of  animals 
at  the  York  River  site  and  smaller  size  in  Hungar's  Creek  in  2002. 
In  2003,  site  effects  are  less  dramatic,  partly  owing  to  the  loss  of 
the  York  River  site  to  Hunicane  Isabel,  but  animals  at  the  Quinby. 
Wachapreague  and  Hungar's  Creek  sites  are  clearly  larger  overall 
than  at  North  River. 

Pure  versus  hybrid  contrasts  for  each  parental  strain  at  each  of 
the  5  sites  (Table  3a)  reveal  mixed  effects.  The  KK  strain  showed 
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Figure  3.  Survival  at  the  Fall  2002  sampling  date  of  all  possible  combinations  of  the  5  parental  stocks  at  each  of  the  5  field  sites  as  represented 
by  the  number  of  live  animals  collected  in  the  tour  core  samples. 
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Figure  4.  Sur\ival  at  the  Fall  2003  sampling  date  of  all  possible  combinations  of  the  5  parental  stocks  at  each  of  the  5  field  sites  as  represented 
by  the  number  of  live  animals  collected  In  the  four  core  samples  collected. 


no  significant  comparisons.  In  conliast.  the  MA  line  shows  a  wide 
array  of  effects  caused  by  crossing  within  the  strain.  When  crossed 
with  itself,  the  MA  line  shows  higher  survival  at  the  York  River 
site  and  reduced  shell  length  at  all  sites  except  for  Hungar's  Creek 
in  20(12.  In  2003.  pure  strains  of  the  MA  line  produced  signifi- 
cantly higher  survival  at  the  Hungar's  Creek  site  accompanied  by 
reduced  shell  length  at  all  sites.  The  NJ  line  shows  no  significant 
effects  of  inbreeding  on  any  of  our  measurements  at  any  of  the 
sites  in  either  year.  Pure  SC  stocks  were  significantly  larger  in 
200.3  at  the  North  River  site,  but  there  were  no  other  differences. 
The  VA  line  showed  the  most  dramatic  effects  of  crossing  within- 
strain.  with  negative  impacts  at  all  sites  where  it  was  planted  in 
both  years  except  for  survival  in  2002  at  the  York  River  site  and 
in  2003  at  Wachapreague.  All  in  all.  the  2002  field  data  produced 
10  significant  pure  versus  hybrid  contrasts  out  of  a  total  of  46 
possible  tests,  and  of  these  10.  only  1  is  positive  indicating  better 
survival  of  the  MA  pure  strain  relative  to  its  hybrids  lines  at  the 
York  River  site  and  9  are  negative  indicating  inferior  growth  or 
survival  in  the  pure  MA  and  VA  lines  at  multiple  sites.  In  2003. 
however,  of  the  36  possible  comparisons  (owing  to  the  destruction 
of  the  York  River  site),  2  show  significant  positive  effects  of 
within-line  crossing  (for  survival  of  the  MA  line  at  the  Hungar's 
Creek  site  and  shell  length  of  the  .SC  line  at  the  North  River),  and 
7  are  negative.  Of  these  7  all  are  in  the  MA  and  VA  lines  and  6 
indicate  inferior  growth  of  pure  crosses. 

Comparing  general  combining  abilities  reveals  strong  differ- 


ences in  the  pattern  of  significance  among  the  parental  lines  (Table 
3b).  Groups  with  one  KK  parent  are  generally  not  significantly 
different  from  the  average  outbred  strain  at  any  site  except  for 
enhanced  survival  at  the  Quinby  site  in  2002  (Note,  however,  that 
this  is  the  site  where  survival  estimates  are  most  suspect  because 
of  possible  limitations  of  our  sampling  technique  in  the  muddy 
substrate).  Stocks  with  one  MA  parent  survive  in  numbers  equal  to 
the  average  hybrid  strain  in  both  years,  but  are  smaller  at  all  sites 
in  2002  and  at  the  North  River  site  only  in  2003.  The  NJ  stock 
shows  no  significant  general  combining  ability  for  any  of  the  traits 
we  measured.  The  SC  parental  stock  shows  no  general  combining 
ability  for  survival,  but  outbred  strains  with  one  SC  parent  are 
larger  at  all  sites  in  both  years.  Stocks  containing  the  VA  parental 
line  had  lower  than  average  survival  until  2003  at  the  Quinby  site 
and  were  smaller  than  the  average  outbred  strain  in  both  years  with 
the  exception  of  the  Wachapreague  site  in  2003. 

The  midparent  contrasts,  evaluated  separately  at  each  site  also 
show  mixed  effects  (Table  3c).  For  survival  until  Autumn  2002. 
only  4  of  the  possible  42  contrasts  are  significant,  with  2  being 
negative  and  2  positive.  In  the  autumn  of  2003.  of  the  28  estimable 
contrasts  only  I  shows  a  significantly  positive  nonadditive  effect 
on  survival.  Many  more  of  these  contrasts  are  significant  for  shell 
length,  with  15  of  42  significant  in  2002.  and  5  significant  in  2003. 
In  2002  and  2003.  all  of  the  significant  contrasts  for  shell  length 
are  positive,  indicating  that  when  these  contrasts  are  significant, 
hybrid  progeny  are  larger  than  expected  from  additive  contnbu- 
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Figure  5.  Shell  length  (largest  dorso-^entral  dimension)  at  the  Fall  2002  sampling  date  of  all  possible  combinations  of  the  5  parental  stocks  at 
each  of  the  5  field  sites. 


tions  of  parental  strains.  Further  nearly  all  of  the  significant  con- 
trasts involve  either  the  VA  or  MA  parental  lines  as  parents  with 
the  only  exceptions  being  a  significant  positive  effect  on  length  for 
the  NJ  X  SC  cross  at  the  North  River  site  in  both  years. 

Table  4  shows  the  group-level  among-site  coiTelations  for  sur- 
vival and  shell  length  in  both  Autumn  2002  and  Autumn  2003.  The 
survival  data  {Table  4a)  produced  only  one  statistically  significant 
correlation,  a  positive  relationship  between  survival  at  the 
Wachapreague  and  York  River  sites  in  2002  (note,  however,  that 
the  York  River  site  was  destroyed  before  the  2003  sampling  pe- 
riod). Shell  length  (Table  4b)  is  positively  correlated  among  sites 
for  all  pairwise  combinations  of  field  sites  in  both  years,  with 
correlation  coefficients  ranging  from  0.7-0.95. 

Correlations  Between  Hatchery/Nursery  and  Field  Measurements 

Table  5  contains  the  correlation  matrices  among  the  group 
means  of  the  two  adult  characters  we  measured  and  between  ju- 
venile and  adult  characters.  The  hatchery  traits  (spat  area  and  seed 
length)  are  significantly  correlated  with  each  other  (r  =  0.311). 
The  correlation  between  adult  shell  length  and  the  number  of  sur- 
vivors is  significant  in  2003  (r  =  0.223).  and  at  the  Quinby  site  in 
both  2002  (r  =  0.525)  and  2003  (r  =  0.557).  There  are.  however, 
significant  correlations  between  seed  length,  but  not  spat  area,  and 
both  adult  dimensions  with  correlation  coetTicients  ranging  from 
about  0.6  to  nearly  0.9. 


DISCUSSION 

This  study  reveals  a  number  of  patterns  that  should  be  taken 
into  account  by  both  coinmercial  clam  growers  and  by  breeders 
seeking  to  develop  domesticated  and  genetically  improved  hard 
clam  strains.  In  the  field,  it  is  no  surprise  that  site  selection  has 
strong  influences  on  the  average  survival  of  the  genetic  strains  we 
produced  in  this  study  (Fig.  3  and  Fig.  4)  and  weaker  effects  on 
growth  (Fig.  5  and  Fig.  6).  Both  clam  culturists  and  breeders 
should  place  a  high  priority  on  survival,  with  growers  seeking  sites 
that  maximize  survival  and  breeders  seeking  to  improve  and  to 
stabilize  survival  across  a  range  of  conditions.  This  is  consistent 
with  the  finding  that  in  Pacific  oysters  survival  is  more  genetically 
variable  than  growth  (Ernande  et  al.  2004).  Less  pronounced,  but 
also  important  are  the  consistently  higher  growth  of  specific  strains 
regardless  of  the  site  at  which  they  are  planted.  Despite  statistically 
significant  group  by  site  interactions  in  the  overall  analyses,  all  of 
the  groups  that  had  one  parent  from  either  the  KK  or  SC  parental 
strains  tended  to  be  larger  at  all  of  our  test  sites,  and  there  were  no 
negative  among-site  correlations  for  survival  or  size-at-age  mea- 
surements (Table  4).  The  implications  of  this  for  breeders  are  that 
if  our  results  can  be  generalized  beyond  the  small  number  of 
strains  tested  here,  it  may  not  be  necessary  to  develop  specialty 
strains  for  different  environments  because  the  same  strains  per- 
formed best  in  all  environments  despite  significant  genotype-by- 
en  vironmeni  interactions. 
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Figure  6.  Shell  length  (largest  dorso-ventral  dimension)  at  the  Fall  2003  sampling  date  of  all  possible  combinations  of  the  5  parental  stocks  at 
each  of  the  5  field  sites. 


While  we  cannot  be  certain  of  the  histoty  of  the  stocks  we  used, 
all  have  been  subjected  to  informal  selection  for  a  number  of 
generations,  and  in  some  cases  a  combination  of  informal  selection 
and  inbreeding  may  have  purged  a  substantial  proportion  of  the 
deleterious  alleles  resulting  in  superior  performing  strains  that  can 
tolerate  inbreeding.  The  implication  here  is  that  some  low  level  of 
inbreeding  may  not  be  as  detrimental  as  expected  if  it  is  accom- 
panied by  selection  against  deleterious  alleles.  The  interplay  be- 
tween inbreeding  and  selection  can  be  complex,  especially  in  the 
presence  of  epistatis,  genotype  x  environment  interaction,  or  ge- 
netic correlations.  While  there  is  still  a  great  deal  of  both  theoret- 
ical and  empirical  work  required  in  this  area  (see  Chap,  10  in 
Lynch  &  Walsh  2000),  our  data  suggest  that  more  precise  studies 
of  inbreeding  and  selection  could  be  useful  in  designing  an  effec- 
tive selective  breeding  progra)n  for  hard  clams. 

In  addition,  breeders  and  broodstock  managers  must  take  into 
account  their  specific  goals  when  making  selection  and  manage- 
ment decisions.  If,  for  example,  the  goal  of  a  selective  breeding 
program  is  to  develop  high-performance  strains  for  use  in  aqua- 
culture,  our  data  indicate  that  some  balanced  between  inbreeding 
and  selection  may  purge  deleterious  alleles  and  produce  high  per- 
forming lines  with  little  or  no  inbreeding  depression.  On  the  other 
hand,  if  the  goal  is  to  produce  a  genetically  variable  stock  (e.g.,  for 
ecological  restoration)  then  purging  alleles  that  are  deleterious 
under  current  conditions  could  have  the  undesirable  effect  of  con- 
straining the  ability  of  restored  populations  to  respond  to  changing 
conditions  or  novel  pathogens. 


Inbreeding  effects  also  vary  in  the  course  of  development. 
Crossing  within  strains,  evaluated  as  the  comparisons  between 
pure  and  hybrid  strains  (Table  lb)  generally  has  positive  effects  on 
spat  area  relative  to  among-strain  crosses,  with  the  exception  of  the 
VA  stock,  but  negative  effects  later  in  development  as  measured 
by  seed  length.  The  same  pattern  is  clear  in  the  comparisons  of 
hybrid  lines  to  their  midparent  values  (Table  Id),  with  hybrid 
progeny  consistently  smaller  than  the  mean  of  the  two  parental 
lines  as  spat,  but  larger  as  seed.  The  most  likely  explanation  for 
this  pattern  is  that  selection  has  been  more  intense  and  consistent 
for  improved  larval  and  nursery  performance  than  for  growth  in 
the  field  under  commercial  conditions  All  clam  hatcheries  expe- 
rience high  levels  of  larval  mortality  during  the  larval  phase  and 
aggressively  sieve  their  larval  cultures  to  eliminate  dead  and  slow- 
growing  larvae.  In  addition,  the  conditions  in  different  hatcheries 
are  likely  to  be  quite  similar  because  density,  temperature,  and 
food  availability  are  relatively  simple  to  control.  In  the  field,  how- 
ever, mortality  is  typically  lower  and  conditions  are  more  variable 
from  site  to  site.  As  a  consequence,  selection  is  likely  to  have  been 
less  intense  and/or  more  variable  in  the  field.  Thus,  selection  in 
hatcheries  is  more  likely  to  fix  either  favorable  recessive  genes  or 
beneficial  epistatic  gene  combinations  and  out-crossing  is  more 
likely  to  have  detrimental  impacts  on  hatchery  performance. 

In  the  field,  the  effects  of  crossing  within  parental  strains  are 
more  complex.  The  significant  compari.sons  between  pure  and  hy- 
brid groups  that  indicate  negative  effects  that  may  be  caused  by 
inbreeding  depression  were  concentrated  in  just  two  of  the  five 
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TABLE  3. 

Parameter  estimates  and  significance  tests  of  linear  contrasts:  A.  Contrasts  of  the  mean  of  eacli  "pure  strain"  to  the  mean  of  the  four  hvhrid 

strains  to  which  it  contributed.  B.  Contrasts  of  the  mean  of  the  four  "hybrid"  groups  that  have  the  focal  group  as  one  parent  to  the  mean  of 

all  ten  hybrid  groups.  C.  Contrasts  between  each  outcrossed  hybrid  group  and  the  mean  of  its  two  pure  strain  parental  groups. 


A.  Linear  contriists  of  pure  vs.  hybrid 

groups  for  each 

parent  strain 

by  site 

Autumn  2002 

.\utumn 

2003 

#  Live 

Length 

#  Live 

Length 

Parameter 

P 

Parameter 

P 

Parameter 

P 

Parameter 

P 

Parent  Strain 

Site 

KK 

Hungar's  Creek 

-3.67 

ns 

0.79 

ns 

-3.25 

ns 

1.79 

ns 

North  River 

9.50 

ns 

2.34 

ns 

-3.41 

ns 

0.50 

ns 

Quinby 

0.08 

ns 

-0.34 

ns 

-6.83 

ns 

1.23 

ns 

Wachapreague 

9.3.1 

ns 

0.44 

ns 

7.88 

ns 

1.28 

ns 

York  River 

-2.17 

ns 

1.69 

ns 

— 

— 

— 

— 

MA 

Hungar"s  Creek 

8.75 

ns 

-3.01 

ns 

15.50 

* 

-5.64 

* 

North  River 

-4.50 

ns 

-7.02 

*** 

-0.41 

ns 

-7.55 

*** 

Quinby 

-0.05 

ns 

-4.79 

*** 

-2.33 

ns 

-4.17 

*** 

Wachapreague 

11.33 

ns 

-2.50 

* 

3.91 

ns 

-3.23 

* 

York  Ri\er 

8.25 

* 

-5.79 

+** 

— 

— 

— 

— 

NJ 

Hungar's  Creek 

6.17 

ns 

-0.47 

ns 

8.50 

ns 

1.15 

ns 

North  River 

-2.91 

ns 

-0.55 

ns 

-4.08 

ns 

0.10 

ns 

Quinby 

3.08 

ns 

-0. 1 3 

ns 

8.17 

ns 

-0.42 

ns 

Wachapreague 

-2.41 

ns 

0.42 

ns 

1.79 

ns 

1.79 

ns 

York  River 

4.58 

ns 

-0.20 

ns 

— 

— 

— 

— 

SO 

Hungar's  Creek 

6.67 

ns 

0.63 

ns 

8.17 

ns 

2.00 

ns 

North  River 

-1.08 

ns 

1 .30 

ns 

3.83 

ns 

2.23 

* 

Quinby 

0.58 

ns 

1.66 

ns 

-0.50 

ns 

1.25 

ns 

Wachapreague 

-2.25 

ns 

-0.04 

ns 

11.13 

ns 

2.29 

ns 

York  River 

-1.58 

ns 

0.39 

ns 

— 

— 

— 

— 

VA 

Hungar's  Creek 

— 

— 

— 

— 

— 

— 

— 

— 

North  River 

— 

— 

— 

— 

— 

— 

— 

— 

Quinby 

-10.25 

** 

-7.40 

*** 

-14.67 

** 

-4.72 

* 

Wachapreague 

-15.33 

* 

-5.97 

*** 

-1.88 

ns 

-7.42 

** 

York  River 

-4.41 

ns 

-12.58 

*** 

— 

— 

— 

— 

B.  Linear  contrasts  for  general  combining  ability  of  each  parent  strain  by  site 


Autumn 

2002 

Autumn 

2003 

#  Live 

Length 

#  Live 

Length 

Parameter 

P 

Parameter 

P 

Parameter 

P 

Parameter 

P 

Parent  Strain 

Site 

KK 

Hungar's  Creek 

-0.13 

ns 

0.21 

ns 

0.38 

ns 

-0.73 

ns 

North  River 

1.53 

ns 

0.84 

ns 

2.68 

ns 

0.07 

ns 

Quinby 

2.45 

* 

0.19 

ns 

2.27 

ns 

-0.18 

ns 

Wachapreague 

0.27 

ns 

0.23 

ns 

-0.06 

ns 

0.36 

ns 

York  River 

1.83 

ns 

(1.81 

ns 

— 

— 

— 

— 

MA 

Hungar's  Creek 

-1.21 

ns 

-2.53 

** 

-0.03 

ns 

-1.16 

ns 

North  River 

-0.47 

ns 

-1.41 

* 

-1.98 

ns 

-1.52 

** 

Quinby 

-0.97 

ns 

-1.18 

** 

0.77 

ns 

-0.68 

ns 

Wachapreague 

-0.07 

ns 

-0.8 1 

* 

2.38 

ns 

-0.26 

ns 

York  River 

-1.91 

ns 

-2.29 

*** 

— 

— 

— 

— 

NJ 

Hungar's  Creek 

0.37 

ns 

1.42 

ns 

0.97 

ns 

1.04 

ns 

North  River 

-0.62 

ns 

0.05 

ns 

0.68 

ns 

0.68 

ns 

Quinby 

-0.88 

ns 

O.OS 

ns 

1.27 

ns 

0.13 

ns 

Wachapreague 

2.17 

ns 

-0.55 

ns 

-0.82 

ns 

-1.02 

ns 

York  River 

1.08 

ns 

-0.38 

ns 

— 

— 

— 

— 

SC 

Hungar's  Creek 

0.53 

ns 

2.81 

** 

-0.37 

ns 

1.78 

* 

North  River 

-1.38 

ns 

2.73 

*** 

-1.23 

ns 

2.91 

*** 

Quinby 

-0.71 

ns 

2.00 

*** 

-0.07 

ns 

2.08 

*** 

Wachapreague 

-1.48 

ns 

1.89 

*** 

-1.49 

ns 

1.62 

** 

York  River 

-1.08 

ns 

3.11 

*** 

— 

— 

— 

— 

VA 

Hungar's  Creek 

0.45 

ns 

-1.92 

* 

-0.95 

ns 

-2.39 

* 

North  River 

-0.30 

ns 

-2.70 

*** 

-0.15 

ns 

-2.80 

*** 

Quinby 

-0.12 

ns 

-1.10 

** 

-4.23 

* 

-1.35 

*** 

continued  on  next  page 
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TABLE  3. 

continued 

Autumn  2002 

Autumn 

2003 

#  I.iVf 

Length 

#  Live 

Length 

Parameter 

P 

Parameter 

P 

Parameter 

P 

Parameter 

P 

Wachapreague 

-0.7.^ 

ns 

-0.76 

* 

0.01 

ns 

-0.68 

ns 

York  River 

O.OS 

ns 

-1.24 

* 

— 

— 

— 

— 

C.  Linear  contrasts  of  mid-parent  vs.  hybrid 

Autumn  2002 

Autumn 

2003 

#Live 

Length 

#  Live 

Length 

Parameter 

P 

Parameter 

P 

Parameter 

P 

Parameter 

P 

Hybrid  Cross 

Site 

KKxMA 

Hungar's  Creek 

-11.33 

ns 

-4.21 

ns 

-7.00 

ns 

1.19 

ns 

KKxMA 

North  River 

12.67 

ns 

3.33 

ns 

19.00 

ns 

5.69 

* 

KKxMA 

Quinby 

-2.00 

ns 

3.37 

ns 

23.67 

* 

2.61 

ns 

KKxMA 

Wachapreague 

-18.33 

ns 

0.07 

ns 

-13.00 

ns 

0.58 

ns 

KKxMA 

York  River 

-3.33 

* 

4.17 

ns 

— 

— 

— 

— 

KKxNJ 

Hungar's  Creek 

fi.33 

ns 

3.04 

ns 

-3.67 

ns 

-1.83 

ns 

KKxNJ 

North  River 

-12.00 

ns 

4.64 

ns 

-3.33 

ns 

4.92 

* 

KKxNJ 

Quinby 

-1.67 

ns 

0.82 

ns 

1 .33 

ns 

-1.63 

ns 

KKxNJ 

Wachapreague 

-3.33 

ns 

-2.83 

ns 

15.00 

-3.92 

ns 

KKxNJ 

York  River 

4.00 

ns 

1.47 

ns 

— 

— 

— 

— 

KKxSC 

Hungar's  Creek 

-7,00 

ns 

3.18 

ns 

-12.67 

ns 

4.05 

ns 

KKxSC 

North  River 

-20.00 

ns 

-2.72 

ns 

-2.67 

ns 

0.37 

ns 

KKxSC 

Quinby 

2.00 

ns 

2.44 

ns 

6.67 

ns 

-0.34 

ns 

KKxSC 

Wachapreague 

-14.67 

ns 

3.31 

ns 

21.67 

ns 

-0.06 

ns 

KKxSC 

York  River 

1.67 

ns 

2.26 

ns 

— 

— 

— 

— 

KKxVA 

Hungar's  Creek 

— 

— 

— 

— 

— 

— 

— 

— 

KKx  VA 

North  River 

— 

— 

— 

— 

— 

— 

— 

— 

KKxVA 

Quinby 

20.67 

** 

6.39 

* 

16.33 

ns 

1.56 

ns 

KKxVA 

Wachapreague 

9.00 

ns 

6.37 

* 

0.33 

ns 

7.23 

ns 

KKxVA 

York  River 

8.67 

ns 

7.55 

* 

— 

— 

— 

— 

MAxNJ 

Hungar's  Creek 

-17.00 

ns 

-0.45 

ns 

-22.00 

ns 

5.09 

ns 

MAxNJ 

North  River 

4.67 

ns 

4.15 

ns 

-5.00 

ns 

1.95 

ns 

MAxNJ 

Quinby 

-1.67 

ns 

2.77 

ns 

3.00 

ns 

3.47 

ns 

MAxNJ 

Wachapreague 

-13.00 

ns 

-0.31 

ns 

2.00 

ns 

-0.02 

ns 

MAxNJ 

York  River 

-22.67 

* 

-4.32 

ns 

— 

— 

— 

— 

MAxSC 

Hungar's  Creek 

-2.33 

ns 

6.13 

ns 

- 1 9.67 

ns 

6.16 

ns 

MAxSC 

North  River 

9.33 

ns 

12.70 

ns 

-4.33 

ns 

10.48 

*** 

MAxSC 

Quinby 

4.00 

ns 

5.69 

* 

0.33 

ns 

6.14 

** 

MAxSC 

Wachapreague 

5.00 

ns 

8.34 

** 

10.67 

ns 

5.65 

ns 

MAxSC 

York  River 

-5.00 

ns 

9.64 

** 

— 

— 

— 

— 

MAxVA 

Hungar's  Creek 

— 

— 

— 

— 

— 

— 

— 

— 

MAxVA 

North  River 

— 

— 

— 

— 

— 

— 

— 

— 

MAxVA 

Quinby 

3.33 

ns 

7.67 

** 

0.00 

ns 

3.73 

ns 

MAxVA 

Wachapreague 

-8.67 

ns 

2.52 

ns 

1.00 

ns 

7.45 

« 

MAxVA 

York  River 

-8.00 

ns 

12.91 

* 

— 

— 

— 

— 

NJxSC 

Hungar's  Creek 

-24.67 

ns 

8.08 

ns 

-17.00 

ns 

-0.68 

ns 

NJxSC 

North  River 

-2.67 

ns 

3.21 

*** 

9.33 

ns 

4.75 

* 

NJxSC 

Quinby 

-11.00 

ns 

1.26 

ns 

-9.33 

ns 

2.85 

ns 

NJxSC 

Wachapreague 

0.00 

ns 

-0.24 

ns 

-18.33 

ns 

-4.60 

ns 

NJxSC 

York  River 

-2.33 

ns 

4.71 

ns 

— 

— 

— 

— 

NJxVA 

Hungar's  Creek 

— 

— 

— 

— 

— 

— 

— 

— 

NJx  VA 

North  River 

— 

— 

— 

— 

— 

— 

— 

— 

NJxVA 

Quinby 

7.67 

ns 

6.98 

** 

3.00 

ns 

4.09 

ns 

NJxVA 

Wachapreague 

33.00 

* 

7.01 

** 

-1.00 

ns 

3.33 

ns 

NJxVA 

York  River 

8.00 

ns 

13.34 

*** 

— 

— 

— 

— 

SCxVA 

Hungar's  Creek 

— 

— 

— 

— 

— 

— 

— 

— 

SCxVA 

North  River 

— 

— 

— 

— 

— 

— 

— 

— 

SCxVA 

Quinby 

6.67 

ns 

6.65 

** 

19.67 

ns 

4.87 

ns 

SCxVA 

Wachapreague 

8.33 

ns 

5.85 

* 

-13.00 

ns 

6. 1 1 

ns 

SCxVA 

York  River 

0.33 

ns 

14.23 

*** 

— 

— 

— 

— 

ns  =  not  signi 

ficant.  "  =  P  <  0.05.  ** 

=  P<O.Q\.  *** 

=  P  < 

0.001.  —  =  not  tes 
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TABLE  4. 

Pair«ise  correlation  coefficients  and  significance  tests  among  the  group  means  at  the  five  field  sites.  A.  Sur\i\al  as  indicated  by  the  total 

number  of  live  animals  collected  in  the  c«(re  samples.  B.  Shell  length.  C.  Shell  width.  Field  data  from  the  Autumn  2(102  samples  are  below 

the  diagonal  and  the  values  above  the  diagonal  represent  data  from  Autumn  2003. 


A.  Survival 


Hungar's  Creek 


North  River 


Quinby 


\\  achapreague 


Hungar's  Creek 

P 

North  River 

P 

Quinby 

P 

Wachapreague 

P 

Y(irk  River 

P 

-0.024 

ns 
0.228 

ns 
0.380 

ns 
0.397 

ns 


0.105 
ns 


0.414 

ns 
0.4.M 

ns 
U.009 

ns 


0.422 


-0.055 
ns 


0.487 

ns 
0.413 

ns 


0.3.^9 

ns 
-0.026 

ns 
-0.259 

ns 


0.707 


B.  Shell  Length 


Hungar's  Creeli 


North  River 


Quinby 


Wachapreague 


Hungar's  Creek 

r 

P 

North  River 

r 

P 

Quinhy 

r 

P 

Wachapreague 

T 

P 

York  River 

r 

P 

ns  =  not  significant.  * 

=  P  <  0.05. 

0.877 
0.921 


0.807 
0.921 


0.838 

0.912 
0.837 
0.894 


0.802 
0.895 

0.900 
0.9.54 


0.(i8S 
0.705 
0.868 

0.918 


=  /><  0.01.  ***  =  P  <  0.001. 


parent  strains  that  we  tested — the  MA  and  VA  lines,  both  of  which 
also  showed  large  negative  effects  for  general  combining  ability. 
The  few  positive  effects  of  crossing  within  strains  occurred  in  lines 
that  also  showed  better  overall  performance  (KK  and  SCl.  indi- 
cated by  positive  general  combining  ability.  Hence,  at  least  in  this 
first  hybrid  generation,  there  is  an  association  between  the  ability 
of  a  line  to  raise  the  mean  growth  of  any  group  to  which  it  con- 
tributes genetically  and  the  absence  of  negative  effects  of  crossing 
w  ithin  that  line.  Conversely  lines  with  negative  general  combining 
ability  for  growth  also  show  inbreeding  depression  as  pure  strains 
relative  to  hybrid  lines. 

Our  data  also  provide  evidence  of  nonadditive  effects  of  out- 
crossing in  some  of  our  hybrid  crosses.  As  for  pure  versus  hybrid 
contrasts,  midparent  contrasts  are  significant  mainly  for  crosses 
involving  two  of  the  five  parental  strains,  MA  and  VA.  Keeping  in 
mind  that  these  two  lines  also  show  the  most  severe  negative 
impacts  of  wilhin-line  crossing,  as  indicated  by  the  pure  versus 
hybrid  contrasts  as  well  as  negative  effects  in  the  general  combin- 
ing ability  contrasts,  the  positive  nonadditive  effects  of  out- 
crossing for  these  strains  are  attributable  less  to  the  superiority  of 
hybrids,  than  to  the  poor  performance  of  these  two  pure  lines.  That 
is,  whereas  hybrid  crosses  in\  oh  ing  the  MA  and  VA  line  aie  likely 
to  exceed  expectations  based  on  the  mean  of  their  parental  lines, 
these  crosses  are  still  inferior  to  hybrid  crosses  among  other  pa- 
rental strains. 

Our  analysis  of  midparent  comparisons  in  the  hatchery  and  in 
the  field,  however,  cannot  determine  whether  they  are  the  result  of 


dominance  or  epistastis.  Under  the  dominance  hypothesis,  hybrid 
crosses  involving  the  poorest  pure  lines  would  peiform  better  than 
the  mean  of  their  parental  strains  because  of  dominance  of  the 
alleles  from  the  other  (better)  parent.  Alternatively,  to  the  degree  to 
which  the  parental  lines  are  homozygous  at  loci  involved  in  epi- 
static  complexes,  this  first  generation  of  hybrid  progeny  would  be 
expected  to  inherit  entire  gene  complexes  from  their  parents;  and 
we  would  expect,  therefore,  that  out-crossing  of  the  poorest  pure 
strains  would  also  tend  to  enhance  the  performance  of  F,  progeny 
by  increasing  the  probability  that  they  possess  alleles  that  interact 
favorably.  Only  in  the  second  generation  posthybridization  would 
we  expect  such  fixed  complexes,  if  they  exist,  to  be  disrupted  by 
recombination  (Falconer  &  Mackay  1996,  Lynch  &  Walsh  1998). 
It  is  important,  however  to  note  that  these  nonadditive  effects  are 
restricted  to  the  poorest  performing  parental  lines  and  that  there 
was  little  indication  of  nonadditive  gene  action  in  line  crosses 
among  the  better  parental  lines.  Thus,  selective  breeding  and  do- 
mestication efforts  that  emphasize  selection  on  additive  genetic 
variance  should  be  effective,  and  our  data  provide  no  reason  to 
believe  that  more  complicated  breeding  schemes  designed  to  use 
nonadditive  heterotic  effects,  whatever  the  mechanism,  would  be 
advantageous  over  the  judicious  selection  or  construction  of  a  base 
population  with  low  inbreeding  depression. 

Further,  the  data  presented  here  suggest  that  the  beneficial  ef- 
fects of  out-crossing  we  observed  are  not  likely  to  be  the  result  of 
heterozygosity  per  se.  If  that  were  the  case,  we  would  have  ex- 
pected that  out-crossing  would  have  improved  performance  in  all 
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TABLE  5. 

Pair«i!ie  idrrilation  cotf'tkicnis  and  sifiniricaiut-  tests  among 

the  jjroup  means  of  three  adult  charaelers  (shell  length,  width 

and  number  of  survivors),  between  these  characters  and  two  of 

the  characters  measured  in  the  hatchery  and  nursery  (shell  length 

at  the  seed  stage  and  the  area  of  spat)  and  between  the  spat  and 

seed  measurements  (this  reported  onl\  once  below  the  diagonal). 

A.  Pooling  all  5  of  the  field  sites.  B.  For  each  site  separately. 

Field  data  from  the  Autunui  20(12  samples  are  below  the 

diagonal  and  the  values  abo\e  the  diagonal  represent  data 

from  Autumn  2()().V 

A.  Sites  Pooled 


Shell 
Length 


Number 
Live 


Seed 
Length 


Shell  leriL'th 

r 

— 

0.309 

P 

— 

* 

Nuiiiher  ll\c 

r 

0.16 

— 

P 

lis 

— 

Seed  leiiylh 

r 

0.546 

0.1X4 

P 

*** 

lis 

Spat  area 

r 

0.1 

0.212 

P 

ns 

ns 

0.613 
*** 

0.223 


0.311 


B.  Bv  Site 


Hangar's  Creek 


Shell 
Length 


Number 
Live 


Seed 
Length 


North  River 


Shell 
Length 


Number 
Live 


Seed 
Length 


Quinby 


Shell 
Length 


Number 
Live 


Seed 
Length 


Shell  length 

r 

— 

P 

— 

Nuinher  live 

r 
P 

0.52.'i 

Seed  length 

r 

0.872 

P 

*-•=:* 

Spat  arcii 

r 

0.207 

P 

ns 

0.557 

0.662 
0.549 


0.859 

*** 

0.686 


Spat 
Area 


0.122 

ns 

0.298 


Spat 
Area 


Shell  length 

r 

— 

-0.216 

0.728 

0.199 

P 

— 

ns 

** 

ns 

Nunihei  live 

r 

0.05 

— 

-0.128 

0.518 

P 

ns 

— 

ns 

ns 

Seed  lenL'th 

r 

0.784 

0.045 

— 

— 

P 

*** 

ns 

— 

— 

Spat  area 

r 

0.081 

0.356 

— 

— 

P 

ns 

ns 

— 

— 

Spat 
Area 


Shell  length 

— 

0.157 

0.799 

0.04 

P 

— 

ns 

** 

ns 

Shell  width 

0.993 

0.166 

0.78 

0.031 

P 

*** 

ns 

*** 

ns 

Nnniher  live 

0.265 

— 

0.43 

-0.148 

P 

ns 

— 

ns 

ns 

Seed  length 

0.799 

0.309 

— 

— 

P 

*A* 

ns 

— 

— 

Spat  area 

0.068 

0.037 

— 

— 

P 

ns 

ns 

— 

— 

Spat 
.Area 


0.204 

ns 

0.644 


TABLE  5. 
continued 


Wachapreaguc 


Shell 
Length 


Number 
Live 


Seed 
Length 


Spat 
Area 


Shell  length 
Shell  width 
Nuniher  live 
Seed  length 
Spat  area 


0,991 

0.379 

ns 
0.882 

0.246 
ns 


0.243 

ns 
0.225 

ns 


0.364 

ns 
0.392 

ns 


0.796 

0,305 

*** 

ns 

0.763 

0.306 

** 

ns 

-0.174 

0. 1 72 

ns 

ns 

York  River 


Shell 
Length 


Number 
Live 


Seed 
Length 


Spat 
,\rea 


Shell  length 

Number  live 
Seed  length 
Spat  area 


0,176 

ns 
0.867 

0,266 


Entire  site  destroyed  hy 
Hurricane  Isabel 


0,26 

ns 
0,589 

ns 


ns  =  not  significant. 


P  <  0,05, 


p  <om.  **" 


/><  0.001. 


Liinlinued  on  ne\l  column 


Strains  by  increasing  genonie-wiiJe  heterozygosity.  This  is  clearly 
not  the  case  for  most  of  the  strains  we  tested.  The  two  best- 
performing  stocks  (KK  and  SC)  as  well  as  the  NJ  strain  show  no 
advantages  of  outcrossing,  and  the  two  lines  with  the  poorest  per- 
formance show  the  strongest  inbreeding  depression. 

Finally,  there  is  evidence,  at  least  at  the  level  of  strain-means 
we  examined  here,  that  growth  performance  in  the  field  could  be 
reasonably  well  predicted  by  measurements  taken  at  an  early  stage 
in  the  culture  process.  Measurements  collected  on  same-age  spat 
when  they  were  transferred  from  the  upwelling  system  to  nursery 
bags  were  essentially  uncoirelated  with  size  at  the  end  of  one  or 
two  growing  seasons,  a  result  that  agrees  with  the  findings  of 
Hilbish  et  al,  (199.3)  who  fotiiid  no  significant  genetic  correlation 
between  early  larval  growth  (0-10  days)  and  shell  length  at  9  mo 
of  age.  However,  the  significant  correlation  between  the  shell 
length  of  seed  when  it  was  removed  from  the  spat  bags  and  planted 
into  the  field  plots  and  adult  characters  indicate  that  seed  size  at 
a  specific  age  may  be  a  useful  predictor  of  subsequent  growth. 
This  implies  that  the  identification  of  superior  seed  for  planting  in 
the  field  could  potentially  be  accomplished  based  on  measure- 
ments taken  under  nursery  conditions  in  commercial  fanns.  Also, 
in  the  context  of  a  selective  breeding  effort,  it  may  be  possible  to 
identify  and  cull  the  most  inferior  genotypes  based  on  measure- 
ments of  juveniles,  eliminating  a  great  deal  of  the  labor  required  to 
rear  all  of  the  animals  being  tested  to  har\estable  size  for  evalu- 
ation. 

Further  study  is  required.  Especially  interesting  would  be  an 
assessment  of  the  levels  of  allelic  richness  and  heterozygosity  of 
both  the  parents  and  the  progeny  and  an  evaluation  of  whether 
these  change  over  time  as  a  consequence  of  selective  mortality  of 
more  homozygous  progen).  In  addition,  studies  of  more  advanced 
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hybrid  generations  are  necessary  to  identify  tlie  genetic  mecha- 
nisms underlying  the  phenotypic  effects  we  detected. 

Mandatory  USDA-ARS  Disclaimer  Statement 
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not  constitute  an  official  endorsement  or  approval  by  the  United 
States  Department  of  Agriculture  or  the  .Agricultural  Research  Ser- 
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ABSTRACT  An  individual-based  model  wa.s  developed  to  simulate  growth  of  the  hard  clam.  Mercenaria  mercenaria.  in  response 
to  temperature,  salinity  and  food  supply  conditions.  Unique  characteristics  of  the  model  are  that:  ( 1 )  length  and  tissue  weight  are  related 
only  by  condition  index,  so  that  weight,  up  to  a  point,  can  vary  independently  of  length,  and  (2)  age  is  decoupled  from  length.  Tissue 
weight  changes  resuh  from  the  difference  in  assimilation  and  respiration.  Changes  in  hard  clam  condition  are  determined  from  a 
standard  length-weight  relationship  for  average  hard  clam  growth.  Changes  in  hard  clam  length  (growth)  occur  only  when  condition 
index  is  greater  than  zero,  which  happens  when  excess  weight  for  a  given  length  is  attained.  No  change  in  length  occurs  if  condition 
index  is  zero  (mean  case)  or  negative  (less  weight  than  expected  at  a  given  length).  This  model  structure  resolves  limitations  that 
accompany  models  used  to  simulate  the  growth  and  development  of  shellfish  populations.  The  length-frequency  distribution  for  a 
cohort  was  developed  from  the  individual-based  model  through  simulation  of  a  suite  of  genotypes  with  varying  physiological 
capabilities.  Hard  clam  populations  were  then  formed  by  the  yearly  concatenation  of  cohorts  with  partially  independent  trajectories  that 
are  produced  by  cohort-  and  population-based  processes.  Development  and  verification  of  the  hard  clam  model  was  done  using 
long-term  data  sets  from  Great  South  Bay,  New  York  that  have  been  collected  by  the  Town  of  Islip.  New  York.  The  ability  to  separately 
track  length  and  age  in  the  simulations  allowed  derivation  of  a  general  mathematical  relationship  for  describing  age-length  relationships 
in  hard  clam  populations.  The  mathematical  relationship,  which  is  based  on  a  twisted  bivariate  Gaussian  distribution,  reproduces  the 
features  of  age-length  distributions  observed  for  hard  clam  populations.  The  parameters  obtained  from  fitting  the  twisted  bivariate 
Gaussian  to  simulated  hard  clam  length-frequency  distributions  obtained  for  varying  conditions  yield  insight  into  the  growth  and 
mortality  processes  and  population-dependent  processes,  compensatory  and  otherwise,  that  structured  the  population.  This  in  turn 
provides  a  basis  for  development  of  theoretical  models  of  population  age-length  compositions.  The  twisted  bivariate  Gaussian  also 
offers  the  possibility  of  rapidly  and  inexpensively  developing  age-length  keys,  used  to  convert  length-based  data  to  age-based  data,  by 
permitting  a  relatively  few  known  age-length  pairs  to  be  expanded  into  the  full  age-  and  length-frequency  structure  of  the  population. 


KEY  WORDS: 

distribution 


Mercenaria  mercenaria.  indnidual-bascd  model,  age-length  sU-ucture,  length-frequency  distribution,  age-frequency 


INTRODUCTION 

Hard  clam  (Mercenaria  mercenaria)  ptiptikilions  in  the  bays 
along  the  south  shore  of  Long  Island,  New  York,  have  diminished 
since  reaching  peak  abundance  in  the  1970s  (Schlenk  2000).  The 
definitive  cause  of  this  decline  has  not  been  demonstrated,  but 
intensive  harvesting  may  have  initially  reduced  clam  abundance 
(Buckner  1984,  COSMA  1985)  and  experimental  observations 
suggest  that  recent  occurrences  of  the  toxic  picoplanktonic  alga 
AiireococcKs  anophagefferens  (brown  tide,  Pelagophyceae)  may 
have  impacted  larval  and  juvenile  survivorship  (Bricelj  2(XX)). 
Hard  clam  growth  rates  may  have  declined  relative  to  past  years 
(Cerrato  2000a),  and  the  same  factors  slowing  growth  may  have 
led  to  decreased  gamete  production. 

During  the  1990s  other  biological  and  environmental  factors, 
such  as  temperature,  salinity,  phytoplankton  species  and/or  con- 
centrations, and  predator  abundance,  may  have  changed  as  well. 
For  example,  during  the  1990s,  mean  vvinter  water  temperature  in 
the  Long  Island  region  was  1°C  to  3°C  warmer  than  the  long-term 
average  (Nixon  et  al.  2004).  A  significant  predator,  the  blue  crab 
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(Ccillim-ctes  sapidiis).  inay  have  recently  increased  its  population 
levels  in  this  region.  Hard  clam  abundance  may  have  declined 
enough  to  adversely  affect  fecundity  (Kraeuter  et  al.  2005).  Thus, 
the  observed  reduction  in  hard  clam  abundance  and  the  failure  of 
the  Great  South  Bay  fishery  to  recover,  despite  a  reduction  in 
fishing  pressure  in  recent  years,  likely  result  from  multiple  factors, 

A  mathematical  model  provides  one  approach  for  investigating 
the  relative  effect  of  the  many  potential  factors  affecting  hard  clam 
populations.  The  first  objective  of  this  study  is  then  to  develop  a 
mathematical  model  that  can  simulate  the  growth  and  population 
dynamics  of  the  hard  clam  in  response  to  specified  biological  and 
environmental  conditions.  The  model  is  implemented  for  Great 
South  Bay,  NY  where  long-term  data  sets  on  hard  clam  abundance 
and  distribution,  collected  by  the  Town  of  Islip,  NY,  provide  cali- 
bration and  evaluation  of  the  simulations. 

An  additional  iiuportant  consideration  for  the  Great  South  Bay 
ecosystem  is  development  of  management  strategies  that  allow 
rebuilding  of  the  now  depleted  hard  clam  stocks.  A  reliable  means 
for  determining  population  age-length  characteristics  is  an  impor- 
tant aspect  of  developing  management  strategies  because  fisheries 
models,  such  as  virtual  population  analysis  models,  depend  on 
age-frequency  information  for  the  population  (e.g.,  Hilborn  & 
Walters  1992,  Patterson   1998,  Clark   1999,  Bradbury  &  Tagart 
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2000).  The  age  structure  of  populations  is  also  important  in  eco- 
logical research,  as  indicated  by  the  many  theoretical  and  empirical 
studies  that  relate  age  and  lifespan  to  population  processes  (e.g.. 
Bayne  et  al.  1983,  Hoenig  1983,  Connell  &  Sousa  1983,  Bayne  et 
al.  1983.  McNamara  1993.  Lundberg  &  Persson  1993.  Nunney  & 
Elam  1994), 

Population  age  is  usually  obtained  from  an  age-length  relation- 
ship that  prescribes  the  likelihood  that  an  individual  of  a  given 
length  will  have  a  given  age,  the  age-frequency  at  length,  and 
conversely,  the  likelihood  that  an  individual  of  a  given  age  will 
have  a  given  length,  the  length-frequency  at  age  (e.g..  Kimura 
1977,  Mohn  2001).  For  mollu.scs,  aging  typically  relies  on  count- 
ing of  yearly  growth  bands  in  shells  (e.g..  Cerrato  2000b.  Goodwin 
et  al.  2001.  Richardson  2001)  or  statoliths  (e.g..  Lipinski  et  al. 
1998.  Richardson  2001 ).  These  methods  are  costly,  time  consum- 
ing, and  technically  difficult.  As  a  consequence,  most  empirical 
studies  do  not  measure  the  age  distribution  of  all  animals  sampled 
from  a  population  or  compare  age  structures  in  multiple  popula- 
tions. This  limits  ecological  research  into  the  age-length  structure 
of  natural  populations  and  the  use  of  sophisticated  age-dependent 
models  in  fisheries  management. 

Because  of  measurement  limitations,  information  on  age  struc- 
ture for  multiple  samples  or  assemblages  typically  relies  on  an 
age-length  key  to  estimate  age  frequency  from  length  frequency. 
Age-length  keys  can  be  as  simple  as  mean  age-mean  length  rela- 
tionships for  an  individual  cohort,  normally  obtained  by  fitting  a 
growth  model  to  empirical  data  (e.g..  Tanabe  1988.  Smith  et  al. 
1997.  Devillers  et  al.  1998.  Millstein  &  O'Clair  2001).  Many 
factors  affect  the  length  frequency  of  a  single  cohort  over  time 
(e.g..  Craig  &  Oertel  1966).  As  a  result,  the  age  structure  of  a 
population  derived  from  many  cohorts  may  not  necessarily  match 
that  of  a  single  cohort  or  even  a  subset  of  cohorts  and  the  popu- 
lation age  and  length  structure  determined  using  a  cohort-based 
age-length  key  may  not  reflect  the  population  as  a  whole. 

Thus,  a  second  goal  of  this  study  is  to  use  the  hard  clam  model, 
which  simulates  independently  the  age  and  length  structure  of  the 
population,  to  investigate  the  age-length  characteristics  of  a  popu- 
lation that  are  produced  by  variations  in  environmental  and  bio- 
logical processes.  These  simulations  were  used  to  derive  a  general 
mathematical  function  that  describes  the  age-length  relationship 
and  its  variations  in  hard  clam  populations.  A  general  age-length 
relationship  for  hard  clam  populations  provides  an  approach  for 
inferring  the  processes  that  produced  the  population  structure. 

The  hard  clam  population  dynamics  model  is  described  in  the 
ne.\t  section.  This  is  followed  by  an  examination  of  simulations  of 
hard  clam  growth  and  development  for  a  range  of  environmental 
conditions  and  biological  processes.  Following  this,  the  simula- 
tions that  provide  the  basis  for  derivation  of  a  hard  clam  age-length 
relationship  are  described  and  the  mathematical  formulation  of  the 
age-length  relationship  is  given.  The  discussion  section  summa- 
rizes the  results  within  the  context  of  cunent  understanding  of  hard 
clam  populations. 

MODEL  DESCRIPTION 

Hard  Clam  Model  Striicliire 

The  hard  clam  model  simulates  a  single  individual  with  a  par- 
ticular physiology.  The  model  structure  is  based  on  the  assumption 
that  changes  in  weight  and  length  of  an  individual  hard  clam  are 
related  to  the  condition  of  the  animal.  This  assumption  is  imple- 
mented by  independently  calculating  hard  clam  weight  and  length 
over  time.  The  weight  obtained  at  any  given  time  is  compared  with 


an  average  length-weight  relationship  that  was  derived  for  hard 
clams  (described  below).  The  difference  between  the  simulated 
weight  and  that  obtained  from  the  average  curve  determines  how 
"fit""  the  hard  clam  is  at  a  given  time.  The  length-weight-condition 
coordinate  system  allows  shell  growth  to  be  defined  as  a  function 
of  animal  condition  rather  than  as  a  function  of  animal  weight. 
Changes  in  condition  dictate  whether  length  can  increase.  Positive 
condition  supports  somatic  or  reproductive  tissue  growth  and  nor- 
mally shell  elongation.  Neutral  or  negative  condition  does  not. 
This  approach  ensures  that  hard  clam  weight  and  length  remain 
only  partially  coupled  duruig  a  simulation  because  weight  can 
change  without  requiring  a  corresponding  change  in  length.  As  a 
result,  realistic  length-weight  combinations  cannot  be  exceeded, 
but  reductions  in  condition  can  occur  seasonally,  as  is  observed. 

Changes  in  hard  clam  weight,  condition  and  length  are  pro- 
duced by  the  einiionmental  and  physiological  processes  that  con- 
trol the  growth  and  reproduction  of  an  individual  animal  (Fig.  1 ). 
Ambient  temperature,  salinity,  and  total  concentration  of  sus- 
pended solids  modify  filtration  rate,  which  determines  food  inges- 
tion. Assimilation  is  determined  by  the  assimilation  efficiency  and 
loss  to  respiration.  The  apportionment  of  the  resulting  net  produc- 
tion into  somatic  and  reproductive  tissue  is  determined  by  tem- 
perature, hard  clam  weight  and  animal  condition.  Somatic  tissue 
growth  during  times  of  positive  clam  condition  results  in  an  in- 
crease in  hard  clam  shell  length.  Reproductive  tissue  is  formed 
when  net  production  and  condition  are  positive  and  temperature  is 
favorable  for  reproduction.  Spawning  occurs  when  the  gamete 
fraction  exceeds  a  threshold  fraction  of  total  animal  weight.  Peri- 
ods of  negative  net  production  result  in  resorption  of  reproductive 
tissue  to  cover  metabolic  needs  and  eventually  resorption  of  so- 
matic tissue. 

A  cohort  is  created  from  the  individual-based  model  by  a  set  of 
independently-simulated  individuals  defined  by  a  range  of  physi- 
ological and  genetic  capabilities  (Fig.  2).  The  frequency  of  each 
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Figure  1.  Schematic  of  the  processes  and  transfers  included  in  the 
individual-based  hard  clam  model.  Total  suspended  .solids  is  abbrevi- 
ated as  TSS.  The  di\  ision  of  net  pntduction  is  determined  by  tempera- 
ture, animal  \>ei{»ht,  and  animal  condition.  Piisitive  net  production  (+) 
results  in  formation  of  reproductive  and  somatic  tissue.  Negative  net 
production  (-)  results  in  resorption  of  reproductive  tissue. 
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Figure  2.  Scheniiitic  of  the  approach  used  to  scale  the  results  of  the 
indi>l(hial-hase(l  clam  model  to  the  cohort  and  population  level.  For 
the  (ireat  South  Bay,  NY  reference  sinudation  (['ijiures  l(t  and  II), 
characteristics  I  and  2  were  the  length  of  a  2->-oUI  hard  clam  and 
assimilation  efficiency,  respectively.  See  text  for  details. 

genotype  in  the  cohort  is  determined  by  a  probability  distribution, 
described  below,  so  that  the  cohort  is  a  weighted  sum  of  the  set  of 
independently-simulated  individual  genotypes.  Concatenations  of 
cohorts  over  a  period  of  years,  as  determined  by  a  broodstock- 
recruitment  relationship,  builds  a  hard  clam  population  much  as  a 
series  of  yearly  recruitment  events  and  subsequent  growth  does  in 
the  natural  world  (Fig.  2). 

The  governing  equations  used  to  calculate  changes  in  hard  clam 
weight,  condition,  and  length  are  described  in  the  following  sec- 
lion.  This  is  followed  by  descriptions  of  the  parameterizations  used 
to  represent  the  physiological  processes  determining  growth  and 
reproduction  of  an  individual  hard  clam.  The  final  sections  de- 
scribe the  approaches  used  to  specify  the  cohort  and  population 
genetics  and  the  broodstock-recruitment  relationship  used  lo  form 
the  population  structure. 

Hard  Clam  Model  Governing  Equations 

Weight  Equation 

Changes  in  hard  clam  body  weight  ( W.  mg  dry  wt)  over  time  it) 
are  based  on  net  production,  which  is  given  by  the  difference  in 
assimilation  lA)  and  respiration  (/?)  as: 

dW 


dt 


.{A-R)W 


(1) 


The  weight  change  obtained  from  Eq.  ( 1 )  is  the  primary  input  into 
the  calculation  of  hard  clam  condition  index,  described  in  the  next 
section.  The  parameterizations  for  assimilation  and  respiration  for 
the  individual-based  hard  clam  model  are  described  in  subsequent 
sections  and  definitions  and  values  of  coefficients  are  given  in 
Table  1. 

Condition  Index  Equation 

Hard  clam  condition  index,  C{L.  W).  is  defined  as  a  ratio  of  the 
current  weight.  Win  obtained  from  Eq.  (II,  to  a  standard  weight. 
IV„  (L).  and  a  maximum  weighL  W,„  (L).  of  :ui  indi\idual  hard  clam  as: 

W{t)-W„{L) 


aL.W)  = 


W,AL)-W„(L) 


(2) 


The  standard  and  inaximum  weights  for  individual  hard  clams 
as  a  function  of  clam  length  used  in  Eq.  (2|  are  obtained  from 
empirically-deri\ed  relationships.  The  weight  and  length  observa- 
tions for  30-120  mm  hard  clams  given  in  Hibbert  (1977)  were 
used  to  develop  an  allometric  equation.  However,  using  this  allo- 
metric  equation  for  the  standard  length-weight  relationship  re- 
sulted in  growth  for  5-20  mm  hard  clams  that  was  too  rapid 
relative  to  observed  growth  rates  for  this  size  range.  Examination 
of  additional  hard  clam  length  and  weight  data  (Kraeuter  unpubl. 
data),  that  included  5-20  mm  clams  {n  =  450),  showed  that  small 
hard  clams  weigh  more  at  a  given  length  than  is  estimated  from  the 
Hibbert  (1977)  length-weight  relationship.  Combining  the  5-20 
mm  hard  clam  data  with  the  Hibbert  ( 1977)  data  allowed  a  new 
average  length-weight  relationship  to  be  obtained: 

W„(L)  =  «„  L-  +  b„  L-  +  r„  L  +  (/„.  (3) 

The  maximum  weight  attained  for  a  given  length  is: 

W,„  (L)  =  a,„  L-  +  h,„  L-  +  c,„  L  +  d,„.  (4) 

This  length- weight  relationship  (Fig.  3)  allows  for  small  hard 
clams  that  are  heavier  for  a  given  length  and  large  clams  that  are 
longer  for  a  given  weight  than  the  values  obtained  from  the  rela- 
tionship derived  by  Hibbert  ( 1977).  The  implication  is  that  small 
hard  clams  do  not  follow  allometric  growth.  Implementing  Eqs.  (3) 
and  (4)  with  the  hard  clam  model  resulted  in  simulated  growth 
rates  that  gave  lengths  during  the  first  five  years  of  clam  life  that 
matched  the  hard  clam  age-length  observations  given  in  Wallace 
(1991). 

The  time-dependent  \ariation  in  hard  clam  condition  index  (Eq. 
2)  is  calculated  from  changes  in  weight  (Eq.  1).  the  average  and 
maximum  length-weight  relatiimships  (Eqs.  3  and  4,  respectively) 
and  length  (Eq.  6  in  the  next  section)  as: 

dC(L.W)  1  r  (dW    dW,,dL 

d<  (VV,„(Z.)-VV'„  (/.))-[  V^'       (IL   dt 

ldW,„     dW,,\dL 
'dL~~dL}~It 


where  the  standard  and  maximum  clam  weights  are  functions  of 
clam  length,  L  (mm).  The  condition  index  obtained  from  Eq.  (2) 
indicates  how  fit  a  clam  is  at  any  given  time  for  a  specified  set  of 
environmental  conditions.  Positive  condition  index,  when  a  clam 
has  a  mass  for  a  given  length  that  is  above  the  standard  value, 
ranges  from  0-1.  Values  less  than  zero  occur  when  a  clam  has  a 
mass  for  a  given  length  below  that  obtained  from  the  standard 
length-weight  relationship. 


-(mt)- 


-VV'„(Z.)) 
VV„(L)) 


(5) 


Length  Equation 

When  excess  weight  for  a  given  length  relative  to  the  average 
length-weight  relationship  (Eq.  3)  occurs,  a  positive  condition  in- 
dex, the  excess  weight  produces  an  increase  in  shell  length  calcu- 
lated as: 

dL  L„„  -  L 


./,=«"^'^-   L., 


(6) 


where  gl{C)  is  the  rate  of  shell  length  increase  and  Z.,„^  sets  a 
maximum  hard  clam  length.  The  form  of  Eq.  (6)  results  in  incre- 
mentally smaller  increases  in  shell  length  as  the  maximum  length 
is  approached. 

The  rate  of  shell  length  change  is  a  function  of  hard  clam 
condition  and  is  assumed  to  follow  a  hyperbolic  relationship: 


g/(C)  =  ,?/,„„ 


C(L.  W) 


(7) 


'  glk  +  C(L,  W) 

where  .?/„„,,  is  the  maximum  specific  rate  of  increase  in  length,  glk 
is  the  condition  index  value  at  which  hard  clam  length  increments 
at  one-half  the  value  of  the  maximum  rate,  and  condition,  C(L.  W). 
is  obtained  from  Eq.  (2).  The  rate  of  shell  increase  is  analogous  to 
the  parameter  in  the  von  Bertalanffy  equation,  which  determines 
the  rate  of  lenath  increase  (A).  As  a  result,  observations  and  models 
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TABLE  1. 
Definitions,  units,  and  values  of  parameters  and  coefficients  used  in  the  individual-based  hard  clam  model. 


Coefficient 


Definition 


Units 


Value 


bo 
Co 
do 
a,„ 

b,„ 
c„, 
d,„ 

fi' 

fb 
fc 
/o 

Tf 

/,0 

A, 

Li 

"tss 

t>TSS 

AE„ 
AE, 

AE, 

br 

To 
«, 

«0 

SRo 
SR, 
SR. 


average  weight  constant 

average  weight  constant 

average  weight  constant 

average  weight  constant 

maximum  weight  constant 

maximum  weight  constant 

maximum  weight  constant 

maximum  weight  constant 

maximum  length 

maximum  specific  rate  of  length  increase 

0.5  g/„^, 

filtration  rate  dependence  on  length 

filtration  rate  dependence  on  temperature 

constant 

filtration  rate  coefficient 

low  temperature  cut  off  for  filtration 

temperature  cut  off  for  filtration 

high  temperature  cut  off  for  filtration 

salinity  filtration  constant 

salinity  filtration 

salinity  filtration  constant 

total  suspended  solids  filtration  constant 

total  suspended  solids  filtration  constant 

base  assimilation  efficiency 

assimilation  efficiency  constant 

assimilation  efficiency  half  saturation  coefficient 

base  respiration  rale 

respiration  weight  dependence 

respiration  temperature  dependence 

base  respiration  temperature 

reproductive  efficiency  constant 

reproductive  efficiency  constant 

spawn  ratio  constant 

spawn  ratio  constant 

spawn  ratio  constant 


mg  dry  wt  (mm)"' 

mg  dry  wt  (mm)"" 

mg  dry  wt  (mm)"' 

mg  dry  wt 

mg  dry  wt  (mm)"' 

mg  dry  wt  (mm)"" 

mg  dry  wt  (mm)"' 

mg  dry  wt 

mm 

d-' 

condition 

none 

none 

(cm  °C  ind  min)  mL 

none 

°C 

°C 

°C 

none 

ppt"' 

PPt"- 

L  (g  dry  wt)"' 

none 

none 

none 

mg  dry  wt 

|jlL  O,  (h  g  dry  wt)"' 

none 

CO"' 

°C 

(X)"' 

none 

none 

mg  dry  wt 

(mg  dry  wt)"' 

1.1373  X  lU"' 
-6.6545  X  lO"' 
1.4092  X  10"' 
-0.014814 
1.706  X  10"-' 
-9.9817  X  I0-' 
2.1139  X  10"-' 
-0.02222 
150 
0.008 
0.20 
0.96 
0.95 
2.95 
0.25 
7.5 
0.5 
29.0 
-4.302 
0.4144 
-8.1027  X  10"' 
1.225 
-0.375 
0.075 
0.575 
0.8001 
52.1314 
0.8484 
0.1012 
20.0 
1.5 

0.125 
0.2 
3.0 
0.0346 


of  hard  clam  growth  (Kennish  «&  Lo\ eland  1480.  Locsch  &  Haven 
1973)  can  be  used  as  a  guide  for  determining  the  parameters  con- 
trolling the  rate  of  shell  growth  in  Eq.  (7). 

Model  Parameterizations 
Filtration  Rate 

Doeiing  and  Oviatt  ( 1986)  provide  a  relationship  for  hard  clam 
filtration  rate  (FR)  as  a  function  of  clam  length  and  temperature  (D 
of  the  form: 


FR„(L.T)-- 


J  W  -rjh 


(8) 


that  allows  filtration  rate  to  increase  with  increasing  hard  clam 
length  and  temperature. 

Results  from  experiments  designed  to  show  the  effect  of  tem- 
perature on  hard  clam  filtration  rate  over  a  range  of  lengths 
(Hamwi  1969)  indicate  that  filtration  rate  is  maximal  between 
17°C  and  25°C.  decreases  at  temperatures  above  and  below  these 
values,  and  ceases  at  6°C  and  32°C.  This  patteni  holds  over  a  range 
of  hard  elam  lengths.  This  temperature  dependency  was  incorpo- 
rated by  modifying  Eq.  (8)  as: 


FR^iL.  T)  =  FR„f;,     1  +rimh 


Tf 


1  -  tank 


T, 


(9) 


where  the  hyperbolic  tangent  function  (tank)  provides  the  tem- 
perature dependency  that  is  observed  in  the  observations  presented 
in  Hamwi  (1969).  However,  the  use  of  Eq.  (9)  with  an  upper 
ten-iperature  limit  (r„,^,,,)  on  maximal  filtration  rate  of  25°C  pro- 
duced incorrect  growth  rates  for  simulations  that  used  summer 
temperatures  that  exceeded  this  value.  Setting  the  upper  tempera- 
ture limit  for  maximum  filtration  rate  to  29"C  (Fig.  4)  gave  correct 
growth  rates  for  hard  clams  in  environments  where  the  summer 
maximum  temperatures  exceeded  25°C.  Some  evidence  for  a 
higher  temperature  limit  on  filtration  is  provided  by  observations 
(Ansell  1968)  that  show  hard  clam  growth  up  to  28-29°C.  which 
then  decreases  at  higher  temperatures.  These  limited  observations 
and  the  simulation  results  obtained  using  Eq.  (9)  suggest  that  a 
latitudinal  variation  in  the  upper  temperature  limit  for  hard  clam 
maximum  filtration  may  exist.  However,  verification  studies  using 
environmental  conditions  from  southern  regions  have  not  been 
done.  Thus,  the  fomi  of  the  filtration  rate  teii-iperature  dependency  for 
temperatures  exceeding  those  typical  of  Great  South  Bay  is  tentative. 


A  Population  Dynamics  Model  of  M.  mercenaria 


421 


50         60         70         80         90        100       110 
Length  (mm) 

Figure  3.  Standard  hard  clam  length-weight  relationship  given  b)  Kq.  (3). 

Additional  experimental  results  show  that  hard  eluiii  filtration 
rate  increases  with  increasing  salinity  (Hamwi  1969).  This  effect, 
described  by  a  quadratic  function,  modifies  filtration  rate  as: 

FR,(L.  T.  S)  =  F/?|(/,„  +./;,  S  +,/;.  5')  (10) 

where  S  is  the  ambient  salinity. 

Increased  total  suspended  solids  (755.  g  dry  wt  L"' )  reduce  the 
food  acquired  by  hard  clams  through  reduced  filtration  and  in- 
creased pseudofeces  production  (Bricelj  &  Malouf  1984.  Bricelj  et 
al.  1984.  Murphy  1985).  The  data  given  in  Bricelj  and  Malouf 
(1984)  and  Bricelj  et  al.  (1984)  on  the  percent  loss  of  algae  in 
pseudofeces  as  a  function  of  sediment  concentration  were  used  to 
develop  a  relationship  that  reduces  the  effectiveness  of  filtration 
with  increasing  TSS  concentration.  This  effect  is  added  to  the 
filtration  rate  parameterization  as: 


FR(L  T.  5.  755)  =  F/?,(  1  -  «„,  755''"^), 


(111 


The  filtration  rate  given  by  Eq.  ( 1 1 )  is  the  value  that  is  input  to  the 
hard  clam  model. 


15  20 

Temperature  (°C) 

Figure  4.  Hard  clam  nitration  rate  as  a  function  of  temperature  cal- 
culated using  Kq.  (9)  for  a  1  g  dr_\  wt  clam. 


A.ssimilation  and  Assimilation  Efficiency 

Assimilation  (.4)  is  determined  by: 

A  =  FRAEiW)  FooiHr) 


(12) 


where  filtration  rate  (FR)  is  obtained  from  Eq.  (11)  and  the  weight- 
dependent  assimilation  efficiency.  AEiW).  determines  the  fraction 
of  the  available  food  that  is  assimilated. 

The  assimilation  efficiency  consists  of  a  base  efficiency  {AE^) 
for  clams  less  than  30  mm.  The  base  assimilation  efficiency  is  low 
{Table  1 )  because  the  filtration  (Eq.  8)  and  respiration  (see  Eq.  14. 
later)  relationships  produce  inordinately  high  growth  rates  for 
small  hard  clams.  The  low  base  assimilation  efficiency  compen- 
sates for  this  imbalance.  The  implication  is  that  small  hard  clams 
have  reduced  assimilation,  either  because  of  lower  filtration  rates, 
less  efficient  filtration  or  lower  assimilation  efficiency  because  of 
shorter  guts  (Hughes  1980.  Willows  1992).  For  larger  hard  clams, 
the  assimilation  efficiency  increases  in  a  hyperbolic  manner  with 
increasing  weisht  as: 


AE(W)  =  AE,,  +  - 


(13) 


AE^  +  W 

where  AE^  is  the  weight  (Eq.  3)  of  a  42.5  mm  hard  clam  and  the 
asymptotic  assimilation  efficiency  is  0.80.  The  food  time  series 
{FiHuhr))  used  in  Eq.  (12)  is  described  in  the  Environmental  Data 
Sets  section. 

Respiration 

Respiration  is  the  primary  metabolic  loss  and  is  parameterized 
using  a  general  bivalve  relationship  obtained  at  20  C  (Powell  & 
Stanton  1 985 ).  This  relationship  was  scaled  for  temperature  effects 
on  respiration  by  using  the  2io  values  for  hard  clam  respiration 
that  are  summarized  in  Grizzle  et  al.  (2000).  These  values  were 
averaged,  except  for  two  that  fell  outside  the  range  of  the  others, 
to  obtain  a  Q^„  value  of  2.75.  The  respiration  relationship  is: 


R(  W.  T)  ■- 


1^',  g'-AT-To) 


(14) 


which  gives  increasing  respiration  rate  with  increasing  temperature 
(Fig.  5).  The  respiration  rate,  in  \^.\  O,  h"'  clam"',  was  converted 
to  energy  equivalent  units  using  4.75  cal  (ml  O,)"',  5000  cal  (g  dry 
wt)''  (Hibbeil  1977).  and  4.184  cal  J"'. 

Reproduction 

Hard  clams  are  assumed  to  be  sexually  mature  when  they  reach 
20  mm  (Eversole  2000).  For  hard  clams  of  this  length  and  larger, 
positive  net  production  is  apportioned  into  somatic  and  reproduc- 
tive tissue  using  a  temperature-dependent  reproduction  efficiency 
of  the  form: 

R,jf{T)  =  R,T-R„  (15) 

Equation  15  applies  over  the  range  of  temperatures,  reported  in 
Eversole  (2000).  at  which  hard  clams  form  reproductive  tissue. 
The  temperature-dependent  reproductive  efficiency,  which  ranges 
between  zero  and  0.9,  determines  the  fraction  of  net  production 
that  goes  into  reproductive  tissue.  The  coincidence  of  positive 
reproductive  efficiency  and  positive  condition  index,  results  in  the 
formation  of  reproductive  tissue.  At  high  temperatures,  reproduc- 
tive tissue  formation  is  limited  by  scope  for  growth,  which  is 
controlled  by  the  rapid  drop  in  filtration  rate  above  29°C  (Eq.  9, 
Fig.  4)  and  by  the  number  of  days  that  hard  clams  experience 
temperature  between  20  C  and  27°C,  as  described  in  the  following 
section. 
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Figure  5.  Hard  clam  respiration  rate  as  a  function  of  temperature 
calculated  using  Eq.  (14)  for  a  I  g  drj  \vt  clam. 

Egg  Production  and  Spawning 

Spawning  occurs  when  reproductive  tissue  is  a  certain  fraction 
of  total  liard  clam  body  weight  and  condition  index  is  positive. 
These  criteria,  which  set  a  spawning  threshold,  allow  spawning  to 
be  dynamically  determined  by  environmental  conditions  and  hard 
clam  condition,  rather  than  being  imposed. 

The  ratio  of  reproductive  tissue  to  total  body  weight  at  which 
spawning  occurs  was  determined  by  comparing  the  simulated 
number  of  eggs  produced  by  a  spawn  to  observations  (Davis  & 
Chanley  1956.  Bricelj  1979,  Bricelj  &  Malouf  1980,  Malouf  1991, 
Eversole  2000)  that  show  that  an  individual  hard  clam  produces 
20—10  million  eggs  in  a  year.  Additional  observations  (Bricelj  & 
Malouf  1980)  show  that  the  number  of  eggs  produced  drops  as  a 
function  of  hard  clam  weight  as  length  exceeds  60-70  mm,  which 
provides  a  constraint  for  simulated  spawning. 

The  number  of  eggs  produced  in  a  simulated  spawn  was  ob- 
tained by  converting  the  reproductive  tissue  to  eggs  using  51  ng 
dry  wt  egg"'  (Eversole  2000).  The  initial  simulations  that  used  a 
fixed  ratio  of  reproductive  tissue  to  total  body  weight  to  trigger 
spawns  overestimated  egg  production  per  individual  in  comparison 
with  observations.  Moreover,  in  some  simulations,  large  hard 
clams  failed  to  spawn  because  the  scope  for  growth  was  inad- 
equate to  reach  the  spawning  threshold  equivalent  to  that  in  the 
smaller  clams.  Thus,  a  spawn  ratio  (SR)  that  depends  on  hard  clam 
weiizht  of  the  form: 


S/?  =  .S/?,,-KW'-S/?,)S/?, 


tions  showed  spawning  that  started  at  the  coirect  time,  but  contin- 
ued into  September.  The  fall  spawn  resulted  in  total  yearly  egg 
production  that  was  too  high  relative  to  observations  (Eversole 
2000).  Observations  indicate  that  spawning  of  Great  South  Bay 
hard  clams  ceases  in  the  fall,  although  the  processes  that  terminate 
spawning  have  not  been  identified.  Attempts  to  end  fall  spawning 
at  the  appropriate  time  that  were  based  on  changes  in  food  supply 
or  temperature  were  unsuccessful.  Thus,  an  ad  hoc  approach  was 
developed  that  depends  on  days  when  the  water  temperature  is 
between  20°C  and  27°C.  a  temperature  range  that  brackets  the 
optimal  range  for  hard  clam  spawning.  Days  with  temperatures  in 
this  range  add  one  quality  day.  Spawning  occurs  for  quality  days 
between  1  and  60;  no  spawn  occurs  if  the  cumulative  quality  days 
exceed  60.  This  terminates  reproduction  prior  to  the  fall  tempera- 
ture decrease.  The  quality  day  approach  resulted  in  simulated  hard 
clam  growth  and  reproduction  that  matched  observations  from 
Great  South  Bay.  However,  this  quality  day  approach  may  not 
apply  to  lower  latitude  hard  clam  populations  that  are  observed  to 
spawn  later  into  the  fall. 

Unspawned  gametes  are  resorbed  in  the  fall  when  the  tempera- 
ture declines.  During  times  when  the  temperature  is  less  than  I2'-'C, 
the  reproductive  tissue  that  is  stored  as  gametes  (W„.,„.„j)  is  used 
to  support  basic  metabolic  processes  at  a  rate  of  0.145  d"'.  which 
results  in  use  of  one-half  of  the  gametic  tissue  in  4.5  days. 

Genetic  Variations  and  Development  of  Cohorts 

Growth  of  individual  hard  clams  varies  in  response  to  physi- 
ological characteristics  and  environmental  conditions,  which  are 
reflected  in  the  yearly  cohorts  that  ultimately  produce  the  popula- 
tion (Fig.  2).  These  variations  come  from  the  population  genetic 
variability.  For  example,  variations  can  arise  from  initial  length, 
which  determines  an  initial  physiological  state  for  an  individual, 
and  from  differences  in  physiological  responses,  such  as  assimi- 
lation rate  and  respiration  rate,  which  influence  growth  efficiency. 

The  genetically-determined  variability  (GV, ,)  of  a  cohort  was 
obtained  usins;  a  Gaussian  function  of  the  form: 


was  developed  to  provide  the  trigger  for  spawning.  For  hard  clams 
less  than  3  g  dry  wt,  the  ratio  of  reproductive  tissue  to  total  body 
weight  at  which  spawning  occurs  is  0.2.  As  hard  clam  weight 
increases  beyond  3  g  dry  wt,  the  spawn  ratio  decreases,  reaching  a 
minimum  value  of  0.08  for  clams  of  II  g  dry  wt.  Spawning  by 
larger  hard  clams  is  triggered  at  a  lower  fraction  of  reproductive 
tissue  to  total  body  weight,  which  reduces  the  number  of  eggs 
produced  per  gram  weight  for  large  hard  clams  (Fig.  6)  because  the 
total  amount  of  gamete  tissue  spawned  is  smaller,  but  permits 
simulated  total  yearly  egg  production  within  the  observed  range 
(Eversole  2000). 

Hard  clams  in  Great  South  Bay  spawn  in  June  and  July,  with  a 
small  spawn  in  August  (Kassner  &  Malouf  1982).  Initial  simula- 


GV,   =Uoc^ 


^C]' 


17) 


(16)      a 


Weight  (g) 

Kigure  6.  Number  of  eggs  produced  as  a  function  of  hard  clam  weight 
calculated  using  Kq.  (161. 
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TABLE  2. 
Deflnitions.  units,  and  \alues  of  parameters  and  coefficients  used  in  calculations  of  the  coliort  and  population  structure. 


Coefficient 


Definition 


Units 


Value 


CI, 
Clo 

CTc, 

C2j 

C2o 

CTC2 

imax 
jmax 

Szo 

Sz„ 

Mro 

Mr„ 

Ra 

Rb 

Re 


initial  dam  density 

L'haraclerislic  I  initial  length  vaiiatiun 

characteristic  I  initial  length 

characteristic  1  standard  deviation 

characteristic  2  assimilation  rate  variation 

characteristic  2  assimilation  efficiency  mean  value 

characteristic  2  standard  deviation 

maximum  range  characteristic  1 

maximum  range  characteristic  2 

smallest  initial  length 

largest  initial  length 

smallest  assimilation  efficiency  value 

largest  assimilation  efficiency  value 

broudstock-recruitment  constant 

biroodstock-recruitment  constant 

broodstock-recruitment  constant 

egg  survival  constant 

egg  survival  constant 

mortality  rate  constant 

mortality  rate  constant 

mortality  rate  constant 

morlality  rate  constant 


ind  m"" 

nun 

mill 

nmi 

d"' 

d-' 

d-' 

none 

none 

mm 

mm 

d-' 

d-' 

ind  g"- 

ind  g"' 

ind  m~" 

(mg  dry  wt)'  g~' 

none 

d-' 

age"' 


I 
specified 
26 
6.0 
specified 
1.0 
0.3 
specified 
specified 
12.0 
50.0 
0.25 
1.75 
-3.26  X  ur^ 
0.0863 
-0.00228 
-0.1192 
3.31 19  X  10"* 
0.032 
-1.5201 
1.8916  X  10-* 
0.19016 


where  CI  and  CI  represent  the  chaiacteristies  that  are  used  to 
specify  the  genetic  variabiUty.  The  Gaussian  distribution  was  cen- 
tered about  the  mean  value  for  each  genetic  characteristic  and  the 
range  in  variation  for  each  was  set  by  the  standard  deviation  (a^  ,. 
<j^-^)  about  the  mean  value  (Table  2).  The  range  in  variation  as- 
sociated w  ith  a  particular  characteristic  is  given  by  /  and  /  The 
Gaussian  weight  is  normalized  so  that 


EEgv„=i 

,=l  J=l 


(18) 


Equation  17  gives  the  cohort  distribution  of  two  characteristics.  It 
can  be  expanded  to  include  as  many  characteristics  as  are  relevant 
to  describing  variations  in  the  population. 

The  estimate  of  the  range  of  variability  in  iiidiv  idual  hard  clams 
was  obtained  from  data  sets  that  give  the  range  of  lengths  of  hard 
clams  for  cohorts  at  age  (Peterson  et  al.  1983.  Grizzle  1988.  Ken- 
nish  unpublished  data  on  583  hard  clams  0.5-10  y  in  age  I.  These 
data  were  normalized  by  age  and  used  to  derive  a  relationship  that 
relates  the  magnitude  of  the  length  range  to  age  (Fig.  7).  The 
normalized  range  suggests  a  two  standard  deviation  variation  in 
hard  clam  length  at  age.  This  was  used  as  the  basis  to  set  the  values 
of  a^-i  and  ct^  ,  in  Eq.  ( 17)  to  give  a  two  standard  deviation  varia- 
tion in  particular  clam  characteristics  about  a  mean  characteristic 
value. 

Equation  17  was  implemented  by  allowing  initial  length,  as- 
similation etTiciency.  and  respiration  rate  to  vary.  Varying  assimi- 
lation efficiency  is  equivalent  to  varying  any  process  that  affects 
assimilation,  including  filtration  and  ingestion  rate.  Variation  in  ini- 
tial length  (5;)  was  introduced  by: 


Sz{i)  =  Sz„  +  2{i-  \)fori=  1.5,-,, 


(19) 


where  Sc,,  and  Sz„  represent  the  smallest  and  maximum  initial 
lengths,  respectively.  Variation  in  metabolic  rates  (Mr)  was  intro- 
duced by: 


Miij)  =  Mi\,  +  0.05(7  -  1 )  for./  =  1 .  Mr,,  ( 20) 

where  Mi\,  and  Mr,,  represent  the  minimum  and  maximtim  range 
for  a  particular  metabolic  process.  The  initial  and  maximum  v  alues 
used  for  variation  in  length  and  assimilation  efficiency  are  given  in 
Table  2.  Some  combinations  of  initial  length  and  metabolic  rate 
will  be  less  common  in  a  given  hard  clam  cohort  and  other  com- 
binations will  be  less  viable  overall  either  because  of  metabolic 
imbalances  or  metabolic  inefficiencies.  The  surviving  individuals 
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Figure  7.  The  magnitude  of  the  length  range  for  a  hard  clam  cohort, 
standardized  to  cohort  age.  as  a  function  of  cohort  age. 
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determine  the  genetic  structure  of  the  cohort.  A  cohort  is  produced 
in  each  year  of  the  simulation  and  the  yearly  cohorts  concatenated 
to  produce  the  overall  population  structure  (Fig.  2),  as  described  in 
later  sections. 

Mortality 

Siinulations  were  started  with  2-y-old  hard  clams  because  veri- 
fication data  from  Town  of  Islip,  NY  stock  assessments  did  not 
include  quantitative  counts  of  younger  clams.  The  postsettlement 
mortality  for  the  hard  clams  in  the  first  and  second  years  was 
absorbed  into  the  recruitment  calculation,  which  is  described  later. 
The  mortality  associated  with  the  two-year  and  older  postsettle- 
ment hard  clam  populations  is  assumed  to  be  from  natural  pro- 
cesses, such  as  predation  (Malinowski  l'-)S5).  Mortality  from  star- 
vation, temperature,  and  salinity  are  considered  to  be  small  in 
comparison  and  are  not  included  as  explicit  losses.  Combined 
mortality  observations  from  field  estimates  and  transplanted  hard 
clams  (Hibbert  1977.  Kennish  1978.  Buckner  1984.  Walker  1983. 
Kraeuter  unpubl.  data)  show  that  the  specific  mortality  rate  is 
higher  for  young  clams,  lessens  for  intermediate  age  clams,  and 
increases  for  old  clams.  These  data  were  used  to  develop  daily 
specific  inortality  rates  (M)  as  a  function  of  hard  clam  age  (CA)  as: 


M(CA)  =  m^e'"'  "  for  age  <3 


and 


M(CA) 


■  /»,('"'"' '^■'  for  ((,;;£'  >  3 


(21) 


(22) 


where  parameter  definitions  and  \'alues  are  given  in  Table  2.  The 
daily  specific  mortality  rates  were  then  used  to  calculate  the  frac- 
tion of  the  population  that  survives  (SF)  to  the  next  year  as: 


SF=  1 


(23) 


■M{CA)T^.^ 

where  r„.  is  the  number  of  days  in  a  year.  The  survival  fraction 
obtained  from  Eq.  (23)  is  highest  for  2-to-4-y-old  hard  clams  and 
decreases  with  age  (Fig.  8). 

Enrironmental  Data  Sets 

Temperature  and  Salinity 

Several  time  series  of  monthly  temperature  observations  are 
available  for  Great  South  Bay.  The  year-long  time  series  of 
monthly  temperature  observations  for  1977-1978  (Bricelj  1979) 
was  used  for  this  study  because  of  its  completeness  and  because  it 
appeared  to  best  represent  average  conditions  (Fig.  9A).  The  sea- 
sonal variation  in  temperature  is  as  expected,  with  maximum  tem- 
peratures in  summer  and  minimum  values  in  winter. 

The  limited  available  salinity  data  for  Great  South  Bay  (Qua- 
glietta  1987)  indicate  that  salinity  variations  are  small,  with  maxi- 
mum values  occurring  in  late  summer  and  fall.  The  observed  sa- 
linity variation  of  Great  South  Bay  is  always  near  optimal  le\els 
for  hard  clams.  These  data  were  used  to  construct  an  idealized 
year-long  salinity  tiiries  series  (Fig.  9B)  in  which  salinity  varies 
sinusoidally  froin  a  minimum  of  22.5  to  a  maximum  of  27.5  with 
the  minimum  occurring  at  year-day  100  (April  10). 

Chlorophyll  a  and  Food 

Chlorophyll  a  concentrations  for  Great  South  Bay  were  mea- 
sured during  1985  at  weekly  to  monthly  intervals,  except  for  Janu- 
ary. February  and  March  (Quaglietta  1987).  The  three  months  for 
which  data  were  not  available  were  obtained  by  linear  interpola- 
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Figure  8.  Fraction  of  hard  clams  surviving  as  a  function  of  clam  age 
obtained  from  Kqs.  21-2,1.  The  change  in  slope  of  the  curve  at  three 
years  is  produced  bv  joining  of  the  two  mortality  functions. 


tion  from  the  nearest  measurements.  The  resultant  chlorophyll  u 
time  series  (Fig.  9C)  shows  low  chlorophyll  ti  from  January  to  late 
April,  after  which  concentrations  about  double  as  the  spring  bloom 
develops.  Chlorophyll  a  values  during  the  late  sunmier  are  reduced 
from  these  maximum  \alues  and  then  increase  again  in  late  fall 
(Fig.  9C). 


100 


300 


350 


150     200     25( 
Time  (days) 

Figure  9,  Time  scries  of  (A)  temperature,  (B)  salinity,  (C)  chlorophyll 
a.  and  ID)  food,  calculated  from  chlorophyll o  using  Eq.  (24),  that  were 
inpul  to  the  individual-based  hard  clam  model.  The  solid  line  on  panel 
I)  indicates  the  time  and  duration  of  an  imposed  starvation  period  used 
for  other  simulations,  as  described  in  the  text. 
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Chkirophyll  a  concentration  ichUi)  was  converted  to  food  (Fig. 
9D)  iisini;  tlie  relationship  given  in  Soniat  et  al.  (  U)S4); 

Food(t)  =  af+hfchla{l)  (24| 

which  includes  a  nonalgal  food  supply  iaj)  that  increases  available 
food  above  that  estimated  from  chlorophyll  a  and  sets  a  lower  limit 
on  the  food  available  to  hard  clams  (Table  3).  The  importance  of 
a  nonalgal  food  source  for  marine  bivalves  has  been  established  by 
independent  measurements  of  protein,  lipid,  and  labile  carbohy- 
drate in  a  number  of  bays  and  estuaries  (Soniat  &  Ray  1985.  Soniat 
et  al.  1998,  Hyun  et  al.  2001 ).  The  converted  food  time  series  (Fig. 
9D)  was  input  into  the  hard  clam  model  via  Eq.  (12).  The  food 
time  series  resulted  in  simulated  hard  clam  growth  rates  that  match 
those  reported  in  Wallace  (1991). 

Total  Suspended  Solids 

A  wide  range  in  concentration  of  suspended  solids  (2-167  mg 
L"' )  has  been  reported  for  Great  South  Bay.  with  increased  values 
associated  with  periods  of  high  winds  or  runoff  (Dennison  et  al. 
1991).  Monitoring  activities  during  the  summer  of  1980  by  Suffolk 
County.  NY  showed  that  suspended  solids  values  usually  are  be- 
low 20  mg  L"'  (Dennison  et  al.  1991).  Additional  limited  mea- 
surements of  particulate  organic  matter  for  Great  South  Bay 
(Bricelj  et  al.  1984)  and  total  seston  for  Long  Island  Sound  (Evjen 
1985)  suggest  an  average  concentration  of  10  mg  L^'.  Increases 
above  this  value  occur  in  late  fall  and  winter,  which  is  at  a  time 
when  clam  filtration  is  reduced.  The  variation  in  summer  values 
does  not  exceed  this  average  value  (Evjen  1985).  Thus,  the  average 
total  suspended  solids  concentration  was  used  in  the  hard  clam 
filtration  relationship  given  by  Eq.  ( 1 1 ). 

Hard  Clam  Model  Implementation 

Solution  Method 

The  indix  idual-based  hard  clam  model  consists  of  first-order 
ordinary  differential  equations  that  calculate  the  time-dependent 
rate  of  change  of  weight,  length  and  condition.  The  dependence 
among  these  variables  is  such  that  only  two  are  independent  and 
the  third  can  be  obtained  as  a  diagnostic  calculation.  In  this  imple- 
mentation of  the  model,  the  change  in  condition  and  length  are 
obtained  from  Eqs.  (5)  and  (6).  respectively,  and  are  used  to  cal- 
culate weight  from  Eq.  ( 1 ). 

The  set  of  differential  equations  is  solved  with  a  5-stage.  4"'- 

TABLE  3. 

Definitions,  units,  and  values  of  parameters  and  toefniients  used 

in  implementation  of  the  hard  tlani  and  the  cohort  and 

population  calculations. 


Coefficient  Definition 


Units 


Value 


Of  non-algal  food  mg  dry  wt  L  '  0.520 

concentration 

(mgdrywtL'')  0.088 

(|jlL  L^')"' 

1 

clams 
bfo  cohort  biomass  none  6. . 1258  x  10" 

reduction 
b/,  cohort  biomass  (mg  dry  wt)"'  2..1(i59  x  I0~ 

reduction  coefficient 


order,  compact  storage  Runge-Kutta  solution  scheme  (Carpenter  & 
Kennedy  1994).  This  solution  procedure  has  truncation  errors  pro- 
portional to  the  time  step  to  the  fourth  power  making  thein  accu- 
rate in  time.  The  procedure  has  the  further  benefit  of  requiring  that 
only  two  (instead  of  the  more  usual  4)  intermediate  solutions  be 
saved. 

Initial  Conditions  and  Forcing 

The  individual-based  model  was  initialized  with  a  two-year-old 
clam  using  a  range  of  sizes  established  by  Eq.  19.  As  a  result, 
simulation  year  0  starts  with  a  2-y-old  clam.  Conversion  of  simu- 
lation year  to  actual  clam  age  is  done  by  adding  two  years.  The 
hard  clam  simulations  are  run  for  20  y  with  a  time  step  of  1  day. 
The  individual-based  simulations  were  combined  to  form  popula- 
tions with  one  or  more  cohorts.  A  20-y  simulation  is  sufficient  to 
develop  a  stable  cohort  and  population  structure. 

The  monthly-averaged  environmental  data  sets  input  to  the 
model  were  interpolated  to  daily  values.  The  annual  time  series  for 
each  environmental  variable  (Fig.  9)  is  repeated  in  each  year  of  the 
20-y  simulation.  The  simulated  weight,  length,  and  condition  and 
additional  diagnostic  properties,  such  as  egg  production,  are  saved 
at  10-day  intervals.  Model  calculations  are  done  m  terms  of  J  (g 
dry  wt)"'. 

Cohort  and  Population  Calculations 

A  cohort  is  constructed  from  the  individual-based  model  results 
and  is  composed  of  individual  hard  clams  that  recruit  in  the  same 
year.  The  number  of  individuals  m""  in  a  cohort  at  each  combi- 
nation of  genetic  variability  (N, ,)  is  calculated  as: 

N_^  =  N„GV,j  (25) 

where  A^o  is  the  initial  number  of  individuals  m""  in  the  cohort 
(Table  3)  and  GV,,  is  calculated  from  Eq.  (17).  All  of  the  cohort 
calculations  used  in  this  study  started  with  an  initial  value  of  1  ind 
m"".  which  is  consistent  with  observed  hard  clam  abundances  in 
Great  South  Bay.  The  initial  value  is  then  apportioned  among  the 
various  genetic  combinations  obtained  by  application  of  Eq.  (17). 
Age-dependent  mortality,  obtained  from  Eqs.  (21.  22).  is  ap- 
plied to  the  cohort  and  the  annual  survival  fraction  (Eq.  23)  is  used 
to  calculate  the  reduction  in  total  number  of  clams  in  a  cohort  in  a 
given  year  as: 

N,j(ycar)  =  SFx  N.^iyear)  (26) 

The  total  cohort  biomass  m""  (CB)  is  then  obtained  by  summing 
the  product  of  the  number  of  hard  clams  associated  with  each 
genetic  characteristic  and  the  corresponding  weight  that  each  has 
in  the  month  of  June  iJW,^): 

iiiui\  /nun 

CB=^^N,^xJW,^  (27) 

,=i    j=\ 

The  simulated  June  weight  is  used  in  the  above  calculation  because 
this  corresponds  to  the  maximum  (prespawn)  weight  for  an  indi- 
vidual hard  clam. 

The  population  biomass  in  a  given  year  {PBiyeai))  is  deter- 
mined by  summing  across  all  cohorts 

CmiLV 

PBiyear)  =  2)  CB,  (28) 

/,=  ! 

where  k  represents  the  number  of  cohorts  and  Cmax  is  the  maxi- 
mum number  of  cohorts.  The  total  population  biomass  obtained 
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from  Eq.  (28 1  provides  the  spawning  stock  biomass  that  is  used  to 
calculate  the  number  of  surviving  eggs  (Eq.  30).  as  described 
below. 

Population  Recruitment 

The  number  of  eggs  spawned  provides  the  potential  recruits 
that  produce  a  cohort  in  a  given  year.  Simulated  egg  production  for 
the  spawning  stock  cannot  be  converted  simply  into  recruitment, 
however.  A  broodstock-recruitment  relationship  derived  for  Great 
South  Bay  hard  clam  populations  suggests  that  survivorship  varies 
nonlinearly  as  a  function  of  broodstock  biomass.  This  relationship 
was  de\  eloped  using  data  collected  by  the  Town  of  Islip.  NY.  from 
1978-2000  expressed  as  the  number  of  2-y-old  clams  in  a  given 
year  as  a  function  of  broodstock  biomass  two  years  previously. 
This  relationship  is  of  the  form: 


Riyear)  =  Ru  x  PB(year  -  2)"  +  Rh  x  PBiyear  -  2)  +  Re 


(29) 


where  /?(year)  is  the  number  of  2-y-old  clams  m""  in  a  given  year 
and  /'B(year  -  2)  is  the  spawning  stock  biomass  in  g  m~'  that 
existed  two  years  previously.  Kraeuter  et  al.  (2005)  provide  addi- 
tional information  on  the  relationship  between  recruitment  and 
broodstock  in  Great  South  Bay  hard  clam  populations. 

The  relationship  given  by  Eq.  (29)  results  in  a  linear  increase  in 
recniits  with  increasing  broodstock  biomass  up  to  a  certain  bio- 
mass. after  which  recruits  level  off  as  biomass  increases,  a  process 
known  as  compensation.  Compensatory  processes  involve  canni- 
balism of  young  (e.g..  Hunt  et  al.  1987)  or  competition  for  food 
among  adults  (Frechette  &  Lefaivre  1990.  Honkoop  &  Bayne 
2002).  which  may  reduce  fecundity.  A  nonlinear  dependency  of 
spat  density  on  spat  survival,  which  may  arise  from  variable  pre- 
dation  rates  over  a  range  of  clam  densities  (Peterson  et  al.  199.5, 
Boulding  &  Hay  1984).  would  also  produce  a  compensatory 
broodstock-recruitment  pattern. 

The  broodstock-recruitment  relationship  given  by  Eq.  (29)  does 
not  allow  variations  in  recruitment  in  years  when  environmental 
conditions  increase  or  restrict  fecundity  or  survivorship  for  a  given 
broodstock  biomass.  Therefore,  the  broodstock-recruitment  rela- 
tionship was  used  with  an  empirically-derived  relationship  be- 
tween clam  biomass  and  fecundity  to  determine  egg  survivorship. 
The  biomass-fecundity  relationship  was  obtained  by  first  creating 
an  average  population  length-frequency  distribution  from  the 
Town  of  Islip  hard  clam  data.  Simulations  using  average  environ- 
mental conditions  for  Great  South  Bay  (described  in  the  Environ- 
mental Data  Sets  section)  were  used  to  obtain  hard  clam  egg  pro- 
duction values  for  a  wide  range  of  hard  clam  lengths  and  weights. 
These  egg-production  values  were  prorated  across  the  average 
length-frequency  distribution  to  create  a  population  average  fecun- 
dity and  the  fecundity  value  was  normali/ed  ti>  a  broodstock  value 
of  I  g  dry  wt  m^".  The  1-g  dry  wt-m~~  value  was  then  expanded 
across  the  range  of  anticipated  population  biomasses  obtained 
from  the  broodstock-recruitment  curve,  with  the  assumption  that 
the  source  of  compensation  in  the  biomass-recruitment  curve  is  not 
adult  competition  for  resources.  In  Great  South  Bay,  average  hard 
clam  biomass  does  not  normally  exceed  about  3  large  clams  m"" 
and  this  density  is  unlikely  to  create  conditions  limiting  clam  in- 
gestion, thereby  producing  competition  for  resources. 

The  clam  biomass-fecundity  relationship  was  used  with  the 
estimate  of  the  number  of  two-year-old  recruits  obtained  from  the 
brood.stock-recruitment  curve  for  a  given  population  biomass  to 
obtain  the  average  egg  survivorship  to  a  2-y-old  clam  for  a  range 


of  population  biomass  levels.  The  resulting  relationship  describing 
the  fraction  of  eggs  surviving  to  become  two-year-old  clams  (S„,„) 
as  a  function  of  population  biomass  is  of  the  form; 


„7,v„PBI.vra/-2l 


Eggs 


(-30) 


where  parameter  definitions  and  values  are  given  in  Table  2.  Eq. 
(30)  gives  decreasing  survivorship  with  increasing  hard  clam  bio- 
mass, thus  maintaining  the  general  compensatory  relationship  de- 
fined by  the  broodstock  recruitment  curve,  while  also  allowing 
conditions  of  inherently  higher  fecundity  to  result  in  inherently 
higher  recruitment. 

A  hard  claiti  population  is  constructed  from  the  yearly  cohorts. 
In  each  year,  a  new  cohort  enters  the  population  with  a  number  of 
individuals  and  size  structure  as  described  by  Eq.  (19)  and  (30).  As 
a  consequence,  population  age  frequency  and  length  frequency  are 
independent  characteristics,  length  being  derived  from  the  growth 
of  each  individual  genotype  in  each  cohort  and  age  by  the  time  of 
cohort  birth. 

RESULTS 

Indivuliial  Hard  Clam  Simiilalions 

Individual  Hard  Clam  Reference  Simulation — Basic  Characteristics 

The  simulated  length  and  weight  change  of  an  average  indi- 
vidual hard  clam  (Fig.  10)  followed  the  normal  pattern,  with  in- 
creases in  weight  being  larger  for  smaller-sized  clams  and  length 
increa.ses  being  greater  tor  larger  clams.  Decreases  in  weight,  such 
as  the  one  that  occurs  at  about  40  mm.  result  from  spawning.  For 
Great  South  Bay  environmental  conditions,  the  simulated  length 
and  weight  remain  above  the  standard  curve,  except  when  spawn- 
ing occurs,  and  never  exceed  the  maximum  length  and  weight 
allowed  for  hard  clams. 

The  simulated  hard  clam  dry  weight  (Fig.  1  lA)  increases  dur- 
ing the  first  five  simulation  years,  after  which  the  rate  of  increase 
in  dry  weight  declines  and  levels  out  at  4-5  g.  The  short-term 
decreases  in  weight  are  associated  with  spawning,  which  is  most 
frequent  in  simulation  years  2  and  3  (hard  clam  years  4  and  5). 
Short-tenn  fluctuations  in  weight  decrease  in  the  later  years  of  the 
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Kij-ure  10.  Simulated  hard  clam  length  and  «eif"hl  obtained  from  the 
reference  simulation  with  the  individual-based  model.  The  standard 
and  maximum  hard  clam  length-Height  curves  obtained  from  Eqs.  3 
and  4.  respecti\ely,  are  shown  for  comparison.  Decreases  in  simulated 
hard  clam  weight  at  a  gi>en  length  are  associated  with  spawning  events 
or  times  of  negati>e  scope  for  growth. 
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simulation  us  the  hard  clam  gets  larger  and  older  and  spawns  less 
frequently.  The  weight  decrease  that  begins  in  winter  and  extends 
into  the  spnng  of  each  simulation  year  results  from  reduced  food 
(Fig.  9D)  during  this  time.  The  simulated  change  in  hard  clam 
length  (Fig.  1 1  A)  is  rapid  in  the  first  five  simulation  years,  after 
which  length  increases  slowly  to  a  ma.\imum  value  of  about  79 
mm.  The  periods  of  constant  length  in  each  simulation  year  coin- 
cide with  periods  of  weight  loss,  such  as  occurs  during  the  winter 
and  spring. 

The  reference  simulation  is  for  a  hard  clam  with  an  average 
genotype  for  the  cohort  as  defined  by  Eqs.  (19)  and  (20).  As  a 
consequence,  some  members  of  the  cohort  will  grow  slower  and 
others  faster  than  this  average  animal.  Likewise,  some  spawn  more 
and  others  less  frequently.  This  is  then  a  representative  hard  clam 
genotype  for  the  cohort,  but  not  the  only  genotype.  The  simulated 
condition  index  (Fig.  1  IB)  of  this  average  hard  clam  ranges  be- 
tween 0.4  and  -0.4.  Positive  condition  corresponds  to  times  of 
increase  in  weight  and  shell  length  and  occur  mostly  during  the 
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Figure  II.  Simulated  time  development  in  (A)  hard  clam  weight  and 
length  obtained  from  the  reference  simulation  and  a  simulation  that 
included  a  star\ation  period  (cf.  Figure  91))  and  (Bl  condition  index 
obtained  from  the  reference  simulation.  Note  that  weight  and  length 
are  given  on  log  and  linear  scales,  respectively. 


first  five  simulation  years.  Positive  condition  is  also  associated 
with  spawning  (Fig.  1 1  A)  after  which  condition  declines,  normally 
becoming  negative.  Periods  of  negative  condition  also  occur  dur- 
ing times  of  reduced  food  availability,  such  as  in  winter  (Fig.  9D). 
At  these  times,  weight  decreases  as  the  hard  clam  resorbs  tissue  to 
cover  metabolic  needs  and  length  remains  constant  (Fig.  11  A). 
After  simulation  year  5,  the  variability  in  condition  index  is  re- 
duced (Fig.  1 1 B)  because  of  less  frequent  spawning.  After  the  first 
five  simulation  years  (clam  age  of  7  y )  the  trend  in  condition  index 
is  negative,  with  only  occasional  short-duration  periods  of  positive 
condition.  Condition  index  remains  negative  after  simulation  year 
9  (clam  age  of  1 1  y). 

The  negative  condition  characteristic  of  the  latter  stages  of  hard 
clani  development  is  expected.  Growth  slows  with  increasing  age 
because  the  time-integrated  amount  of  energy  assimilated  begins 
to  be  balanced  by  the  losses  to  respiration  and  reproduction.  For 
the  simulated  shell  growth  to  slow,  as  observed  at  old  age,  condi- 
tion index  must  rarely  rise  above  zero,  as  positive  condition  leads 
to  shell  growth.  The  expected  rise  and  fall  of  condition  index  with 
the  yearly  gametogenic  cycle  (Fig.  IIB)  differs  from  the  overall 
trend  in  relative  condition  over  the  animal's  lifetime  that  describes 
the  decline  in  growth  efficiency  as  animal  size  increases  (Thomp- 
son &  Bayne  1974,  Hawkins  &  Bayne  1992,  Brown  et  al.  1993, 
Lika  &  Nisbet  2000).  This  constraint  in  energy  apportionment  is 
also  seen  in  spawning.  Spawning  is  a  frequent  and  regular  event 
during  the  first  four  simulation  years  (clam  age  of  2-6  y)  of  the 
representative  animal  and  spawning  season  spans  much  of  the 
summer  (Fig.  I2A).  The  number  of  eggs  spawned  increases  during 
the  first  four  simulation  years  (Fig.  12A).  In  subsequent  years, 
spav\ning  normally  occurs  once  yearly  and  the  number  of  eggs 
produced  is  relatively  constant. 

Individual  Hard  Clam  Reference  Simulation — Sensitivity  Studies 

Exposure  to  a  six-month  period  without  food  (Fig.  9D),  begin- 
ning at  the  start  of  simulation  year  3,  produces  starvation  and 
results  in  a  cessation  of  hard  clam  growth  (Fig.  IIA),  reduced 
spawning  frequency  and  egg  production  (Fig,  12B),  and  an  ex- 
tended period  of  negative  condition  index  (Fig.  13).  Once  food  is 
again  available,  length  increases  (Fig.  1  I  A).  Spawning  frequency 
and  egg  production  in  the  following  two  simulation  years  (years  4 
and  5)  is  more  frequent  than  observed  in  the  nonstarved  simulation 
(Fig.  12A,B).  An  additional  starvation  period  in  simulation  year  6 
again  results  in  cessation  of  growth  but  the  final  hard  clain  length 
after  10  y  of  simulation  is  similar  to  that  obtained  from  the  simu- 
lation in  which  food  was  available  at  all  times.  This  rebound  effect 
is  well  known  (e.g.,  Engle  &  Chapman  1953,  Kobayashi  et  al. 
1997)  and  originates  from  the  inherently  higher  growth  efficien- 
cies of  smaller  animals  that  allows  them  to  appear  to  '"catch  up"  in 
growth  when  energy  limitation  ceases.  Again,  spawning  frequency 
and  egg  production  are  reduced  by  starvation  (Fig.  12B).  Although 
starvation  events  do  not  seem  to  have  a  long-term  effect  on  hard 
clam  growth,  as  indicated  by  length,  there  is  an  effect  on  repro- 
ductive capacity  (Fig.  12BI. 

An  assumption  made  in  the  de\elopment  of  the  individual- 
based  model  is  that  small  hard  clams  have  lower  assimilation 
efficiency  (Eq.  13).  The  importance  of  this  assumption  is  demon- 
strated by  a  simulation  in  which  the  assimilation  efficiency  of 
small  hard  clams  was  not  reduced.  In  the  first  0.5  y  of  the  simu- 
lation, when  individuals  are  less  than  30  mm,  condition  index 
exceeds  0.5  (Fig.   13),  a  value  well  above  the  condition  index 
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Figure  12.  Simulated  change  in  the  timing  and  magnitude  of  the  num- 
ber of  eggs  spawned  by  hard  clams  exposed  to  iX)  standard  food 
conditions  and  (B)  standard  food  conditions  with  an  imposed  starva- 
tion period  (Figure  9D). 
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Figure  13.  Simulated  change  in  hard  clam  condition  index  that  occurs 
in  response  to  relaxing  the  constraint  of  reduced  assimilation  efficiency 
for  small  clams  (Kq.  13)  and  to  imposing  a  starvation  period  (Figure 


based  reference  simulation  (Fig.  14A)  shows  an  initial  large  peak 
at  25  nun  that  decreases  in  amplitude  as  the  cohort  ages  and 
mortality  has  an  effect.  The  range  of  lengths  included  in  the  cohoil 
increases  with  age.  For  example,  the  cohort  in  simulation  year  4 
(clam  age  year  6)  ranges  from  about  ."^0  mm  to  almost  73  mm.  This 
expansion  of  cohort  length  range  with  age  is  well  described  (Craig 
&  Oertel  1966.  Powell  et  al.  2005). 

Cohort  biomass  (Fig.  14B)  begins  to  increase  in  simulation  year 
2.  peaks  in  simulation  years  4  and  5  (clam  age  years  6  and  7)  as 
growth  exceeds  mortality,  after  which  it  decreases  to  low  levels  in 
simulation  year  15  and  beyond.  Cohort  egg  production  is  highest 
in  simulation  years  2-5  (clam  age  years  4—7).  and  declines  in  later 
years  (Fig.  14B).  Much  of  this  trend  originates  from  the  increase  in 
fecundity  of  young  clams  as  they  grow  and  the  decline  in  cohort 
fecundity  with  age,  as  the  clams  die.  The  number  of  survivors  in 
the  cohort  declines  over  the  simulation,  reaching  essentially  zero 
after  simulation  year  12  (Fig.  14B). 


obtained  from  the  simulation  that  assumed  reduced  assimilation 
efficiency  (Fig.  1  IB).  The  resultant  growth  rate  for  small  hard 
clams  is  unrealistic. 

Hard  Clam  Cohiirl  Simulations 

Hard  Clam  Cohort  Reference  Simulation — Basic  Characteristics 

The  individual  hard  clam  simulations  were  combined  via  Eq. 
(17)  to  produce  a  cohort  with  genetic  variation  imposed  through 
variability  in  assimilation  efficiency  and  initial  length.  The  length- 
frequency  distribution  of  the  cohort  produced  from  the  indi\idual- 


Hard  Clam  Cohort  Reference  .Simulation — Sensitivity  Studies 

The  effect  of  reduced  and  increased  range  in  genetic  variability 
on  cohort  structure  was  tested.  Genetic  variability  was  modified  by 
changing  the  values  of  ct<-,  and  a^,  in  El-  "^'-  ^miJller  values 
yield  a  restricted  range  and  larger  values  give  an  expanded  range. 
The  cohort  structure  produced  by  a  restricted  range  of  genetic 
variability  (Fig.  15A)  is  similar  to  that  obtained  from  the  basic 
simulation  (Fig.  14A),  but  with  an  unrealistic  reduction  in  the 
spread  in  length  within  the  individual  cohorts.  The  number  of 
individuals  in  the  modal  size  class  of  the  cohort  is  larger  than  that 
obtained  in  the  reference  simulation  because  the  narrow  range  of 
genetic  \ariability  retains  more  individuals  in  a  nan'ower  range  of 
length  classes.  The  expanded  range  of  genetic  variability  results  in 
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Figure  14.  SiniuluU'd  (.\)  length-frequency  distribution  and  (B)  time 
development  of  cohort  biomass,  egg  production,  and  recruitment  con- 
structed from  results  of  individual  hard  clam  simulations  subject  to 
the  standard  environmental  conditions  (Figure  9|  and  standard  genetic 
range  for  initial  length  and  assimilation  efficitncv  (Table  2l. 

considerable,  and  again  unrealistic,  spreading  of  the  cohort  (Fig. 
15B).  Cohorts  for  simulation  years  4  and  higher  (clam  age  years  6 
and  higher!  essentially  include  animals  of  all  lengths. 

Respiration  rate  is  another  physiological  characteristic  that  pro- 
duces genetic  variability  in  hard  clams.  Variation  in  respiration 
rate  and  initial  length  produces  a  cohort  structure  (Fig.  16A)  that 
is  similar  to  that  obtained  using  assimilation  efficiency  and  initial 
length,  but  the  number  of  individuals  in  the  older  cohorts  is  too 
large. 

The  cohort  structure  that  results  when  respiration  rate  and  as- 
similation efficiency  are  varied  toeether  is  also  unrealistic  (Fie. 
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Figure  15.  Simulated  length-frequencv  distribution  obtained  for  a 
hard  clam  cohort  for  (.X)  a  reduced  range  of  genetic  variation  imposed 
by  setting  (t,  ,  and  (r, ,  in  Eq.  ( 17)  to  1,5  for  initial  length  and  0.075  for 
assimilation  efficiency,  respectively,  and  (B)  an  expanded  range  of 
genetic  variation  imposed  by  setting  «r, ,  and  (r, ,  in  Eq.  (17)  to  6.0  for 
initial  length  and  0,3  for  assimilati(m  efficiency. 

16B)  because  the  length  range  of  2-y-old  clams  at  the  beginning  of 
the  simulation  is  not  adequately  represented  by  a  single  initial 
length.  The  length  effect  disappears  in  later  simulation  years  to 
produce  cohort  length  distributions  that  are  similar  to  those  ob- 
tained by  variations  in  assimilation  efficiency  and  initial  length 
(Fig.  14).  Assimilation  efficiency  and  respiration  are  in  many  ways 
equivalent  physiological  processes  because  each  varies  scope  for 
growth.  However,  assimilation  efficiency  introduces  a  wider  range 
of  variability  in  cohort  length  structure  and  more  accurately  repro- 
duces known  cohort  length  structures,  when  only  a  single  physi- 
ological characteristic  is  considered. 

The  interaction  between  clam  initial  length  and  variation  in 
physiological  rate  is  reflected  in  the  distribution  of  clam  lengths  in 
the  cohort  at  age  7  (simulation  year  5).  Low  assimilation  efficiency 
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Figure  16.  Simulated  length-frei)ucnc>  distrihutinn  obtained  for  a 
hard  clam  cohort  in  which  the  populaticm  characteristics  used  to  rep- 
resent genetic  variability  "ere  l.V)  initial  clam  length  and  respiration 
rate  and  (B)  respiration  rate  and  assimilation  et'tUiencj.  The  values  of 
the  genetic  ranges  are  given  in  Table  2.  The  range  of  variation  in 
respiration  rate  was  assumed  to  be  the  same  as  for  assimilation  effi- 
ciency. 

(less  than  0.75  of  the  mean)  results  in  hard  clams  that  are  <48  mm 
after  5  y.  for  all  initial  lengths  (Fig.  17A).  Production  of  clams 
larger  than  85  mm  requires  assimilation  efficiencies  that  are  >1.25 
times  the  mean  rate,  which  gives  a  greater  scope  for  growth.  Varia- 
tion of  respiration  rate  over  the  same  range  gives  larger  clams  for 
the  same  amount  of  change  than  does  variation  in  assimilation 
efficiency  (Fig.  17B).  The  implication  is  that  larger  clams  are  the 
more  metabolically  efficient,  with  lower  weight-specific  respira- 
tion rates.  Changes  in  initial  clam  length  for  a  given  variation  in 
respiration  rate  produce  minor,  but  important  modifications,  to 
these  trends. 

The  effect  of  variations  in  assimilation  efficiency  and  initial 
length  on  total  egg  production  is  to  constrain  genotypes  charac- 
terized by  low  assimilation  efficiency  and  small  initial  size  (Fig. 
18AJ.  Because  more  clams  have  average  genotypes,  the  Gaussian- 
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Figure  17.  Simulated  final  length  (mm)  obtained  for  a  hard  clam  co- 
hort after  five  simulation  years  in  which  the  population  characteristics 
used  to  represent  genetic  variability  were  (.\l  initial  clam  length  and 
assimilation  efficiency  and  (B)  initial  clam  length  and  respiration  rate. 
The  \-a\is  values  represent  the  fraction  of  the  mean  value  of  all  cohort 
genotypes  as  expressed  by  Eq.  (17).  The  range  in  variati(m  for  respi- 
ration rate  was  assumed  to  be  the  same  as  for  assimilation  eftlclency. 

weighted  egg  production  of  the  cohort  will  be  highest  near  the 
center  of  the  distribution,  all  else  being  equal.  Assimilation  rates 
(Fig.  18A)  that  are  lower  than  the  mean  rate  (<1)  compress  the 
Gaussian  distribution,  as  these  animals'  scope  for  growth  is  insuf- 
ficient to  permit  normal  fecundity.  Similarly,  respiration  rates  that 
are  higher  than  the  mean  rate  (>1 )  (Fig.  I8B)  compress  the  Gauss- 
ian distribution,  as  high  respiration  debits  energy  that  might  oth- 
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erwise  go  into  reproduction.  The  Ci;iiissiaii-\veighted  egg  produc- 
tion produced  from  the  combination  ot  respiration  and  assimilation 
efficiency  rates  (Fig.  ISC)  is  slightly  off  center,  indicating  that  the 
dominate  members  of  the  cohort  responsible  for  reproduction  are 
not  the  numerically  most  common  genotypes.  The  most  common 
genotype  is  at  the  center  of  the  diagram  (1.0.  1.0),  whereas  the 
center  of  egg  production  is  below  and  to  the  right  of  this  point  (1.1. 
0.93). 

Hard  Clam  Popiilalioii  Simulalinus 

Hard  Clam  Population  Reference  Simulation — Basic  Characteristics 

Concatenation  of  the  yearly  cohorts  produced  over  a  twenty- 
year  simulation  (Fig.  19A)  results  in  a  simulated  hard  clam  popu- 
lation structure  with  two  distinct  abundance  peaks  centered  around 
23  mm  and  40  mm  and  two  smaller  peaks  at  60  mm  and  70  mm. 
Highest  abundance  is  associated  with  the  newest  cohort  of  2-y-old 
clams  at  23  mm  modal  size.  The  number  of  individuals  at  a  given 
length  (Fig.  19B)  shows  that  most  of  the  population  is  between  23 
mm  and  70  mm.  For  lengths  greater  than  70  mm,  the  number  of 
individuals  decreases  as  old-age  mortality  takes  a  toll. 

The  relationship  between  hard  clam  biomass  and  abundance 
(Fig.  19C)  describes  a  trajectory  that  is  followed  as  yearly  cohorts 
are  added  to  the  population.  The  hard  clam  population  initially 
peaks  at  about  2  g  biomass  and  0.8  individuals  nr*^  in  year  4.  after 
which  it  approaches  a  stable  biomass  of  6-7  g  at  an  abundance  of 
about  0.75  individuals  m"".  The  population  fluctuation  that  occurs 
as  the  first  few  cohorts  are  added  is  an  artifact  o'i  model  initial- 
ization and  adjustment.  The  stability  in  the  population  after  this 
adjustment  represents  a  balance  between  the  supportable  biomass. 
the  weight-dependent  decline  in  fecundity  in  older  clams,  and  the 
broodstock-recruitment  relationship.  Thus,  the  environmental  con- 
ditions used  in  the  reference  simulation  can  support  6-7  g  of  hard 
clams,  either  as  a  few  large  or  many  small  clams.  The  final  simu- 
lated population  abundance  is  typical  of  present  day  Great  South 
Bay  hard  clam  populations  (Kraeuter  et  al.  2003). 

The  characteristics  of  the  simulated  population  length  fre- 
quency stem  from  an  initial  mode,  centered  around  23  mm  (lower 
left,  Fig  20A),  which  moves  towards  larger  lengths  over  time.  This 


mode  is  associated  with  the  initial  cohorts,  which  increase  in 
length  during  the  first  few  years  of  the  simulation.  After  the  initial 
adjustment  years,  the  fraction  of  the  population  at  a  given  length  is 
relatively  constant.  A  .second  mode  appears  after  simulation  y  4, 
again  centered  at  23  mm,  which  represents  new  recruits,  which 
increase  in  length  o\er  time  and  are  gradually  absorbed  into  the 
larger  length  classes  established  by  the  initial  cohorts.  The  hard 
clam  population  age-length  structure  after  20  y  of  simulation  (Fig. 
20B)  shows  that  the  fraction  of  the  population  at  a  given  length 
spreads  in  age  with  increasing  length  and  that  the  fraction  of  the 
population  at  a  given  age  spreads  in  length  as  the  population  ages. 

Hard  Clam  Population  Reference  Simulation — Sensitivity  Studies 

The  simulated  population  structure  is  dependent  on  the  form 
used  for  the  broodstock-recruitment  relationship  (Eq.  30).  Thus, 
the  sensitivity  of  the  population  structure  to  different  forms  of  this 
relationship  was  tested.  The  population  structure  that  is  produced 
by  a  broodstock-recruitment  curve  with  no  density-dependent  con- 
trol on  population  growth  (Fig.  21A)  shows  more  individuals  m"~ 
and  proportionately  more  smaller  clams  than  obtained  from  the 
reference  simulation  (Fig.  19A).  An  equilibrium  is  not  reached  as 
each  year  sees  an  increase  in  the  abundance  of  nearly  all  size 
classes  (Fig.  21  A).  As  a  consequence,  the  population  abundance  at 
the  end  of  the  simulation  is  higher  than  observed  for  Great  South 
Bay  hard  clam  populations  (Fig.  2 IB).  The  population  age-length 
relationship  is  elongated  towards  larger  animals  (Fig.  22A)  and 
curves  upwards  in  age.  The  curvature  indicates  that  large  animals 
achieve  higher  abundance,  which  is  consistent  with  no  density- 
dependent  controls.  This  is  further  indicated  by  the  population 
trajectory  (Fig.  22B).  which  shows  an  unconstrained  increase  in 
population  biomass  and  number  of  individuals  m~'  over  the  20-y 
simulation. 

Increasing  the  strength  of  the  density-dependent  control  in  the 
broodstock-recruitment  relationship  results  in  a  simulated  popula- 
tion structure  in  which  the  number  of  individuals  m""  (Fig.  2.^A) 
and  the  biomass  (Fig.  23B)  are  reduced  relative  to  the  reference 
simulation  (Fig.  19A,  B).  The  relationship  between  population 
biomass  and  abundance  (Fig.  23C)  shows  an  initial  adjustment, 
after  which  the  pi)pulation  reaches  a  stable  value  of  about  4  g  at  0.4 
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Figure  18.  Egg  production  (contours  are  log|„  eggs  produced)  after  five  simulation  years  for  a  hard  clam  cohort  with  genetic  \arialjility 
introduced  through  variations  in:  (A)  initial  clam  length  and  assimilation  efficiency,  (B)  initial  clam  length  and  respiration  rate  and  (C) 
respiration  rate  and  assimilation  efficiency.  The  x-a\is  values  represent  the  fraction  of  the  mean  value  of  all  cohort  genotypes  as  expressed  by 
Eq.  (171.  The  range  in  variation  for  respiration  rale  was  assumed  to  be  the  same  as  for  assimilation  efllcienc).  The  number  of  eggs  produced 
bv  a  cohort  is  determined  bv  the  fecundit>  of  the  individual  hard  clam  and  the  abundance  of  the  genotype  In  the  cohort. 
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Figure  19.  Simulated  (A)  population  structure  produced  by  summing 
a  series  of  cohorts  in  which  each  line  represents  the  length  frequency 
of  the  population  in  a  given  year,  (Bl  number  of  individuals  at  a  given 
length  in  the  population  on  a  log  scale  and  (Cl  the  time  history  of 
population  abundance  as  a  function  of  biomass  for  hard  clam  popu- 
lations exposed  to  the  standard  environmental  conditi(ms  (Fig.  91  and 
for  v^hich  genetic  variability  was  represented  by  initial  clam  length 
and  assimilation  rate  (Table  21.  The  superposed  lines  in  the  length- 
frequency  distribution  (Al  identify  the  most  stable  age  structure  for 
the  population. 

in(i  m"-  and  a  stable  length  frequency  (Fig.  23 A).  Abundance  is 
too  low,  however,  relative  to  observed  hard  clam  population  abun- 
dances in  Great  South  Bay. 

Natural  mortality  rate  also  affects  the  simulated  population 
structure.  Increasing  the  mortality  rate  for  40-to-60-mm  hard  clams 
produces  a  stable  population  structure  (Fig.  24A).  but  the  number 
of  individuals  m~"  at  a  given  length  is  about  an  order  of  magnitude 
less  than  that  obtained  for  the  reference  simulation  (Fig.  24B  ver- 
sus Fig.  198).  The  population  abundance  as  a  function  of  popu- 
lation biomass  stabilizes  at  a  value  of  about  0.05  g  and  0.15  ind 
m"~  (Fig.  24C),  values  much  below  those  observed  for  Great  South 
Bay  hard  clam  populations.  Removal  of  the  intermediate-size 
clams  at  an  increased  rate  skews  the  population  age-length  rela- 
tionship (Fig.  25)  towards  smaller  lengths  and  younger  ages  by 
limiting  the  number  of  animals  that  mow  to  large  size. 
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Figure  20.  .Simulated  change  in  hard  clam  populatiim  length  as  a 
function  of  (A)  simulation  time,  showing  the  maturity  of  the  population 
length  structure  and  (B)  hard  clam  age,  showing  the  age-length  struc- 
ture of  the  mature  population  after  20  y  of  simulation  time.  Contours 
are  number  of  individuals  m~". 


Increased  mortality  of  60-to-80-mm  hard  clams  results  in  a 
population  that  stabilizes  at  a  biomass  and  abundance  (Fig.  26A)  of 
about  1  ..^  g  and  0..^6  ind  m"",  respectively,  still  well  below  Great 
South  Bay  observations,  but  higher  than  the  40-60  mm  simulation 
(Fig.  24)  because  fecundity  per  g  dry  wt  is  highest  in  clams  of  this 
latter  size  range  and  so  recruitment  is  increased.  The  age-length 
structure  of  the  population  is  truncated  at  lengths  above  60-70  mm 
and  ages  in  excess  of  simulation  years  4  and  5,  which  conespond 
to  clam  age  years  of  6  and  7  (Fig.  26B). 
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Figure  21.  .Simulated  (A)  population  lunyth  frtquency  in  which  each 
line  represents  a  yearly  stale  of  the  population  and  (B)  the  number  of 
individuals  at  a  gi>en  length  obtained  for  a  hard  clam  population  in 
which  the  density-dependent  constraint  in  the  broodstock-recruitment 
relationship  was  removed. 


Simiilatid  Age-length  Relationships 

The  age-length  distribution  tiblained  t'nini  the  relerence  sinui- 
lalion  (Fig.  27A)  shows  an  almost  linear  relationship  between 
length  and  age  for  hard  clams  between  20  and  40  mm.  after  which 
the  increase  in  length  for  an  incremental  increase  in  age  slows, 
giving  a  curvature  to  the  distribution.  The  upward  curvature  of  the 
age-length  distribution  is  produced  by  reduction  in  growth  rate 
with  increasing  length,  which  is  consistent  with  observations  (e.g., 
Ansell  1968.  Loesch  &  Haven  1973.  Devillers  et  al.  1998).  Older 
hard  clams  do  not  increase  in  length  as  rapidly  as  they  age.  The 
newest  two  cohorts  (2-  and  3-y-old  animals,  simulation  ages  of  0 
and  1  y)  establish  discrete  modes  in  the  population  length-  and 
age-frequency  distribution;  older  cohorts  meld  into  a  single  mode 
characterized  by  decreasing  numbers  as  the  older  cohorts  age  (Fig. 
27A). 

The  distribution  of  lengths  obtained  from  sections  across  the 
age-length  relationship  at  given  ages  produces  a  typical  length- 
frequency  diagram  that  becomes  increasingly  skewed  with  increas- 
ing cohort  age  (Fig.  27B).  The  tail  of  the  distribution  extends 
towards  smaller  length  classes  because  some  genotypes  grow 
slowly  and  hence  continually  fall  behind  the  cohort  modal  length. 
The  differential  growth  rates  of  the  individuals  in  a  cohort  pro- 
duces, in  part,  the  asymmetric  distribution  in  age-length  space 
(Fig.  27A)  that  is  skewed  towards  smaller  lengths  and  older  ages. 
Sections  through  the  hard  clam  age-length  distribution  at  specific 
lengths  shows  that  the  age  distribution  becomes  increasingly 
skewed  at  increasingly  larger  lengths  (Fig.  27C).  The  long  tail  that 
extends  towards  older  age  classes  occurs  because  the  rate  of  natu- 
ral mortality  increases  with  clam  age.  The  assumption  that  a  cohort 
(or  length  class)  has  a  Gaussian  distribution  of  lengths  (ages)  is 
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Figure  22.  Simulated  (A)  age-lenglh  relationship  and  (B)  the  time 
history  of  population  abundance  as  a  function  of  biomass  obtained  for 
a  hard  clam  population  in  which  the  density-dependence  constraint  in 
the  broodstock-recruitment  relationship  was  removed.  Contours  are 
number  of  individuals  m~". 


correct  for  smaller  ages  (lengths)  (Craig  &  Oertel  1966).  but  the 
Gaussian  approximation  becomes  increasingly  less  accurate  at 
older  ages  and  larger  lengths. 

The  hard  clam  model  provides  a  framework  for  ascribing 
causes  to  shape  variations  in  age-length  distributions.  Variations  in 
cohort  growth  rates  expand  (Fig.  28A)  or  contract  (not  shown)  the 
population  expression  in  age-length  space  along  the  long  axis. 
Faster  growth  tends  to  maintain  the  Gaussian  shape  of  the  age- 
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Figure  23.  Simulated  (A)  population  lengtli  frequency  in  wliich  each 
line  represents  a  yearly  state  of  the  population,  (B)  the  number  of 
individuals  at  a  given  length  and  IC)  the  time  history  of  population 
abundance  as  a  function  of  biomass  for  a  hard  clam  population  in 
which  the  density-dependence  constraint  in  the  broodstocii-recruit- 
ment  relationship  was  increased. 
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Figure  24.  Simulated  (A)  population  length  frequency  in  which  each 
line  represents  a  yearly  state  of  the  population,  (B)  the  number  of 
individuals  at  a  given  length  and  IC)  the  time  history  of  population 
abundance  as  a  function  of  biomass  for  a  hard  clam  population  in 
which  mortality  imposed  on  the  40-to-60-mm  clams  was  increased. 


frequency  and  length-frequency  distributions  (Figs.  28B.  C); 
whereas,  slow  growth  tends  to  exaggerate  the  asymmetry  in  both 
directions. 

Decreased  adult  mortality  rate  yields  an  age-length  distribution 
(Fig.  29A)  that  is  similar  tt)  that  obtained  for  the  reference  simu- 
lation (Fig.  27A).  However,  the  asymmetry  in  the  age-frequency 
distribution  is  greater  because  of  the  tendency  for  age-dependent 
mortality  to  be  biased  towards  older  ages  regardless  of  length.  A 
decrease  in  mortality  rate  has  only  a  minor  influence  on  the  length 
frequency  for  a  given  cohort  (Fig.  30A).  because  mortality  is  ap- 
portioned by  cohort;  that  is,  mortality  is  age-dependent  rather  than 
length  dependent.  In  contrast,  the  age  frequency  for  a  given  length 
(Fig.  30C)  varies  from  the  reference  simulation.  In  this  case,  a 
larger  fraction  of  animals  in  tiie  larger  length  classes  (e.g.,  70  mm) 
are  represented  by  the  oldest  clams. 

Increased  adult  mortality  rate  results  in  an  age-length  distribu- 
tion that  is  compressed  in  age  for  a  given  length  (Fig.  29B).  How- 
ever, the  length  frequency  at  age  is  similar  to  that  from  the  refer- 
ence simulation  (Fig.  27B)  and  the  decreased  adult  mortality  simu- 


lation (Fig.  30A)  because  relatively  more  large  animals  are  old, 
which  truncates  the  length  frequency  at  large  size.  The  age  fre- 
quency at  length  (Fig.  3()D)  is  less  skewed  than  in  the  reference 
simulation  (Fig.  27C)  because  the  older  animals  that  add  skewness 
to  the  distribution  are  present  in  much  lower  numbers. 

Reducing  recruitment  by  half  in  the  last  five  years  of  the  simu- 
lation narrows  the  age-length  distribution  at  small  length  (Fig. 
31  A).  In  this  simulation,  a  smaller  fraction  of  the  population  is 
represented  over  a  range  of  age-at-length  (Fig.  318)  and  length- 
at-age  (Fig.  31C)  distributions.  Relative  to  the  reference  simulation 
(Fig.  278),  the  length  frequencies  of  older  clams  are  unchanged, 
whereas  the  length  frequency  of  the  2-y-oId  cohort  is  muted  by 
reduced  recruitment.  In  contrast,  all  age  frequencies  are  muted  in 
comparison  with  the  reference  simulation  (Fig.  27C)  because  some 
animals  at  nearly  all  lengths  were  s5  y  old.  Hence,  the  distribution 
of  age-at-length  has  been  affected  more  than  the  distribution  of 
length-at-age. 

The  shape  of  the  hard  clam  population  age-length  distribution 
is  also  controlled  by  the  cohort  genetic  composition.  A  restricted 
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Figure  IS.  Simulated  age-length  relationship  for  a  hard  clam  popula- 
tion in  which  mortalily  imposed  on  the  4l)-to-60-mm  clams  was  in- 
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proportion  of  slow  and  fast  growers  in  (he  coliort,  whicli  reflects 
numerical  abundance  of  a  narrow  range  of  genotypes,  yields  a 
markedly  different  population  structure  (Fig.  32A).  This  age- 
length  composition  is  similar  to  that  obtained  with   increased 
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Figure  27.  Simulated  (A)  age-length  (Bl  length-at-age  and  (C)  age-at- 
length  frequency  distributions  obtained  from  the  reference  simulation 
that  used  standard  environmental  conditions  for  Great  South  Bay,  NY. 
Contours  are  number  of  individuals  m~". 

growth  rate  (Fig.  28).  The  degree  of  bending  along  the  long  axis  is 
increased  with  respect  to  the  reference  simulation  (Fig.  27A)  be- 
cause more  individuals  in  the  cohort  have  the  average  genotype 
and  this  also  constrains  the  width  of  the  ase-lenath  distribution  in 
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Figure  28.  Simulated  (A)  age-length  (Bl  length-at-age  and  (C)  age-at- 
length  frequency  distribution.s  ubtuined  when  the  population  growth 
rate  i.s  increased.  Contours  are  nuniher  of  individuals  ni"'. 

age-length  space.  The  range  of  lengths  at  age  is  small,  as  is  the 
range  of  ages  at  length.  Because  the  increase  in  length  ceases 
relatively  uniformly  within  the  cohort,  the  increment  in  age  for  a 
given  increment  in  length  increases  with  age.  producing  a  strongly 
curved  age-lenath  distribution. 


60  80  100  120 

Length  (mm) 

Figure  2^.  Simulated  age-length  distributions  obtained  when  adult 
mortality  rate  is  .\)  decreased  and  B)  increased.  Contours  are  number 
of  individuals  m~". 

An  expanded  proportion  of  slow  and  fast  growers  in  the  cohort, 
which  provides  more  even  representation  of  genotypes,  substan- 
tially changes  the  appearance  of  the  hard  clam  population  (Fig. 
32B).  The  degree  of  bending  along  the  long  axis  is  lessened  be- 
cause more  individuals  in  the  cohort  grow  faster  at  older  age. 
However,  more  individuals  in  the  cohort  also  grow  slower  at  older 
ages.  As  a  consequence,  the  age-length  distribution  expands  along 
both  axes.  The  range  of  lengths  at  age  is  wider,  as  is  the  range  of 
ages  at  length.  These  two  trends  straighten  the  shape  of  the  popu- 
lation stnicture  in  age-length  space,  but  also  truncate  the  length  of 
the  long  axis  because  fewer  very-old  and  very-large  animals  exist. 

Development  of  General  Age-length  Relationship 

The  age-length  distributions  obtained  from  the  simulated  popu- 
lations (Figs.  27,  28.  .^0,  31,  32)  have  common  characteristics. 
Each  is  inclined  at  an  angle  to  the  age-length  axes,  the  long  axis 
typically  twists  upwards,  and  the  asymmetry  along  the  long  axis 
typically  increases  with  progression  towards  older,  larger  clams. 
The  asymmetry  in  these  age-length  distributions  is  internally  con- 
sistent in  that  a  more  restricted  length  and  age  range  of  clams  falls 
on  the  younger  and  larger  side  of  the  long-axis  ridge.  The  curva- 
ture in  the  location  of  the  ridge  as  the  clams  get  older  indicates  that 
a  maximum  length  exists  for  the  population  and  that  older  clams 
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ICI  decreased  and  iDl  increased  adult  mortality. 


live  for  a  while  near  their  largest  length.  The  age-at-length  and 
length-at-age  slices  through  the  various  age-length  relationships 
show  that  these  follow  an  approximate  Gaussian  distribution  (e.g.. 
Fig.  30).  The  similarity  in  the  form  of  the  various  age-length 
distributions  obtained  from  simulations  that  included  a  range  of 
different  processes  suggests  that  they  can  be  described  by  a  general 
mathematical  relationship,  as  developed  in  the  following  sections. 

Formulation  of  a  Twisted  Bivariate  Gaussian  Functional  Form 

The  structure  of  the  age-length  relationship  can  be  reproduced 
by  a  bivariate  Gaussian  function  that  includes  the  capabilities  for 
curvature  at  increasing  age  and  length  and  for  variability  in  the 
distribution  about  a  given  age  or  length.  The  bivariate  Gaussian 
function  was  implemented  in  a  rotated  coordinate  system  (.v.  y)  that 
is  aligned  along  the  axis  of  the  maximum  in  the  length-age  (/,,  A) 
distribution  in  the  original  coordinate  system  (Fig.  33).  The  align- 
ment is  done  using  a  coordinate  rotation  angle  6,  which  shifts  the 
new  coordinate  system  counterclockwise  relative  to  the  age  axis. 
The  rotated  coordinate  system  is  centered  around  a  central  age  (A  J 
and  length  (Z.,,)  that  are  representati\e  values  associated  with  the 
maximum  in  the  age-length  distribution.  These  parameters  control 
the  location  of  the  origin  of  the  rotated  coordinate  system  relative 


to  the  original  age-length  distribution.  The  x  and  y  axes  in  the 
rotated  coordinate  system  are  scaled  by  the  factors  5^  and  5^, 
which  allows  matching  of  the  magnitude  of  the  age  and  length 
values  in  the  two  coordinate  systems.  The  coordinate  transforma- 
tion is: 


cos  e   sin  ^ 
-sin  6    cos  6 


SiSL-LJ 


(31) 


and  the  correspondence  between  the  original  age-length  coordinate 
system  and  the  rotated  coordinate  system  is  shown  in  Figure  33. 
The  transformed  coordinate  system  aligns  the  age-length  dis- 
tribution so  that  it  can  be  fit  with  a  bivariate  Gaussian  function  to 
obtain  the  number  of  individuals  m""  at  a  given  length  and  age,  N 
(A.  y),  as: 


M-V,  y)  =  N^,  e-">-  e    2" 


(32) 


where  A',,  is  the  maximum  number  of  individuals  m""  at  zero  age, 
V  and  y  are  the  transformed  length  and  age  axes,  respectively,  and 
(7,  and  (T,  determine  the  spread  of  the  Gaussian,  the  standard 
deviation,  along  the  length  and  age  distribution,  respectively.  The 
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parameter  v,„  is  the  center  of  the  Gaussian  distribution  along  the 
rotated  age  axis  (v). 

The  typical  age-length  distribution  (e.g..  Fig.  27A)  has  three 
additional  features  that  need  to  be  included  in  Eq.  (32).  First,  the 
ridge  in  age-length  space  curves  upward  for  older  and  longer 
clams.  The  curvature  of  the  age-length  distribution  at  older  and 
longer  clams  is  introduced  by  allowing  the  center  of  the  Gaussian 
distribution,  given  by  y„,.  to  change  as  a  lunction  of  the  rotated  .v 
coordinate: 

y,„  =  ax"  (33) 

which  shifts  the  centroid  of  the  Gaussian  towards  positive  v  with 
increasing  x.  with  the  degree  of  curvature  determined  by  /;  (Fig. 
33).  This  modification  to  y,„  provides  the  twist  to  the  bivariate 
Gaussian. 

Second,  the  age-length  distribution  has  a  shallower  slope  (is 
wider)  for  older  (longer)  clams  relative  to  younger  (shorter)  clams, 
which  produces  an  asymmetric  distribution.  The  asymmetry  in  the 
spreading  of  the  age-length  distribution  about  the  maximum  ridge 
value  is  created  by  allowing  cr^  to  vary  along  the  rotated  age  axis 

(.V). 

Third,  the  width  of  the  age-length  relationship  increases  for 
older  and  longer  clams.  The  spreading  of  the  age-length  distribu- 


tion for  older  and  longer  clams  is  created  by  increasing  the  value 
of  a,,  with  distance  along  the  rotated  length  axis,  .v,  as: 


(T^ix,  y)  -■ 


S\  (1  +h\x).  ifv- 
S2(l  +b2x).   ify 


>0, 
,<0 


(34) 


where  the  parameters  51,  S2.  b\  and  b2  are  obtained  from  fitting 
the  general  age-length  relationship  to  an  age-length  data  set,  as 
described  in  the  following  section.  This  modification  allows  a,,  {.v. 
Y)  to  have  different  values  on  either  side  of  the  maximum  ridge 
value.  y,„. 

The  addition  of  the  above  modifications  to  Eq.  (32)  gi\es  a 
twisted  bivariate  Gaussian  of  the  form: 


M-V.  y)  =  N„e- 


(35) 


The  application  of  Eq.  (35)  to  determine  age-length  distributions  is 
described  in  the  following  section. 

Functional  Fitting  Procedure 

The  twisted  bivariate  Gaussian  function  (Eq.  3.5)  has  13  pa- 
rameters that  need  to  be  specified  to  create  an  age-length  distri- 
bution. The  coordinate  scaling  factors  (5^,  5.,)  and  the  Gaussian 
width  in  the  same  direction  (a^,  ct,,)  are  not  independent  param- 
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Figure  32.  Simulated  age-length  frequency  distributions  obtained 
when  the  range  of  assimilation  efficiency  genotypes  was  (A)  narrower 
and  iBl  broader  in  comparison  with  the  reference  simulations.  Con- 
lours  are  number  of  individuals  m  '. 


eters.  so  the  values  of  5^  and  S.,  were  specified  and  the  Gaussian 
width  parameters  were  determined.  The  rotated  (.v,  y)  coordinate 
system  is  constrained  to  be  on  the  A  =  Q  axis  by  choosing  /\„  = 
0.  The  remaining  10  parameters  (Table  4)  need  to  be  determined. 

The  parameter  fitting  procedure  is  bused  on  minimizing  the 
difference  in  hard  clam  age-length  distributions  obtained  from  ob- 
servations and  those  obtained  from  the  twisted  bivariate  Gaussian 
model  (Eq.  35).  Prior  to  the  start  of  this  procedure,  the  age-length 
data  sets  were  filtered  relative  to  a  threshold  value  because  many 
age-length  combinations  do  not  occur  in  hard  clam  populations. 
These  combinations  were  removed  from  the  input  data  sets  by 
setting  a  minimum  length  criterion  for  each  age-length  combina- 
tion. For  this  study,  the  maximum  clam  density  in  the  simulated 
age-length  distributions,  which  is  controlled  by  the  total  number  of 
clams  in  the  population  model,  is  0.25  clams  of  a  given  age  and 
length  m"".  The  threshold  value  for  the  age-length  distributions 
was  set  at  6%  of  this  maximum  value.  0.015  clams  nr-. 

The  parameter  fitting  procedure  is  based  ^m  mininii/iiig  the 
sum  square  deviation  between  the  observed  number  of  clams  m"" 
(N")  and  the  theoretically-derived  number  of  clams  m"~  (Nl,  ob- 
tained from  Eq.  35)  for  a  given  length  (L,)  and  age  (A,)  as: 


Figure  33.  Schematic  of  correspondence  between  the  age-length  coor- 
dinate system  and  the  scaled  age-length  coordinate  system  used  for  the 
twisted  bivariate  (iaussian  function.  The  axes  (.v.  y)  of  the  scaled  co- 
ordinate system  have  an  origin  at  (/,„.  .4|,l  and  are  rotated  relative  to 
the  original  length  and  age  axes  by  the  angle  0.  The  curvature  of  the 
age-length  distribution  is  given  by  v,„.  See  text  for  additional  details  of 
the  scaled  age-length  coordinate  system. 


C^^iN-i-N',) 


(36) 


where  C  is  a  measure  of  the  misfit  between  the  observed  and 
theoretical  age-length  distributions. 

The  minimization  procedure  is  most  efficient  when  started  with 
initial  parameter  values  that  are  near  optimal  values.  The  initial 
parameter  values  were  estimated  by  an  iterative  procedure  in 
which  the  minimum  and  maximum  values  for  a  particular  param- 
eter were  used  to  set  a  range  for  the  parameter.  Values  at  25%, 
50%  (midpoint!  and  75%  of  this  range  were  then  determined  and 
these  along  with  the  two  extremes  were  used  in  Eq.  (35)  and  the 
misfit  between  the  theoretical  and  observed  age-length  distribution 
was  determined  with  Eq.  (36).  The  parameter  set  that  produced  the 
minimum  misfit  was  taken  as  the  initial  parameter  values  and  the 
minimization  procedme  repeated  to  yield  a  second  estimate  of  the 
optimal  parameter  set.  This  parameter  set  was  then  used  as  initial 
values  and  the  minimization  procedure  repeated  a  third  time.  The 
parameter  values  that  were  obtained  from  this  minimization  pro- 
vide the  starting  point  for  a  multidimensional  minimization  pro- 
cedure, based  on  Powell's  Method  (Press  et  al.  1989).  which  pro- 
duces the  final  optimal  parameter  set.  This  final  parameter  set 
provides  the  best  fit  of  the  twisted  bivariate  Gaussian  model  to  a 
particular  age-length  data  set.  Once  the  optimal  parameter  set  is 
determined,  the  twisted  bivariate  Gaussian  model  can  be  used  to 
develop  an  age-length  distribution  that  includes  all  ages  and 
lengths. 

Parameterization  of  Simulated  Age-length  Relationships 

The  age-length  data  sets  obtained  from  the  simulations  in 
which  growth,  mortality  and  recruitment  rates  were  varied,  and  in 
which  the  apportionment  of  individuals  among  genotypes  was  ex- 
panded and  reduced,  were  used  to  fit  the  10  free  parameters  for  the 
twisted  bivariate  Gaussian  function  (Table  4).  The  resulting  pa- 
rameters were  then  used  with  Eq.  (35)  to  produce  age-length  dis- 
tributions (Fig.  34). 
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TABLE  4. 

Optimal  parameter  values  obtained  from  fitting  the  twisted  bivariate  Gaussian  given  by  eq.  (35)  to  different  simulated  hard  clam  population 
age-length  data  sets.  The  figure  showing  the  corresponding  age-length  distributions  is  indicated. 
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Figure  34.  Age-length  distributions  obtained  by  fitting  the  twisted  bivariate  Gaussian  formulation  (Eq.  35)  to  the  simulated  age-length  data  sets 
obtained  for  a  hard  clam  population  in  (Jreat  .South  Bay  for:  ik)  the  reference  simulation,  (Bl  increased  growth  rate,  (C)  decreased  adult 
mortality  rale  and  (I))  even  apportionment  of  genotypes,  obtained  by  setting  cr^,  and  cr^,  in  Eq.  17  equal  to  0.25.  Contours  are  number  of 
individuals  m"".  The  parameter  values  obtained  from  fitting  the  twisted  bivariate  Gaussian  to  the  different  simulated  hard  clam  age-length  data 
sets  are  given  in  Table  4. 
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The  simulated  age-length  data  sets  produced  with  decreased 
growth  rate,  increased  adiih  mortality,  decreased  adult  mortality. 
and  expanded  genetic  range  resulted  in  optimal  values  tor  the 
central  length  (Z.„)  that  are  smaller  than  that  obtained  for  the  ref- 
erence simulation  age-length  data  set  (Table  4).  The  value  of  L,, 
detennines  where  the  .x-axis  of  the  rotated  coordinate  system  in- 
tersects the  length  axis  in  the  original  coordinate  system  (Figs.  3.^ 
and  34).  The  value  of  this  parameter  indicates  that  the  small  ani- 
mals have  a  smaller  average  size  in  these  simulations  than  those  in 
the  age-length  distributions  obtained  from  the  reference  simula- 
tion. The  age-length  data  sets  from  the  increased  growth-rate,  re- 
duced genetic  range  and  decreased  recRiitment  rate  simulations  gave 
an  optimal  Ly  that  is  larger  than  the  \alue  obtained  from  the  reference 
simulation.  This  indicates  that  the  small  animals  in  these  simulations 
are  on  average  larger  than  those  in  the  reference  simulation. 

The  age-length  distribution  created  by  decreased  growth  rate 
yields  values  for  L„.  a,  <j,  and  h2  that  are  reduced  relative  to  the 
values  obtained  from  the  reference  simulation  (Table  4).  The  pa- 
rameter H  is  unusually  high.  The  parameters  a,  and  hi  produce 
greater  asymmetry  in  the  length  and  age-frequency  distributions, 
which  skews  these  distributions  towards  smaller  lengths  and  older 
ages.  These  characteristics  are  consistent  with  a  slow  growing  hard 
clam  population.  The  negative  value  for  a  indicates  a  tendency  for 
old  animals  to  grow  slower  at  a  given  length  and  the  high  value  of 
H  shows  that  age  increases  relatively  rapidly  for  an  increase  in 
length.  Collectively,  no  other  simulated  condition  has  values  of  Z.,,. 
a,  a,  and  bl  simultaneously  this  low  and  9  this  high. 

Increased  growth  rate  creates  a  simulated  hard  clam  population 
with  an  age-length  distribution  that  is  characterized  by  a  combi- 
nation of  high  L„,  S2  and  a,  and  low  values  for  0,  a  and  negative 
hi.  These  parameters  result  in  a  nan'ow,  elongated  age-length  dis- 
tribution that  intersects  the  length  axis  at  a  small  angle  (Fig.  28A). 
The  curvature  of  the  age-length  distribution  produced  with  in- 
creased growth  rate  is  more  pronounced  than  that  from  other  simu- 
lations and  as  a  result,  the  parameter  (/;)  determining  the  curvature 
of  v,„  differs  from  the  parabolic  dependence  obtained  for  the  ref- 
erence simulation  and  all  other  cases  (Table  4).  No  other  simula- 
tion has  this  unique  set  of  parameters,  the  low  values  of  hi  and  a 
being  particularly  noteworthy. 

A  decrease  in  adult  mortality  yields  high  a.  a,  and  hi  values, 
which  produce  an  age-length  distribution  that  has  more  curvature 
in  the  long  axis  and  increased  spread  in  age  for  a  given  length  (Fig. 
29A).  The  high  value  of  a,  distinguishes  this  simulation  from 
another  simulation  with  high  a  and  hi  values,  the  simulation  of  a 
decreased  range  of  genotypes  (Fig.  32A).  and  this  can  be  observed 
in  Figure  29A  by  the  broader  range  of  values  on  the  rotated  x-axis 
of  this  simulation.  Increased  adult  morality  (Fig.  29B)  results  in  an 
age-length  distribution  with  low  tr,  and  .SI  values  (Table  4).  This 
combination  of  parameters  gives  an  age-length  distribution  that  is 
less  spread  out  about  the  rotated  y-axis  and  the  rotated  x-axis  than 
the  distributions  produced  by  other  parameter  combinations. 

The  parameter  fits  from  the  simulation  with  lower  recruitment 
in  the  last  five  years  of  the  simulation  (Fig.  31  A)  yield  a  lower 
value  of  52  and  an  exceptionally  high  value  of  ct,  relative  to  the 
reference  simulation  (Table  4).  These  parameters  control  the 
spread  of  the  Gaussian  about  the  rotated  .v-axis  and  reduce  the 
asymmetry  about  the  y-axis.  The  narrowing  of  the  age-length  dis- 
tribution at  small  length  is  an  expression  of  this  parameterization. 

Increasing  the  relative  abundance  of  slow  and  fast  growing 
clams  to  the  composition  of  the  cohort,  by  increasing  the  evenness 
of  the  distribution  of  genotypes  in  the  cohort,  modifies  all  of  the 
parameters  that  control  the  spread  of  the  age-length  distribution 


about  the  long  axis  (Table  4).  This  combination  of  parameters 
gives  an  age-length  distribution  that  is  straighter  and  spreads  out 
asymmetrically  at  older  age  and  longer  lengths  (Fig.  32B).  Reduc- 
ing the  distribution  of  genotypes  in  a  cohort  again  modifies  the 
optimal  parameter  set  (Table  4)  and  produces  an  age-length  dis- 
tribution that  is  narrow  and  symmetric  with  age  and  length  (Fig. 
32A).  Note  the  unusually  low  values  of  ftl  and  a^  is  unusually  low 
for  both  of  these  genotype  modifications,  indicating  the  increased 
uniformity  in  cohort  composition,  caused  in  one  case  by  the  in- 
crease in  abundance  of  genotypes  rare  in  the  reference  simulation 
and  the  other  by  the  decrease  in  abundance  of  the  same  genotypes. 

DISCUSSION 

Formulation  of  Model  Processes 

The  hard  clam  simulations  provide  guidance  for  future  research 
topics  because  formulations  used  for  some  processes  included  in 
the  model  differ  from  those  routinely  used  in  population  dynamics 
models.  Hard  clam  mortality  was  assumed  to  be  age,  not  length, 
dependent.  The  filtration  rate  parameterization  provides  an  asym- 
metric increase  with  increasing  temperature  up  to  a  specified  tem- 
perature, after  which  it  declines  sharply.  These  parameterizations 
were  needed  to  obtain  simulated  growth  rates  for  individual  hard 
clams  that  matched  observed  rates. 

Additional  assumptions  were  made  that  affect  the  simulated 
cohort  and  population  structure.  These  include  parameterizations 
that  limit  fecundity  as  individual  clam  length  increases  and  impose 
a  temperature-  and  time-dependent  control  on  the  reproductive 
cycle.  The  concept  of  quality  days  was  used  to  terminate  hard  clam 
reproduction  so  that  the  duration  of  the  simulated  reproductive 
cycle  and  egg  production  matched  observations.  That  hard  clam 
reproduction  does  cease  in  the  fall  is  known.  However,  the  basic 
physiological  processes  that  result  in  cessation  of  reproduction  are 
not  known.  This  is  one  area  highlighted  by  the  model  development 
where  more  research  is  needed. 

The  form  of  the  broodstock-recruitment  relationship  places  a 
strong  constraint  on  how  the  cohorts  are  concatenated  to  form  a 
population.  The  fonn  chosen  for  this  study  is  one  of  many  possible 
approaches  (Kraeuteret  al.  2005).  Specification  of  the  appropriate 
fomi  requires  continued  and  long-term  monitoring  of  hard  clam 
populations. 

The  simulations  show  that  chlorophyll  a  alone  is  not  adequate 
to  support  hard  clam  growth,  which  is  consistent  with  results  from 
models  developed  for  other  shellfish  (Soniat  et  al.  1998.  Hyun  et 
al.  2001 ).  Comparisons  with  observations  from  Great  South  Bay 
show  that  the  hard  clam  growth  form  (e.g.,  timing  and  rate  of 
growth)  is  not  adequately  simulated  by  a  chlorophyll-only  food 
source,  implying  that  alternative  food  sources  are  being  used.  This 
required  that  the  food  supply  input  to  the  model  be  modified  to 
allow  for  nonchlorophyll  food  sources  (cf.  Fig.  9D).  The  nature 
and  magnitude  of  the  alternative  food  sources  needed  by  hard 
clams  is  deserving  of  investigation  and  may  be  an  important  com- 
ponent of  hard  clam  restoration  efforts. 

The  individual-based  hard  clam  model  was  developed  for  Great 
South  Bay  where  salinity  and  turbidity  \  ariations  are  small  and  do 
not  typically  extend  into  ranges  that  inhibit  metabolic  processes. 
Application  of  the  hard  clam  model  to  environments  characterized 
by  lower  salinity  or  higher  total  suspended  solid  concentrations 
than  are  typical  for  Great  South  Bay  requires  further  verification 
studies.  In  particular,  little  experimental  data  exist  on  the  effects  of 
salinity  and  its  interaction  with  temperature  and  total  suspended 
solids  on  hard  clam  physiology  and  metabolism. 
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Generalized  Age-length  Relationship 

In  individual  shellfish,  growth  in  age  and  length  is  partially 
decoupled.  Growth  rates  within  a  cohort  are  such  that  many  ani- 
mals of  differing  ages  may  have  the  same  length  and  many  animals 
of  differing  length  may  have  the  same  age.  The  age-length  struc- 
ture of  a  population  is  determined  by  a  finite  number  of  processes 
that  control  cohort  length  frequency,  such  as  growth  rate  (Craig  & 
Oertel  1966)  and  mortality  rate,  either  of  which  may  be  age-  or 
length-dependent.  A  small  number  of  growth  models  routinely  fit 
the  length-age  relationship  of  cohorts  of  a  variety  of  species  (e.g.. 
Kappenman  1981,  Kauffmann  19S1.  Tanabe  1988,  Smith  et  al. 
1997).  The  success  of  individual-  and  cohort-based  growth  models, 
such  as  the  von  Beilalanffy  model,  however,  suggests  that  a  few 
mathematical  relationships  might  also  describe  the  length-age  rela- 
tionships of  populations.  This  study  provides  an  example  of  the  de- 
velopment of  such  a  general  relationship  for  hard  clam  populations. 

Defining  a  general  mathematical  relationship  that  describes  the 
age-length  distributions  allows  development  of  age-length  keys 
from  fewer  age-length  measurements  and  application  of  age-length 
models.  Moreover,  population-to-population  differences  in  the  pa- 
rameterization of  the  age-length  model  may  be  illustrative  of  im- 
portant ecological  and  population  dynamics  processes  determining 
the  structure  of  the  population  just  as  variations  in  the  parameters 
used  in  a  von  Bertalanffy  growth  model  reflect  differences  in  the 
structure  of  a  cohort  (e.g.,  Kornobis  1977,  McCuaig  &  Green 
1983,  Ni,\  et  al.  1993). 

Implications  of  a  Generalized  Age-length  Relationship 

The  earlier  mentioned  analyses  suggest  that  a  twisted  bivariate 
Gaussian  function  can  successfully  describe  age-length  distribu- 
tions that  are  produced  by  modifications  in  hard  clam  population 
dynamics,  including  changes  in  growth  rate,  mortality  rate,  recruit- 
ment rate  and  cohort  genotypic  composition.  The  age-length  char- 
acteristics of  populations  have  not  been  fully  investigated  since  the 
initial  development  of  a  theoretical  growth  model  (Piilter  1920, 
von  Bertalanffy  1938)  in  spite  of  numerous  experimental  and  theo- 
retical studies  at  the  cohort  level.  Thus,  the  extent  to  which  the 
present  formulation  can  be  extended  to  other  shellfish  and  non- 
shellfish  taxa  remains  unclear.  The  robustness  of  the  formulation 
described  by  the  twisted  bivariate  Gaussian  may  have  general  ap- 
plication for  producing  age-length  distributions. 

The  different  population  processes  that  were  used  to  produce 
the  simulated  age-length  data  sets  used  to  test  the  twisted  biva- 
riate Gaussian  yielded  a  unique  set  of  parameter  values  that 
defined  the  angle  of  the  long  axis,  the  degree  of  curvature,  the 
length  of  the  relation  along  the  twisted  .v  axis,  and  the  tendency  for 
the  y  axis  to  spread  asymmetrically  about  .v  (Table  4).  These  char- 
acteristics of  the  age-length  distribution  are  controlled  by  the 
growth  rates,  the  form  of  and  degree  of  mortality  imposed  on  the 
population,  the  stability  of  recruitment,  and  the  inherent  genetic 
composition  of  the  recruits.  These  parameters  provide  information 
concerning  the  processes  controlling  the  structuring  of  the  popu- 
lation in  much  the  same  way  as  values  of  growth  parameters 
(e.g.,  the  von  Bertalanffy  k  and  L.,)  provide  information  on  the 
processes  controlling  cohort  growth.  The  extent  to  which  the  spe- 
cific values  of  the  parameters  might  be  predictive  of  certain  com- 
binations of  population  dynamics  cannot  yet  be  determined,  but  the 
simulations  presented  here  are  encouraging  of  such  an  outcome. 
Obtaining  a  set  of  ages  and  lengths  and  then  fitting  the  twisted 
bivariate  Gaussian  to  these  data,  could  potentially  provide  more 
insight  into  population  processes  than  may  be  obtained  from  mul- 


tiyear  studies  of  the  suite  of  complex  population  dynamics- 
determining  processes  that  produce  observed  age-frequency  distri- 
butions. 

Measurements  of  length  are  easy  to  obtain,  but  age  is  the  more 
often  desired  quantity  and  conversion  of  the  one  into  the  other 
requires  age-length  keys,  which  are  time  consuming  to  construct. 
As  a  result,  more  is  known  about  length  frequencies  in  natural 
populations  than  about  the  complementary  age  frequencies.  The 
cost  and  time  of  obtaining  age-length  keys  directly  limit  their  use 
in  fisheries  management  and  in  ecological  investigation.  As  a  con- 
sequence, little  is  known  about  how  age-length  properties  of  popu- 
lations might  change  within  metapopulations,  along  environmental 
gradients,  or  in  response  to  long-term  climate  changes.  For  long- 
lived  animals  such  as  hard  clams,  the  latter  is  particularly  impor- 
tant. 

Generating  an  age-length  key  requires  information  from  many 
individuals  of  differing  ages  for  a  given  length  and  many  individu- 
als of  differing  lengths  for  a  given  age  (Fig.  27).  Because  the 
age-length  distributions  twist  along  the  length  axis  and  spreads 
asymmetrically,  the  age-length  array  must  be  filled  over  all  lengths 
and  ages.  As  a  result,  a  simple  statistical  function  will  ni)t  have  the 
tlexibility  to  describe  the  variation  in  age  with  length  or  in  length 
with  age  over  all  ages  and  lengths.  For  example,  a  simple  Gaussian 
function  will  accumulate  increasing  error  as  age  and  length  in- 
crease. In  the  larger  length  classes  and  older  age  classes,  the  in- 
creased rarity  of  the  animals  themselves  imposes  an  additional 
con.straint  on  the  function  used  to  describe  age-length  distributions. 
As  a  consequence,  filling  age-length  key  arrays  with  sufficient 
replicate  measurements  to  describe  the  underlying  statistical  dis- 
tributions is  difficult. 

The  availability  of  a  single  mathematical  formulation  to  de- 
scribe age-length  distributions  for  hard  clam  populations  provides 
a  significant  advance  in  the  ability  to  generate  age-length  keys. 
Many  fewer  individual  age-length  measurements  are  necessary, 
provided  they  are  adequate  representations  of  the  population,  to 
describe  the  age-length  distribution.  A  sparser  data  set  might  be 
used  to  determine  parameter  values  for  the  general  mathematical 
formulation  that  then  can  be  used  to  fill  in  the  full  age-length 
distribution  needed  for  a  key.  The  density  of  the  data  over  the 
age-length  spectrum  of  the  population  needed  to  do  this  requires 
further  investigation,  but  tests  done  with  the  simulated  age-length 
data  sets  produced  in  this  study  suggest  that  age-length  keys  could 
be  created  with  tens  rather  than  hundreds  of  age-length  measure- 
ments. Should  this  prove  to  be  the  case,  then  the  existence  of  a 
general  mathematical  formulation  provides  opportunity  to  investi- 
gate how  age  and  length  independently  determine  population 
structure  beyond  what  has  heretofore  been  possible  to  achieve. 
Furthermore,  the  twisted  bivariate  Gaussian  expands  the  theoreti- 
cal formulations  defining  the  age-length  character  of  the  cohort 
into  that  of  the  population  by  identifying  parameters  analogous  to 
the  rate  of  length  increase  (k)  and  maxiinum  length  (L, )  in  the  von 
Bcrtalanfly  model  (von  Bertalanffy  1938,  Fabens  1965.  Kimura 
1980).  These  parameters  can  now  serve  as  the  basis  for  theoretical 
inodels  of  population  age-length  compositions  because  they  are 
determined  by  individual  growth  and  mortality  rates,  but  also  by 
population-dependent  processes,  compensatory  and  otherwise. 
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ABSTRACT  An  age-slructured  projection  model  was  used  to  study  the  impacts  of  alternative  exploitation  intensities  on  geoduck 
populations,  based  on  a  large  accumulation  of  survey  data,  age  composition  data  and  published  estimates  of  natural  mortality.  Data 
were  analyzed  and  results  presented  by  geographic  region.  Historic  recruitment  patterns  were  back  calculated  using  an  age-structured 
model.  Trends  in  recruitment  were  independent  of  the  value  of  M  used,  although  rates  were  higher  when  M  of  0.036  was  applied 
compared  with  M  of  0.016.  Historic  recruitment  rates  were  found  to  be  highly  variable  in  the  prefishery  state:  rates  generally  increased 
from  the  early  I '330s  to  1950.  decreased  until  e;irly  1960.  increased  to  another  peak  in  the  mid  1960s,  declined  until  the  mid  1980s  and 
have  been  increasing  to  present.  Future  recruitment  was  simulated  from  the  estimated  historic  pattern.  The  fishing  patterns  examined 
were  combinations  of  different  monality  rates  {0.016  or  0.036)  and  different  periods  of  historical  recruitment  (beginning  in  1940  or 
1960).  For  each  simulation  year,  in  each  set  of  1 .000  runs,  the  ratio  of  current  biomass  to  virgin  biomass  was  calculated  and  compared 
with  the  management  objective  of  not  exceeding  SO'J  of  virgin  biomass  within  50  y  of  harvest.  An  exploitation  rate  of  1 .2%  and  1 .8% 
of  estimated  current  biomass  is  recommended  for  the  west  coast  of  Vancouver  Island  and  the  rest  of  the  coast  respectively. 

KEY  WORDS:     geoduck.  Panopeu  cilviipia.  age.  modeling,  simulation,  harvest  rate,  recruitment 


INTRODUCTION 

Geoduck.  Panopeu  ahrupta  (Conrad,  1849),  are  large  hiatellid 
bivalves  that  thiive  in  unconsolidated  sub.strates  in  the  northern 
Pacific  from  California  to  southern  Japan  (Coan  et  al.  2000).  The 
clams  are  extremely  long-lived,  with  a  ma.ximum-recorded  age  of 
16S  y  (Bureau  et  al.  2002).  They  are  slow  growing  after  an  initial 
phase  of  fast  growth  during  the  first  10  y  of  life,  and  growth  rate 
and  maximum  size  varies  along  environmental  gradients  and  be- 
tween geographic  regions  (Hoffmann  et  al.  2000,  Bureau  et  al. 
2002).  Geoducks  start  to  reach  sexual  maturity  at  age  2-3  y 
(Campbell  &  Ming  2003).  Reproduction  is  through  broadcast 
spaw  ning  during  early  summer  months,  followed  by  pelagic  larval 
stage  lasting  40-30  days  (Goodwin  et  al.  1979,  Goodwin  &  Shaul 
1984).  Postlarvae  settle  and  move  on  the  seafloor  surface  for  sev- 
eral weeks  (King  1986)  until  metamorphosis  and  the  start  of  sus- 
pension feeding.  The  animals  begin  to  dig  and  reach  their  final 
refuge  depth  of  up  to  1  m  in  approximately  4-5  y,  after  which 
predation  mortality  is  extremely  low.  An  exception  to  low  mor- 
tality is  in  regions  where  the  sea  otter  (Eithydra  hiiris)  populations 
are  recovering. 

Geoducks  are  aggregated  into  beds,  by  virtue  of  their  substrate 
requirements,  and  are  thus  structured  as  metapopulations  with  seg- 
ments being  interconnected  through  the  flow  of  planktonic  larvae. 
No  evidence  has  been  found  of  a  relationship  between  the  repro- 
ductive capacity  of  a  population  within  a  given  location  and  sub- 
sequent recruitment  to  that  location.  Recruitment  mechanisms  op- 
erate differently  during  the  periods  of  pre  settlement  and  post 
settlement  of  larvae,  and  Orensanz  et  al.  (2004)  warn  that  key 
processes  in  the  population  dynamics  may  be  completely  blurred  if 
analyzed  at  the  wiong  spatial  scale. 

Geoduck  populations  support  lucrative  dive  fisheries  in  Wash- 
ington State  and  British  Columbia  (BC),  with  an  average  annual 
landed  value  of  38  million  Canadian  dollars  over  the  last  five  years 
in  BC.  The  BC  fishery  is  managed  through  a  combination  of 
limited  entry  and  individual  quotas  (Heizer  2000).  Annual  quotas 
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are  set  at  I7r  of  estimated  virgin  biomass.  the  harvest  rate  being  a 
result  of  initial  yield  models  that  were  based  on  intuition  and  the 
limited  biological  information  available  at  an  eariy  stage  of  fishery 
development.  To  date,  virgin  biomass  has  been  estimated  by  add- 
ing fishery  removals  to  the  estimate  of  cunent  biomass  from 
transect  surveys,  while  natural  mortality  and  recruitment  are  as- 
sumed to  be  equal.  In  contrast,  the  harvest  rate  in  Washington  is  set 
to  be  2.7%  of  current  biomass  based  on  the  F4n,;  criterion  (Brad- 
bury &  Tagart  2000). 

The  availability  of  a  substantial  accumulation  of  biological  in- 
formation warrants  a  new  assessment  of  the  geoduck  stocks  and 
re-evaluation  of  harvest  rates  in  BC.  Fishery-independent  transect 
surveys  have  been  conducted  over  all  regions  of  the  BC  coast  and, 
to  date,  include  about  40'7f  of  the  total  estimated  area  of  geoduck 
beds.  Geoduck  abundance,  distribution  and  age  composition  have 
been  collected  from  each  surveyed  location.  Some  important  bio- 
logical parameters  of  geoduck  populations,  such  as  growth  and 
natural  mortality  rates,  have  also  been  estimated  (Bureau  et  al. 
2002,  Zhang  &  Campbell  2004).  In  this  paper,  we  study  historic 
recruitment  patterns  through  back-calculation,  and  investigate  the 
impacts  of  alternative  exploitation  intensities  on  the  geoduck 
populations  through  age-structured  projection  modeling. 

MATERIALS  AND  METHODS 

We  conducted  this  study  using  biological  infonnation  obtained 
from  fishery-independent  surveys  and  sampling,  and  fishery  data 
obtained  from  logbooks.  We  back-calculated  historic  recruitment 
patterns  using  an  age-structured  model,  and  simulated  future  re- 
crttitment  from  the  estimated  historic  recruitment  pattern.  The  ac- 
curacy of  the  simulations  was  examined  by  comparing  projected 
abundances  with  observed  ones  in  four  instances  where  repeat 
survey  data  were  available.  Through  forward  simulation,  we  evalu- 
ated the  impacts  of  alternative  fishing  intensities  on  the  stocks. 
Data  were  analyzed  by  survey  bed  and  the  results  grouped  by 
geographic  region.  In  this  paper,  we  divide  the  BC  coast  into  five 
geographic  regions:  North  Coast  (NO.  Central  Coast  (CCl.  Queen 
Chariotte  Islands  (QCl),  West  Coast  of  Vancouver  Island  (WCVI) 
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Figure  1.  Five  geographic  regions  in  the  British  Columbia  coast. 

and  Georgia  Basin  (GB)  (Fig.  1).  In  this  study.  CC  also  includes 
two  surveyed  locations  in  Queen  Charlotte  Strait. 

Fishery-independent  Surveys 

Each  year,  a  number  of  geoduck  beds  are  selected  for  survey- 
ing. Beds  are  chosen  for  various  reasons,  including  significant 
contributions  to  total  landings  in  the  fishery,  disagreement  in  the 
recommended  quota  for  a  bed  or  conservation  concerns.  If  the 
selected  location  is  comprised  of  many  smaller  beds,  as  opposed  to 
beds  that  occur  on  large  banks,  the  aggregate  is  partitioned  into 
strata.  For  each  strata,  transect  locations  are  selected  randomly, 
following  protocols  described  in  Campbell  et  al.  ( 1998)  and  Ba- 
buin  et  al.  (2006).  A  number  of  quadrats  2-m  wide  and  lO-m  long 
are  set  along  each  transect  from  60  feet  chart  datum  to  the  inter- 
tidal,  and  SCUBA  divers  count  the  number  of  geoduck  within 
each.  Where  appropriate,  data  are  poststratified  for  analysis,  where 
individual  transects  are  excluded  if  the  substrate  was  not  suitable. 
Mean  geoduck  density  and  associated  standard  error  were  esti- 
mated for  each  bed  using  the  two-stage  random  design  estimator 
with  transects  as  the  primary  sampling  units  and  quadrats  as  the 
secondary  sampling  units  (Thompson  1992).  Biological  samples 
are  collected  from  the  surveyed  populations,  from  which  length, 
weight  and  age  data  are  obtained  (Bureau  et  al.  2002.  200.^).  Age 
is  determined  using  the  acetate  peel  method  (Shaul  &  Goodwin 
1982)  and.  in  most  cases,  estimated  geoduck  ages  are  provided 
with  a  range  of  uncertainty.  Subsamples  of  approximately  150 
aniinals  each  are  collected  from  randomly  selected  transects 
throughout  the  survey  location  and  combined  into  one  sainple  per 
location. 

Density  and  biological  information  from  42  fishery- 
independent  surveys  was  used  in  the  modeling.  The  42  surveys 
were  conducted  in  38  locations;  4  locations  were  surveyed  in  two 
different  years  (Table  1 ).  The  number  of  individual  geoduck  beds 
surveyed  per  location  varies  from  1  to  18  (Table  1).  From  each 
surveyed  location,  between  1 86  and  .'i80  geoduck  were  sampled  for 
age  determination. 


Estimation  of  Historical  Recruitments 

Recruitment  age  is  defined  to  be  six  years,  the  age  at  which  we 
assume  geoducks  to  become  fully  vulnerable  to  harvesting  (Camp- 
bell et  al.  2004).  Historical  recruitment  rates  (number  of  recruits/ 
m~)  were  back  calculated  for  each  survey  location,  using  estiinated 
geoduck  density,  the  age  structure  of  the  bio-samples  collected  and 
fishery  removals  as  inputs  to  the  model.  Estimated  historic  recruit- 
ment strength  relies  on  the  natural  mortality  rate.  M.  used  in  the 
back-calculation.  M  for  geoduck  populations  appears  to  vary  ap- 
proximately between  0.01  and  0.04  (Breen  &  Shields  1983.  Harbo 
et  al.  1983.  Sloan  &  Robinson  1984,  Noakes  &  Campbell  1992. 
Bradbury  &  Tagail  2000).  In  a  tagging  experiment  in  Washington. 
M  was  estimated  to  be  0.016  with  a  standard  error  of  0.0046 
(Bradbury  et  al.  2000).  Using  experimental  data  from  WCVI, 
Zhang  and  Campbell  (2004)  estimated  M  to  be  0.036  with  a  stan- 
dard error  of  0.003.  These  two  estimates  of  M  approximately  cover 
the  range  of  M  found  in  the  literature,  and  were  used  in  this  study 
to  estimate  historic  recruitment  patterns. 

The  youngest  age  considered  in  this  paper  is  six  years.  The 
maximum  age  was  set  to  be  80  y  for  the  sampling  year,  and 
geoduck  older  than  the  maximum  age  were  pooled  to  form  a  maxi- 
mum-plus age  group.  The  maximum  age  for  previous  years  was 
one  year  younger  than  for  the  subsequent  year.  For  instance,  in  the 
year  prior  to  the  sampling  year,  the  maximum  age  was  79  y  and 
geoduck  older  than  age  79  were  pooled  into  the  79  -i-  age  group.  In 
the  sampling  year,  the  abundance  of  geoducks  for  each  surveyed 
bed  is  calculated  as  the  product  of  mean  density  and  the  bed  area, 
and  the  total  abundance  for  each  surveyed  location  is  simply  the 
sum  of  abundances  for  all  the  surveyed  beds  in  the  location.  For 
each  location,  abundance  at  each  age  during  the  sampling  year  was 
estimated  as  the  product  of  the  total  geoduck  abundance  and  the 
proportion  of  geoduck  at  that  age  in  the  bio-sample.  Abundance  of 
geoduck  at  age  a  in  year  v  (earlier  than  the  sampling  year).  N^, ,,, 
was  estimated  as: 


A'v 


--N,. 


xexp(M)-l-  C,^.,  xP,,^| 


(11 


where  C,,^,  is  the  catch  in  number  of  geoduck  in  year  \'  -i-  1,  and 
Pv+\.<,+  \  '^  'he  estimated  proportion  of  geoduck  at  age  a  +  1  in  year 
y  +  1.  Thus,  the  proportion-at-age  in  the  bio-samples  was  cairied 
backward  in  the  retrospective  analysis  as  the  proportion  at  each 
age-class.  Where  commercial  landings  were  only  reported  by 
weight.  C,_^|  was  estimated  by  dividing  the  landed  weight  by  the 
mean  geoduck  weight  for  the  location.  Mean  weight  for  a  bed  is 
estimated  from  the  landed  weight  and  number  of  geoduck.  where 
number  is  reported  in  logbooks,  over  the  period  1997  to  present. 
Mean  weight  estimates  from  nearby  beds  inay  be  applied  if  no 
estimate  for  a  given  bed  exists. 

Annual  recruitment  rate  for  an  individual  surveyed  location 
was  expressed  as  recruitment  density  by  dividing  the  estimated 
abundance  of  age-6  in  each  year  by  the  summed  area  over  all  the 
surveyed  beds.  Annual  recruitment  rate  for  a  geographic  region 
was  calculated  as: 


/v.. 


(2) 


where  A',  ,,  represents  the  estimated  abundance  of  age-6  geoducks 
in  year  y  in  a  location,  and  A  represents  the  summed  area  over  all 
the  sur\eved  beds  in  a  location. 
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TABLE  1. 
Information  on  fishery-independent  surveys. 


(Geographic 

Fishery 

Survey  and 

Number 

Biological 

Region' 

Survey  Location 

Starting  Year 

Sampling  Year 

of  Beds 

Sample  Size 

CC 

Anderson/Laredo 

1987 

1997 

10 

293 

CC 

GooseAVurtele/Seaforth 

1981 

1995 

9 

460 

CC 

Hakai  Passage 

1982 

1  99  S 

14 

292 

CC 

Kitasu  Bay- 

1989 

1994 

5 

434 

CC 

Price  Island 

1987 

1993 

3 

455 

CC 

S  Bardswell/Prince  Group 

1985 

1996 

11 

427 

CC 

West  Higgins  Pass- 

198.5 

1994 

2 

474 

CC 

Duncan  Island 

1984 

1995 

13 

468 

CC 

Goletas  Channel.  1994" 

1984 

1994 

5 

447 

CC 

Goletas  Channel.  2(10.^ 

1984 

2003 

8 

459 

NC 

Dundas  Island 

1986 

1998 

6 

306 

NC 

Moore  Islands 

1996 

1 998 

4 

290 

NC 

Otter  Pass 

1981 

1996 

6 

427 

NC 

Principe  Channel 

1996 

1997 

7 

298 

NC 

West  Aristazahal  Island 

1983 

1996 

15 

395 

QCI 

Bumaby  Island 

1984 

1994 

7 

431 

QCI 

Cumshewa  Inlet 

1980 

1997 

7 

480 

QCI 

Gowgaia  Bay" 

1985 

1999 

8 

270 

QCI 

Hippa  Island' 

1986 

1999 

6 

432 

QCI 

Hotspring  Island 

1986 

1995 

10 

385 

QCI 

Houston  Stewart  Ch. 

1985 

1996 

14 

453 

QCI 

Parry  Passage 

1987 

2002 

1 

440 

QCI 

Selwyn/Dana/Logan  Inlets 

1988 

1 998 

18 

321 

QCI 

Tasu  Sound- 

2000 

20111 

12 

446 

GB 

Boatswain  Bank 

1980 

2001 

1 

536 

GB 

Comox  Bar,  1993 

1978 

1993 

1 

440 

GB 

Comox  Bar,  1998 

1978 

1998 

1 

289 

GB 

Marina  Island 

1978 

2002 

2 

304 

GB 

Oyster  River 

1978 

1996 

I 

466 

GB 

Round  Island 

1979 

2000 

I 

322 

GB 

Thormanhy  Island 

1978 

1999 

2 

283 

WCVI 

Barkley  Sound 

1979 

2000 

9 

301 

WCVI 

Elbow  Bank 

1978 

1994 

I 

405 

WCVI 

Millar  Channel 

1979 

1997 

1 

277 

WCVI 

Mission  Group.  1998 

1980 

1998 

5 

304 

WCVI 

Mission  Group,  2003^ 

1980 

2003 

7 

456 

WCVI 

NE  Barkley  Sound 

1982 

2002 

8 

501 

WCVI 

Noolka  Sound' 

1985 

2000 

7 

311 

WCVI 

Rolling  Roadstead"' 

1980 

2001 

1 

418 

WCVI 

Winter  Harbour.  1996 

1983 

1996 

10 

580 

WCVI 

Winter  Harbour,  2002' 

1983 

2002 

6 

495 

WCVI 

Yellow  Bank 

1980 

1997 

1 

186 

'  Central  Coast  [CO.  North  Coast  (NC),  Queen  Chadotte  Island  (QCI).  Georgia  Basin  (GB).  West  Coast  of  Vancouver  Island  (WCVI), 
'  Biological  sampling  was  completed  one  year  after  the  transect  survey,  for  logistical  reasons. 
'  Surveyed  locations  where  geoduck  populations  have  been  impacted  by  sea  otters. 


To  evuliiate  uncertainties  in  tlie  estimulion,  999  siimihitions 
were  conducted.  In  each  simulation,  geoduck  densities,  natural 
mortality  rates,  and  age  compositions  were  regenerated,  and  (lie 
simulated  data  sets  were  used  to  estimate  the  recruitment  patterns, 
as  described  above.  Densities  in  the  satnpling  year  were  randotiily 
regenerated  from  a  normal  distribution  with  the  mean  and  standard 
deviation  estimated  from  survey  results.  The  value  of  W  was  ran- 
dotnly  regenerated  from  a  nomial  distribution  with  the  designated 
mean  and  standard  error  (0.016  ±  0.0046  or  0.036  ±  0.003).  The 
starting  age  composition  of  the  bio-.samples  was  bootstrapped  by 
resampling  with  replacement  to  produce  a  simulated  sample  of  the 
same  size.  A  further  step  incorporated  the  uncertainty  in  ageing; 


the  actual  age  for  each  sample  was  randomly  generated  from  a 
normal  distribution,  with  the  estimated  age  as  the  mean  and  one 
half  of  the  error-range  as  the  standard  deviation.  To  test  the  impact 
of  ageing  uncertainty  on  siinulated  biomass  estimates,  we  coin- 
pared  the  expected  biomass  at  the  end  of  the  simulation  years  with 
and  without  this  uncertainty. 

Projection  Simulalioiis 

We  assume  that  recruitment  in  the  future  will  reflect  what  ha.s 
occurred  in  the  past.  We  fitted  the  1.000  back-calculated  recruit- 
ment data  to  the  gamma  probability  distribution  for  each  surveyed 
location  using  the  least  square  eiTor  method,  and  used  the  fitted 
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distribution  to  describe  the  likelihood  of  recruitment  rates  for  tlie 
location.  In  each  simulation  year,  the  number  of  recruits  was  ran- 
domly generated  from  the  gamma  distribution.  For  each  surveyed 
location,  biomass  was  projected  onwards  for  50  y  from  the  sam- 
pling year  under  a  given  e.xploitation  rate  (£),  which  varies  from 
0%  to  4%  with  an  interval  of  0.5%.  We  examined  the  impact  of 
alternative  harvesting  intensities  on  the  surveyed  stock  biomass  to 
find  plausible  and  precautionary  £"s  for  the  fishery.  Population 
abundance  at  age  a  +  \  in  year  y  +  1  was  estimated  to  be; 


M 


,+,.„*i=A'v,„xU-£)xexp(-M) 


{a  <  80) 


N^.^^^^,^  =  (yv,,„  -I-  A',..,+  )  X  ( 1  -  £ )  exp(-M )         {a  =  80) 


(3) 


We  used  the  weight-age  conversion  equations,  which  were  es- 
tablished for  each  surveyed  location  by  Bureau  et  al.  (2002.  2003). 
to  convert  abundance  to  biomass.  For  each  simulation  year,  a 
performance  index  was  calculated  as  the  ratio  of  current  biomass 
(BJ  to  the  virgin  biomass  (fi, ),  the  latter  being  the  back-calculated 
biomass  in  the  year  just  before  the  beginning  of  the  commercial 
fishery  in  the  location.  The  performance  index  for  each  geographic 
region  was  calculated  by  dividing  the  sum  of  B^  by  the  sum  of  B, 
over  all  the  surveyed  locations  in  the  geographic  region.  Among 
the  nine  surveyed  locations  in  WCVI.  four  have  been  affected  by 
sea  otter  predation  (Table  1 ).  We  therefore  calculated  the  ratio  of 
B^  to  B^.  by  using  only  the  five  unaffected  locations. 

Four  possible  simulation  schemes  were  considered:  recruitment 
simulation  year  starts  from  either  1940  or  1960.  and  the  mean 
value  of  M  used  in  the  simulation  is  either  0.016  or  0.036.  The  4 
simulation  schemes  are  thus  denoted  as  Y4()M0.016.  Y60M0.016, 
Y40M0.036  and  Y60M0.036.  In  general,  future  recruitment  is 
more  optimistic  when  the  recruitment  simulation  year  starts  in 
1940  than  in  1960  because  estimated  recruitment  is  high  during  the 
period  1940-1960. 

To  evaluate  uncertainties  in  the  estimation.  999  simulations 
were  conducted.  In  each  simulation,  age  composition  of  the  bio- 
samples,  geoduck  density  in  the  sampling  year,  and  value  of  M 
were  randomly  regenerated  as  described  in  the  previous  section. 

Comparison  of  Projected  and  Surrey-Derived  Geoduck  Densities 

Surveys  were  conducted  in  two  different  years  in  each  ot  4 
locations:  Goletas  Channel,  Winter  Harbour,  Mission  Group  and 
Comox  Bar  (Table  1 ).  This  provides  an  opportunity  to  examine  the 
location  of  the  ob.served  mean  density  within  the  range  of  the 
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Figure  2.  Estimated  mean  hi.storic  recruitment  rates  for  the  entire  BC 
coast. 
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Figure  i.  Estimated  mean  historic  recruitment  rales  for  the  five  geo- 
graphic regions:  North  Coast  (NC),  Central  Coast  (CC).  Queen  Char- 
lotte Islands  (QCI),  West  Coast  of  Vancouver  Island  (WCVI),  and 
Georgia  Basin  ((JBl. 

model-projected  densities,  which  is  helpful  in  selecting  a  percen- 
tile level  for  determining  harvest  rates.  Except  in  Comox  Bar, 
different  sets  of  the  geoduck  beds  were  surveyed  on  the  two  oc- 
casions; we  used  only  the  data  obtained  from  beds  which  were 
surveyed  on  both  occasions.  We  used  results  from  the  first  survey 
to  predict  geoduck  densities  in  the  year  of  second  survey.  In  each 
of  the  simulation  years,  recruitment  was  randomly  generated  from 
the  s;amma  distribution,  as  described  eariier.  Population  abundance 
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Figure  4.  Comparison  of  the  estimated  range  of  mean  historical  re- 
cruitment rales  for  individual  locations  within  each  of  the  five  geo- 
graphic regions  (A/  =  (U)16l. 


Recruitment  and  Exploitation  Rates  for  Geoduck 


449 


TABLE  2. 

Exploitation  rates  to  maintain  stock  biomass  ahoxt  one-hall'  of  the  \ir};in  hioniass  le\el  at  the  end  of  50  \ears  for  the  five  geographic  regions: 
North  Coast  (NO,  Central  Coast  (CC),  West  Coast  of  Vancouver  Island  (\VC\I),  Queen  Charlotte  Island  IQCI)  and  (Jeorgia  Basin  (C;B|. 


Geographic 

Region 

Mortality  Rate 

Recruitment  Sinn 

lation 

Percentile 

NC 

CC 

WCVI 

WCVI* 

QCl 

GB 

0.036 

1940 

lOlh 

1.7% 

3.0% 

2.2%' 

2.0% 

2.0% 

2.4% 

1940 

?Olh 

2.5% 

3.6% 

3.0% 

3.0% 

2.6% 

3.3% 

1960 

lOth 

0.0% 

0.0% 

1.1% 

1.2% 

0.0% 

2.0% 

1960 

.^Oth 

0.0% 

0.3% 

1.7% 

1.9% 

0.2% 

2.7% 

0.016 

1940 

lOth 

2.0% 

3.0% 

2.9% 

2.9% 

2.4% 

3.7% 

1940 

.SOlh 

2.4% 

3.3% 

3.4%. 

3.6% 

2.7% 

4.0% 

1960 

loth 

1.1% 

1.8% 

2.8% 

2.8% 

1.6% 

4.0% 

1960 

.SOlh 

1.3% 

2.0% 

3.3% 

3.5%' 

1.8% 

4.0% 

-  Onlv  include  the  surveyed  locations  with  absence  of  sea  otter. 


at  age  a  +  I  in  year  y  +  I.  A',,^,  _,_^|.  was  calculated  by  rearrangiuij 
Eq.  1.  To  incorporate  uncertainties  in  estinialed  parameter  values. 
999  simulations  were  conducted. 

RESULTS 


Projection  Simulations 

For  a  given  exploitation  rate,  stock  biomass  generally  declines 
more  quickly  or  increases  more  slowly,  when  the  recruitment 
simulation  starting  year  is  I960  rather  than  1940,  and/or  when  M 


Historic  Recruitment  Pattern 

Trends  in  recruitment  over  time  are  comparable,  irrespective  of 
the  value  of  M  used  in  the  back-calculation  (Fig.  2),  whereas  the 
magnitude  of  estimated  historic  recruitment  rates  are  affected  by 
the  value  of  M.  Recruitment  rates  in  the  past  were  estimated  to  be 
higher  when  M  of  0.0.36  was  applied  compared  with  a  value  of 
0.016  (Fig.  2).  Recruitment  seems  to  have  fluctuated  appreciably 
in  the  virgin  state  in  years  prior  to  1975.  Overall,  recruitment  in  the 
BC  coast  increased  from  at  least  1930.  and  reached  the  highest 
around  19.'>0.  It  then  decreased  until  the  early  1960s,  before  it 
started  to  increase  again.  Recruitment  reached  another  peak  in  the 
mid  1960s,  and  then  declined  until  mid  1980s.  Recruitment  has 
been  increasing  since  the  mid  1980s.  In  general,  recruitment  rates 
in  1940  to  1960  constituted  the  highest  peak,  and  recruitment  rates 
in  1960  to  1973  constituted  a  second,  lower,  peak.  With  applica- 
tion of  M  of  0.016.  recruitment  rates  in  recent  years  seein  to  be  as 
high  as  in  the  highest  historic  period  of  1940-1960.  With  appli- 
cation of  M  of  0.036.  recruitment  rates  in  recent  years  seem  to  be 
approaching  the  lower  level  in  1960-1975.  The  apparent  decline  in 
the  most  recent  years  is  most  likely  because  of  under-sampling  of 
young  geoduck  in  the  bio-samples. 

Among  the  five  geographic  regions,  average  recruitment  rates 
are  the  highest  in  the  North  Coast  (NC)  and  Central  Coast  (CC), 
intermediate  in  Queen  Charlotte  Islands  (QCI)  and  West  Coast 
Vancouver  Island  (WCVI),  and  the  lowest  in  Georgia  Basin  (GB) 
(Fig.  3).  Recruitment  patterns  in  NC,  CC  and  QCI  generally  con- 
form to  the  overall  pattern  for  the  entire  coast  whereas  recruitment 
patterns  in  WCVI  and  GB  lack  the  highest  peak  around  1950  (Fig. 
3).  Recruitment  rates  in  GB  m  recent  years  appear  to  be  the  highest 
for  the  period  studied. 

Despite  apparent  differences  in  the  overall  mean  recruitment 
rates  between  most  geographic  regions,  ranges  of  mean  recruit- 
ment rates  (e.xlent  of  minimum  and  maximum  mean  recruitment 
rates)  over  individual  locations  within  a  region  are  wide,  and  there 
are  substantial  amounts  of  overlap  in  these  mean  recruitment  rates 
(Fig.  4). 
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Figure  5.  Simulated  changes  in  the  ratio  of  current  biomoass  (B)  to  the 
virgin  biomass  (B„)  in  the  North  Coast  at  the  SOth  percentile  viith 
different  exploitation  rates.  (A:  Recruitment  simulation  starting  year 
is  194(1  and  .1/  is  ().()36.  Note  that  biomass  would  decline  to  50%  of  the 
virgin  biomass  with  an  exploitation  rale  of  2.5%.  B:  Recruitment 
simulation  starting  year  is  1960  and  M  is  0.016.  Note  that  biomass 
would  decline  even  without  harvesting). 
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used  in  Ihe  modeling  is  0.036  rather  than  0.016.  All  projection 
results  are  presented  in  Table  2. 

With  Y40M0.036.  the  geoduck  stocks  in  NC  could  be  har- 
vested at  2.5%  to  have  a  50%  calculated  chance  of  achieving  the 
management  goal  of  maintaining  the  biomass  above  one-half 
of  the  virgin  biomass  at  the  end  of  50  y  (Fig.  5A).  E  would  be  re- 
duced to  1 .1%  if  we  want  to  raise  the  chance  of  achieving  the  goal 
to  90%.  For  the  other  four  geographic  regions,  E  could  be  set 
between  2.6%  and  3.6%  to  have  a  50%  calculated  chance  of 
achieving  the  management  goal,  and  would  be  reduced  to  2.0%  to 
3.0%,  if  we  want  to  increase  the  chance  to  90%  (Table  2).  With 
Y60M0.036,  the  population  would  decrease  in  NC.  CC,  and 
QCI  even  without  exploitation,  because  recruitment  would  not  be 
sufficient  to  compensate  for  the  loss  caused  by  natural  mortality. 
The  geoduck  stocks  on  WCVI  could  be  harvested  at  1 .7%  to  have 
a  50%  calculated  chance  of  achieving  the  management  goal  of 
maintaining  the  biomass  above  one-half  of  the  virgin  biomass  at 
the  end  of  50  y.  E  would  be  reduced  to  1.1%  if  we  want  to  raise 
the  chance  of  achieving  the  goal  to  907f ,  When  we  consider  only 
the  areas  without  sea  otter  predation,  the  corresponding  E's  would 
be  1.9%  and  1.2%.  The  geoduck  stocks  in  GB  could  be  har- 
vested at  2.7%  to  have  a  50%  calculated  chance  of  achieving  the 
management  goal,  and  2.0%  if  we  want  to  raise  the  chance  to  90%. 
With  Y40M0.016,  £  could  be  set  to  2.4%  to  3.6%  for  NC.  CC. 
QCI  and  WCVI  to  have  a  50%  calculated  chance  of  achieving 
the  management  goal  and  would  be  reduced  to  2.0%  to  3.0%  if  we 
want  the  calculated  chance  to  increase  to  90%.  Stocks  in  GB 
again  seem  to  be  able  to  sustain  higher  harvest  rates  at  4.0% 


and  3.7%  for  50%  and  10%  percentiles,  respectively.  With 
Y60M0.016,  recruitment  would  not  be  sufficient  to  compensate 
for  the  loss  caused  by  natural  mortality  in  NC  (Fig.  5B),  although 
it  would  take  50  y  to  reduce  the  biomass  to  one-half  of  the  virgin 
biomass  at  a  harvest  rate  of  1 .3%  (Table  2).  £  could  be  set  at  1 .8% 
to  3.5%  to  have  a  50%  calculated  chance  to  achieve  the  manage- 
ment goal  for  CC,  QCI,  and  WCVI  and  would  be  reduced  to  1.6% 
to  2.8%.  if  we  want  to  increase  the  chance  to  90% .  Geoduck  stocks 
in  GB  seem  to  be  able  to  sustain  an  exploitation  rate  around  4.0%. 
Incorporation  of  uncertainty  in  geoduck  ageing  into  the  simu- 
lations produced  slightly  lower  biomass  estimates  at  the  end  of  50 
y.  The  ratio  of  projected  biomass  to  virgin  biomass  is.  on  average. 
2.3%  and  2.4%  lower  at  the  50th  and  10th  percentile  le\els.  re- 
spectively. 

Comparisons  of  Recruitmenl  Rates  and  Projected  Densities 

Recruitment  densities  estimated  from  the  two  independent  sur- 
veys conducted  in  four  locations  agree  with  each  other  reasonably 
well  (Fig.  6).  Ninety-five  percent.  82%.  92%  and  87%  of  mean 
recruitment  rates  estimated  from  the  second  survey  are  located 
within  the  95%  confidence  bounds  based  on  the  first  survey  for 
Goletas  Channel.  Winter  Harbour,  Mission  Group  and  Comox  Bar. 
respectively. 

In  Goletas  Channel  and  Winter  Harbour,  the  mean  densities 
derived  from  the  second  surveys  are  either  well  within  the  interval 
of  1 0th  to  90th  percentiles  or  close  to  the   10th  percentiles  of 
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the  second  survey.  (A,  Goletas  Channel;  B,  Winter  Harbour;  C,  Mission  Group:  D.  Comox  Bar). 
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projected  densities  based  on  the  first  survey  (Fig.  7A,  B).  In  Mis- 
sion Group,  the  observed  mean  densits  from  the  second  survey  is 
considerably  lower  than  the  1 0th  percentiles  (Fig.  7C).  probably 
because  a  substantial  amount  of  geoduck  were  consumed  by  sea 
otters.  Sea  otters  are  also  known  to  reside  in  Winter  Harbour,  but 
their  impact  on  geoduck  appears  to  have  been  considerably  less 
severe  (DFO.  unpublished  data).  In  Comox  Bar.  the  mean  density 
derived  from  the  second  survey  is  close  to  or  above  the  90th 
percentiles  (Fig.  7D).  which  is  consistent  with  the  particularly 
strong  recruitment  observed  in  GB  in  the  1990s  (Fig.  3).  Because 
recruitment  simulation  relies  on  estimated  recruitment  in  the  past, 
the  model  is  incapable  of  accurately  projecting  the  abundance  or 
biomass  trends  when  there  is  a  persistence  of  especially  high  or 
low  recruitment. 

DISCUSSION 

This  study  provides  a  revealing  glimpse  at  historic  recruitment 
trends  for  geoduck  populations  in  BC,  and  presents  a  method  of 
evaluating  impacts  of  alternative  harvesting  intensities  on  the  geo- 
duck stocks.  Features  related  to  the  study  and  implications  of  our 
findings  to  the  assessment  and  management  of  the  geoduck  fishery 
are  discussed. 

Geoduck  stocks  form  metapopulations.  There  is  virtually  no 
stock-recruitment  relationship  in  the  traditional  sense,  because  re- 
cruitment to  one  location  is  unlikely  associated  with  the  reproduc- 
tive capacity  in  the  same  location  (Orensanz  et  al.  2004).  Com- 
pensatory or  depensatory  density-dependent  processes  were  not 
explicitly  incorporated  into  the  analyses  because  there  is  no  clear 
evidence  of  these  mechanisms  having  an  impact  on  recruitment. 


survival  and  growth  (Orensanz  et  al.  2004).  LInless  and  until  we 
could  model  the  larval  movement,  we  are  not  able  to  link  recruit- 
ment ni  one  spot  to  stock  biomass  in  another.  We  are  also  currently 
unable  to  predict  future  recruitment  rates  based  on  environmental 
factors,  although  it  is  recognized  that  recruitment  is  likely  related 
to  the  geographic  and  oceanic  features  in  the  immediate  area.  For 
instance,  recruitment  is  higher  in  locations  where  water  currents 
are  of  medium  velocity  (Goodwin  1990.  Bureau  et  al.  2002).  To 
conduct  the  recruitment  simulations,  we  follow  the  advice  of 
Maunder  and  Driso  (2003)  and  assume  that  future  recruitment  will 
occur  with  a  similar  distribution  as  historical  recruitment.  Positive 
relationships  between  model-projected  and  observed  abundances 
suggest  that  this  approach  is  reasonable  for  geoduck  populations  in 
the  absence  of  extraordinary  recruitment  or  predation  events. 

Our  estimated  recmitment  patterns  for  the  five  geographic  re- 
gions generally  agree  with  those  reported  by  (Orensanz  et  al. 
2004).  Recruitment  appears  to  have  been  strong  in  recent  years 
throughout  the  BC  coast,  likely  because  of  some  favorable  envi- 
ronmental conditions  prevailing  in  these  years  (Valero  et  al.  2004). 
Overall  historic  recruitment  trends  appear  to  be  similar  for  NC. 
CC.  QCI,  and.  to  a  large  extent,  WCVl  and  GB  as  well,  suggesting 
that  geoduck  recruitment  may  be  regulated  by  common  oceanic 
factors.  However,  within  each  geographic  region,  recruitment 
variation  is  large,  which  may  preclude  using  regional  index  sites  to 
represent  recruitment  trends  in  any  given  area. 

Geoduck  are  long-lived  animals,  and  natural  mortality  for  geo- 
duck populations  must,  therefore,  be  low.  M  has  been  estimated  in 
the  approximate  range  of  0.01-0.04  (Bradbury  &  Tagart  2000. 
Breen  &  Shields  1983.  Noakes  &  Campbell  1992,  Orensanz  et  al. 
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Figure  7,  Comparison  of  projected  and  siirvey-deri\ed  ijeoduck  densities.  The  solid  dots  represent  the  predicted  median  densities  and  the  t«o 
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C,  Mission  (Jroup;  D.  Comox  Barl. 
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Zhang  and  Hand 


2004,  Zhang  &  Campbell  2004).  We  chose  to  use  a  small  value  of 
M  (0.016)  and  a  large  value  ot  M  (0.036)  in  the  simulation  model 
to  evaluate  impacts  of  fishing  intensities  on  the  stocks.  As  actual 
M  is  likely  to  vary  between  the  two  values,  the  real  impact  of 
fishing  intensities  on  stocks  is  likely  to  be  between  the  two  esti- 
mated extremes.  Thus,  choosing  the  more  conservative  exploita- 
tion rate  from  within  the  range  provides  for  precautionary  man- 
agement. There  is  reason,  however,  to  regard  0.036  as  a  more 
reahstic  average  for  geoducks  than  0.016,  which  may  to  some 
degree  underestimate  the  true  lower  range  for  M.  The  lower  esti- 
mate came  from  a  single  tagging  experiment  on  large,  visible- 
siphon  adult  animals  and  might  represent  M  for  a  lower-moi1ality 
portion  of  the  population.  In  contrast,  the  higher  estimate  of  A/  was 
developed  using  back-calculated  age  data  over  different  sites  and 
years,  and  therefore  represents  more  than  a  single  year  of  natural 
mortality  and  more  than  one  population. 

The  productivity  of  a  geoduck  population  is  regulated  by  the 
balance  of  recruitment  and  growth  on  one  side  and  natural  mor- 
tality on  the  other.  The  rate  of  change  in  the  ratio  of  cuirent 
bioniass  to  the  virgin  biomass  depends  on  the  productivity.  The 
simulation  inodel  generates  a  wide  range  of  exploitation  rates  over 
the  simulation  schemes,  each  rate  having  an  associated  calculated 
risk  of  failing  the  management  goal.  The  comparison  of  model- 
projected  and  survey-derived  densities  in  locations  that  were  sur- 
veyed on  two  separate  occasions  indicates  that  the  lOth  percentile 
is  a  precautionary  choice  and  more  appropriate  than  the  mean  or 
median  exploitation  rates. 


Simulation  schemes  that  would  cause  the  population  abundance 
to  decrease  even  without  harvesting  were  considered  to  be  unre- 
alistic, pailicularly  in  areas  where  predation  by  sea  otters  has  not 
been  reported.  Whereas  some  geoduck  populations  may  decrease 
naturally  in  the  shoil  to  medium  term,  particularly  in  areas  that 
receive  infrequent  recruitment,  modeling  scenarios  that  lead  to 
long-term  stock  collapse  in  the  absence  of  harvest  are  not  consid- 
ered practical  for  commercial  fishery  management  and  are  not 
considered  further.  The  most  conservative  exploitation  rates  were 
generated  from  Y40M0.036  for  the  North  Coast,  from  Y60M0.016 
for  Central  Coast  and  Queen  Charlotte  Islands,  and  Y60M0.036 
for  West  Coast  Vancouver  Island  and  Georgia  Basin.  Based  on 
these  precautionary  simulation  schemes,  exploitation  rates  would 
be  1 .7%.  1 .8%.  1 .6%.  1 .2%  and  2.0%  for  NC,  CC,  QCI,  WCVI  and 
GB,  respectively.  The  proposed  harvest  rates  for  geoduck  popula- 
tions in  BC  are  lower  than  the  rate  of  2.7%  applied  in  the  State  of 
Washington,  which  was  calculated  based  on  the  Fj,,,;  criterion 
(Bradbury  &  Tagart  2000). 
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DIFFERENCES  OF  TURKISH  CLAM  (RVDITAPES  DECUSSATES)  AND  MANILA  CLAM 
(RUDITAPES  PHIUPPINARVM)  ACCORDING  TO  THEIR  PROXIMATE  COMPOSITION  AND 

HEAVY  METAL  CONTENTS 


T.  DINGER* 

Efic  Uiiivcrsin-  Fandix  of  Fisheries  Department  of  Processing  Technology,  .^5100  Boriiovu-lzniir.  Turkey 

ABSTRACT  The  aim  of  this  study  is  to  determine  the  proximate  composition,  hiometrical  measurements  and  heavy  metal  content 
differences  of  maiine  bivalve  Riulilapcs  pliilippiminim  (Venice.  Italy)  and  Ruditapes  pliilippiminim  (Izmir.Turkey.  No  statistical  (P  < 
0.05)  difference  was  observed  in  the  values  of  crude  lipid,  moisture,  ash  and  carbohydrate  but  statistical  differences  occurred  in  their 
crude  protein  values.  They  were  0.98  ±  0.169%:  83.98  ±  0.16%;  3.3  ±  0.424%:  1.14  ±  0.02%:  9.56  ±  0.06%  for  Ruditapes  decussutiis. 
respectively.  They  were  0.78  ±  0.16%:  85.91  ±  1.22%;  3.1  ±  0.232%;  1.10  ±  0.02%:  8.71  ±  0.18%,  for  Ruditapes  plullippinarum. 
respectively.  Each  of  the  clam  was  determined  as  fresh  and  in  perfect  quality  according  to  their  TVB-N  values  but  in  the  comparison 
of  color  values  statistical  difference  was  observedtP  >  0.()5).Trace  metal  levels  were  below  the  legal  limits  set  by  national  standards 
of  Turkish  governments. 

KEY  WORDS:     clam,  color  value,  pro.ximate  composition,  Kiulitapcs.  measurements,  heavy  metals 


INTRODUCTION 

Water  pollution  has  increased  in  heavy  industrialized  areas. 
Most  industrial  water  wastes  end  up  in  the  sea.  Monitoring  the 
eletnental  composition  in  marine  organistns.  such  as  clams,  pro- 
vides the  essentiiil  elements  in  living  organisms  and  through  the 
food  chain  to  humans.  Bivalves  can  accumulate  rnicioorganisms, 
including  pathogenic  bacteria  and  viruses,  when  grown  in  polluted 
waters  and  can  present  a  significant  health  risk  when  consumed 
raw  or  lightly  cooked  (West  &  Coleman  1986,  Rippey  1994,  Sob- 
sey  &  Jaykus  1999,  Croci  et  al.  2002,  Formiga-Cruz  et  al.  2003). 
Pathogenic  bacteria,  such  as  Salmonella  typhi.  Vibrio  para- 
haemolytietis  and  V.  elwlera  remain  viable  for  weeks  in  the  marine 
environtnent,  whereas  viruses  can  survive  for  months  in  the  same 
environment  as  well  as  in  fish  tissue.  Some  viruses,  for  example, 
the  infectious  hepatitis  A  virus,  which  has  caused  many  shellfish 
associated  outbreaks,  can  survive  in  seawater  for  more  than  a  year 
and  is  frequently  transmitted  by  shellfish  consumption  (Le  Guy- 
ader  et  al.  2000.  Muniain-Mujika  et  al.  2000,  Ronialde  et  al.  2002) 
One  strategy  that  has  beeti  developed  for  bivalve  risk  management 
is  utilizing  their  capacity  to  eliminate  hamiful  microorganisms  and 
toxic  substances  when  held  in  clean,  disinfected  seawater  tanks  for 
up  to  72  h  (Roderick  &  Schneider  1994,  Wong  et  al.  1997,  Sobsey 
&  Jaykus  1999).  A  number  of  factors  are  believed  to  be  important 
in  establishing  effective  purification;  like  design,  initial  water 
quality,  oxygenation  and  flow  rates,  salinity,  temperature,  shellfish 
to  water  ratios,  removal  and  settlement  of  fecal  material  and  the 
period  of  purification  (De  Mesquita  et  al.  1991,  Lee  &  Younger 
2002). 

The  development  of  the  coniniercial  fishery  for  the  littoral  btir- 
rowing  clams  Ruditapes  deciissatus  and  Ruditapes  pliilippinaruin 
are  based  mainly  on  the  export  of  live  products  to  Europe  (Lc 
Borgne  1996).  The  shelf  life  (survival  and  palatability)  of  this 
product  depends  on  a  number  of  factors  including  postharvest 
storage  lime  and  temperature.  There  are  obvious  advantages  in 
being  able  to  prolong  shelf  life  without  affecting  the  sensory  qual- 
ity adversely,  and  achievement  of  this  requires  an  assessment  of 
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the  biochetnical  and  physiological  responses  of  the  clams  to  an- 
oxia/temperature combinations. 

Total  aquaculture  production  of  bivalves  in  the  world  is 
.37,851,356  tons,  this  production  value  consist  of  370,631  tons 
mussel,  4,207,818  tons  oyster,  1,219.127  tons  scallop  and  pectin 
and  3.109,024  tons  clams.  Total  fisheries  production  <if  bivalves  is 
92,356,034  tons  in  the  world,  257,315  of  total  production  come 
from  mussel,  199,015  tons  come  from  oyster  and  scallop,  702,525 
tons  come  from  pectin  and  808,945  tons  come  from  clams  (FAO, 
2001). 

Total  fishery  production  of  bivalves  in  Turkey  is  624,847  tons, 
of  which  5,000  tons  come  from  mussel,  10,000  tons  come  from 
clam  and  70  tons  come  from  oyster.  And  also  2  tons  of  mussels 
come  from  aquaculture  production  (Anonymous  2002).  The  first 
exportation  of  the  bivalves  to  Europe  began  in  1970  with  clam 
Ruditapes  deeeussatus.  The  most  itnpotlant  species  exported  to 
foreign  countries  from  Turkey  are  Mytillus  i;alloprovineiallis.  Ru- 
ditapes decussates.  Venus  verruco.'ia.  Ostrea  edulis.  Venus  gallina 
and  Area  sp. 

Several  recent  studies  highlight  the  importance  of  using  an 
integrated  approach  to  assess  environtnental  quality  and  effects  of 
toxicants  on  organisms  (Den  Besten  1998,  Livingstone  et  al.  1995. 
Mc  Carthy  &  Shugart  1990).  Differences  in  natural  variables  (i.e.. 
sample  site,  exposure  duration,  population  variation,  temperature, 
salinity,  etc.)  cotiiplicate  the  identification  of  any  biological  re- 
sponses to  toxic  substances.  Transplantation  of  bivalve  samples 
from  a  population  at  one  location  to  other  sites  reduces  the  vari- 
ability of  results  usually  encountered  in  field  sampling  programs 
(De  Kock  &  Kramer  1994.  Amiard  et  al.  1987).  Usero  et  al.  (1997) 
studied  trace  metals  in  the  bivalve  mollusks  Ruditapes  deeus.tatus 
and  Ruditapes  phdippuMrum  from  the  Atlantic  coast  of  southern 
Spain.  Accumulation  of  metals,  especially  nonessential  ones,  is 
greatly  dependent  on  their  concentration  in  ambient  water  (Phillips 
&  Rainbow  1989,  Amiard  et  al.  1987)  although  there  are  other 
factors  that  affect  accumulations  such  as  the  organism's  size 
(Ringwood  1993,  Brix  &  Lyngby  1985.  Strong  &  Luoma  1981) 
and  reproductive  state  (Paez-Osuna  et  al.  1995.  Bordin  et  al.  1992). 
Concentrations  of  trace  metals  in  R.  decussatus  and  R.philippi- 
luniini  reported  in  the  study  (Usero  et  al. 1997)  were  comparable  to 
published  data  from  less  extensive  surveys  on  the  Southern  Atlan- 
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TABLE  1. 
Proximate  composition  of  clams. 


Protein* 


Fat* 


Moisture* 


Ash* 


Carbolivdrate* 


Ruditapes  philliiniiiiriKiii 
Ruditapes  decussaliis 


9.56  ±0.06' 
8.71  +O.IX" 


0.98  ±  0.1 6-' 
0.78  ±0.1 6-' 


83.98  ±0.16-' 
85.91  ±1.22' 


.V.^±  0.424" 
3.1  ±0.232" 


1.14  ±0.02-' 
1.I0±().(I2' 


■  Arithmetic  means  and  standard  deviation;  Different  superscripts  between  rcnvs  characterize  significant  differences  (P  <  0.05).  in  =  3). 


tic  Coast  of  Spain  (AMA  1992).  Tuttcer  and  Uysal  (1982)  found 
higher  concentrations  of  Mn.  Cr.  Pb  and  similar  concentrations  for 
the  other  metals  analyzed  in  R.  deciissalus  in  Izmir  Bay  (Turkey). 
Bivalve  mollusks  have  frequently  been  used  as  bioindicators 
for  monitoring  heavy-metal  pollution  because  they  are  filter- 
feeding  organisms  with  limited  mobility  (Storelli  &  Marcotrigiano 
2001).  The  clams  Ruditapes  decussatiis  and  Ruditapes  plulippi- 
iianim  were  evaluated  as  possible  biomonitors  for  Izmir  bay  and 
Venice  bay.  In  this  aim  determining  the  differences  of  proximate 
and  heavy  metal  contents  is  important. 

MATERIALS  AND  METHODS 

R.  decussatiis  samples  were  taken  alive  from  an  aquaculture 
foundation,  which  was  located  in  the  province  of  Izmir  city  in 
Turkey,  and  the  R  .philtipinanim  samples  were  taken  alive  from 
the  fish  market  in  Hamburg,  in  Germany.  Ruditapes  phiUipinavum 
samples  were  impoited  from  Venice,  Italy.  Analytical  analysis  of 
Ruditapes  decussates  were  performed  in  Turkey,  on  the  other  hand 
Ruditapes  phillipinarum  samples  were  analyzed  in  Federal  Re- 
search center  for  fisheries,  in  Hamburg.  Gemiany. 

Biometric  Measurements 

Clams  were  immediately  transpoiled  to  the  laboratory,  where 
the  fresh  weights  and  linear  dimensions  (length,  height  and  width) 
were  determined.  Clams  were  then  opened,  damp  dried,  soft  tis- 
sues removed  and  shell  and  soft  tissues  weighed. 

Proximate  Composition 

Pro.xiiiiate  composition  analysis  of  moisture  (Ludorff  &  Meyer 
1973),  crude  fat  (Bligh  &  Dyer  1959)  and  crude  protein  (AOAC 
1984)  of  Ruditapes  decussates,  were  performed  and  detemiincd. 
Total  volatile  basic  nitrogen  (TVB-N)  analysis  was  performed  by 
using  Kjeldhal  Vapo  40  (Antonacopoulos  &  Vyncke  1989).  Made 
in  Turkey. 

Proximate  composition  analysis  of  moisture  (Oehlenschlager 
1986),  crude  fat  (Oehlenschlager  1986)  and  crude  protein  (Oehlen- 
schlager 1997)  of  Ruditapes  phillipinarum  were  performed  and 
determined.  TVB-N  (Total  Volatile  Basic  Nitrogen)  analysis  was 
peiformed  by  using  Kjeldhal  Vapo  50  (Rehbein  et  al.  1994).  Made 
in  Germany. 

For  proximate  analyses  and  TVB-N  analyses  clam  samples 
were  pooled  and  homogenized.  The  analyses  of  the  pooled  samples 
were  all  carried  out  in  triplicate. 

Color  Measurement 

instntmt'nt 

The  color  measurement  on  samples  trials  was  carried  out  with 
the  spectral  color  tiieter  Spectro-pen  (Dr.  Lange.  Dusseldorf,  Ger- 


many). This  is  a  colorimeter  operating  on  the  spectral  method 
described  in  DIN  503.3  using  the  45/0'  circular  viev\  ing  geometry. 
The  sample  is  illuminated  with  polychromatic  light  encircling  it  at 
an  angle  of  45".  with  the  optical  unit  observing  the  retlected  light 
from  a  horizontal  angle  (0°)  towards  the  sample  surface.  Spectro- 
pen  is  a  genuine  grating  colorimeter  measuring  the  visible  spectral 
range  (400-700  ntn)  at  intervals  of  10  ntn.  A  10°-  standard  ob- 
servers and  D65  illuminant  were  used  (light  source:  polychromatic 
with  tungsten  lamp).  The  PC  software  ""spectral — QC"  allows 
state-of-the-art  data  processing.  Before  measuring  each  lot,  the 
colorimeter  was  calibrated  against  a  white  standard  (LZM  224). 

Measurement 

The  color  tneasurement  of  clam  samples  trials  was  carried  out 
with  the  spectral  color  meter  Spectro-pen  (Dr.  Lange,  Dusseldorf, 
Germany).  The  color  was  measured  on  homogenates  prepared 
from  each  fish.  The  homogenate  was  placed  in  plastic  petri  dishes 
and  the  color  measurement  was  repeated  10  times.  In  the  CIE 
Laboratory  system  L*denotes  lightness  on  a  0-100  scale  from 
black  to  white;  a*.  (-)-)  red  or  (-)  green;  and  b*,  (  +  )  yellow  or  (-) 
blue  (Schubring  &  Meyer  2002). 

Concentration  of  Trace  Metals 

Purpose  of  this  study  was  to  obtain  quantitative  information  on 
the  concentration  of  trace  metals  in  two  bivalve  species  from  Izmir 
outer  Bay  and  Venice,  which  samples  were  taken  from  the  fish 
market  in  Hamburg,  in  Germany  (Origin.  Venice  Italy). 

The  following  points  were  considered:  variations  of  metal  con- 
centrations among  two  species,  variations  of  metal  levels  and  the 
relationship  between  metal  content  and  bivalve  size.  All  samples 
were  lyophilized  in  a  Finn  Aqua  Lyovac  GT  2  freeze  dryer  (pa- 
rameters: ambient  temperature  -20''C.  vacuum  5-10  Pa.  duration 
at  least  48  h)  and  finally  finely  milled  in  a  ball  mill  made  from 
agate  (Planetary  Ball  Mill.  Fritsch.  pulverisette  5.  Idar-Oberstein, 
Germany).  After  milling,  all  samples  were  kept  in  high-density 
polyethylene  bags  at  room  tetiiperature  in  an  exsiccator  until  min- 
eralization. Lyophilized  satnples  (approximately  0.5  g)  were 
weighed  into  petri  dishes,  which  were  put  in  a  closed  low- 

TABLE  2. 
TVB-N  &  ph  values 


TVB-N 


pH 


Ruditapes  phillipinarium 
Ruditapes  deciissalus 


1.55  ±  0.0  n" 
4.31  ±0.015*' 


6.57  ±0.01"' 
6.52  ±  0.03" 


*  Arithmetic  means  and  standard  deviation:  Different  superscripts  between 
rows  characterize  significant  dilferences  [P  <  0.05).  (n  =3). 
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TABLE  3. 
Biometrical  measurements 


Total  Weight*  (g) 


Length*  (mm) 


Width*  (mm) 


Flesh  Weight*  (g) 


Shell  Weight*  (g) 


Ruditapes  pliillipimiriiiiii 
Ruditapes  decussaliis 


1 3.66  ±  1.93' 
1 1 .46  ±  1 .57" 


27.94+  I.61-' 
32. 10  ±3.01'' 


39.33  ±  2.47' 
33.67  ±  1.6 1*' 


4.33+  1.04" 
2.25  +  0.43" 


S,34+  1.12' 
S.S,S±  1. 37-' 


*  Arithmetic  means  and  standard  deviation;  Different  supersciipts  between  rows  characterize  significant  dilferences  [P  <  0.05).  in  =   10). 


temperature  microwave  activated  oxygen  plasma  processor 
(Plasma  Processor  200-G.  Techniques  Plastna.  Munchen.  Ger- 
many) for  mineralization  (power  supply  350-360  W.  vacuum  60- 
90  Pa.  oxygen  partial  pressure  2.0-2. 5_105  Pa);  the  duration  of 
decomposition  was  144-168  h.  The  decomposed  samples  were 
quantitatively  transferred  into  100-ml  volumetric  flasks  and  dis- 
solved in  supra  pure  H.SOj  (0.29;^.  w/w)  at  pH  2..  DPSAV  (746 
VA  Trace  Analyzer.  Metrohni.  Switzerland)  equipped  with  auto 
sampler  (695  VA  ,Auto  sampler.  Metrohm  l  and  was  used  for  the 
detennination  of  hea\  y  metals. 

Statistical  Analysis 

SPSS  9.1  for  windows  program  was  used  to  search  for  signifi- 
cant differences  between  mean  values  of  the  different  results.  Dif- 
ferences between  means  were  analyzed  by  1  -way  analysis  of  vari- 
ance (ANOVA)  followed  by  Tukey  and  Duncan  tests.  Results  are 
presented  as  means  ±  SO  (//  =  3  or  4). 

RESULTS 

The  crude  protein,  total  lipids,  inoisture.  ash  and  carbohydrate 
contents  of  the  clams  are  shown  in  Table  1 . 

According  to  their  proximate  composition  data  statistical  dif- 
ference occurred  only  in  crude  protein  values.  No  statistical  (f  < 
0.05)  difference  was  observed  in  the  values  of  crude  lipid,  mois- 
ture, ash  and  carbohydrate.  They  were  0.98  ±  0.169%;  83.98  ± 
0.16%;  3.3  ±  0.424%;  1.14  ±  0.02%;  9.56  ±  0.06%  for  Ruditapes 
decussatits.  respectively  and  0.78  ±  0.16%;  85.91  ±  1.22%;  3.1  ± 
0.232%;  1.10  ±  0.02%;  8.71  ±  0.18%.  for  Ruditapes  phiUippi- 
iianim.  respectively.  Protein  content  of  Ruditapes  pliillipiiuimini 
was  higher  than  Ruditapes  decussatus. 

The  TVB-N  and  pH  values  of  the  raw  material  are  shown  in 
Table  2. 

In  seafood,  total  \olatile  basic  nitrogen  (TVB-N)  primarily  in- 
cludes trimethylamine  (TMA).  ainmonia  and  dimethylamine 
(DMA).  Each  of  these  compounds,  as  well  as  total  le\els  of  TVB- 


TABLE  4. 
Color  measurement 

L*  a*  b* 


Ruditapes  decussatus 
Ruditapes  phillipinarum 


36.21  ±3.67"      -O..50±0.14- 
70.53  ±3.1 2"        4.11  ±0.80" 


10.94  ±  1.158" 
23.51  ±  1.00" 


*  .Arithmetic  means  and  standard  deviation:  Different  superscripts  between 
rows  characteri/,e  significant  differences  {P  <  0.05).  The  color  was  mea- 
sured on  honiogenates  prepared  from  each  clam.  L*  (lightness),  a*  (red- 
ness), b*  (yellowness),  {n  =   10). 


N.  are  useful  indices  of  spoilage  in  different  fresh  and  lightly 
preserved  seafood.  The  European  Commission  (E.C.  1995)  speci- 
fied TVB-N  to  be  used  if  sensory  evaluation  indicates  doubt  about 
freshness  of  different  fish  species.  Critical  limits  of  25,  30  and  35 
mg-TVB-N/lOOg  were  established  for  different  groups  of  fish  spe- 
cies. In  processed,  lightly  or  semi  preserved,  seafood  levels  of 
TVB-N  at  sensory  product  rejection  are  more  variable.  There  was 
a  significant  difference  between  two  data  but  this  difference  did 
not  mean  that  those  raw  materials  were  not  fresh  .  Total  volatile 
basic  nitrogen  (TVB-N)  includes  all  volatile  amines.  TVB-N  is  a 
spoilage  index  for  fish  and  shellfish  (FAO  1986).  It  is  indicated 
that  samples  including  lower  than  25  mg  N/IOO  g  TVB-N  value  are 
in  "perfect  quality."  samples  including  30  mg  N/100  g  TVB-N 
value  are  in  "good  quality."  samples  including  35  mg  N/lOOg 
TVB-N  are  in  'marketable  quality"  and  the  samples  including  more 
than  35  mg  N/lOO  g  TVB-n  value  are  indicated  as  "spoiled" 
(Schoniiuller  1968.  Ludorf  &  Meyer  1973).  No  statistical  (P  < 
0.05)  difference  was  observed  in  the  values  of  pH. 

The  biometrical  measurements  of  the  clams  are  shown  in  Ta- 
ble 3. 

According  to  their  biometrical  measurements  Ruditapes  phil- 
lipinarum had  mostly  higher  values  than  Ruditapes  decussatus 
except  one  criterion,  which  was  the  length.  These  results  showed 
us  that  R.  philippinaruin  is  a  little  bit  bigger  than  R.  decussatus. 

The  color  measurement  data  of  the  clams  are  shown  in  Table  4. 

Their  color  data  were  \  ery  different  as  show  n  in  the  Table  4.  R. 
plullipinaruiu  was  much  lighter,  much  redder  and  much  yellowier. 

The  two  bisalves  accumulated  different  amounts  of  metals  in 
their  tissues.  Analysis  of  variance  showed  that  the  concentrations 
of  zinc,  cadmium,  lead,  copper  and  arsenic  were  significantly 
higher  in  R.  philippinaruin  than  in  R.  decussatus.  Usero  et  al. 
( 1 997 )  found  lower  concentrations  of  zinc,  cadmium,  lead,  copper 
and  similar  concentrations  for  the  other  metals  analyzed  in  R. 
tiecussatus  in  Izmir  Bay  (Turkey). 

Lead  is  considered  to  be  a  toxic  element  as  a  consequence  of  a 
variety  of  hiocheniical  effect.s.  These  include  neurological  prob- 
lems, hematological  effects,  renal  dysfunction.  h\peilension  and 
cancer,  for  which  there  is  evidence  for  animals  but  not  yet  for 
humans  The  maximum  heavy  metal  levels  permitted  in  Turkey  are 
0. 1  mg/kg  for  cadmium  and  1 .0  mg/kg  for  lead  according  to  the 
Turkish  Food  Codex  (1997).  So  all  the  values  are  reasonable  for 
human  life  according  to  Turkish  Food  codex. 

CONCLUSION 

In  this  study  proxiinate  composition  and  biometrical  size  of  two 
clams  was  compared.  These  clams  were  all  of  coinmercial  value  in 
the  seafood  industry.  The  aim  of  this  study  was  determining  the 
differences  of  these  two  species.  Although  there  are  some  differ- 
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TABLE  5. 

Concentrations  of  Zinc,  Cadmium.  Lead  and  Copper 


Zinc  (nijj/kg) 


Cadmium  (pg/kg) 


Lead  (pg/kgl 


Copper  (mg/kgl 


Riidilai'c's  phillipiihinim 
Riulitapcs  decussatiis 


I  10.8  ±  12.02 
22±  17 


562.55  ±  2.47 
250  ±  1106 


376.05  ±  3.88 
370  ±  0.05 


18.95  ±0.77 
3.4  ±  0.36 


(Mean  ±  standard  deviation) 


eiices.  these  differences  do  not  mean  that  the  Turkish  clam  would 
not  be  alternative  specie  for  the  seafood  industry.  And  also  ac- 
cording to  their  trace  metal  contents  all  the  values  are  under  the 
limits  of  consumption  according  to  Turkish  food  codex.  Although 


fishery  activity  and  the  culture  of  this  species  has  some  difficulties, 
with  the  suppoil  of  new  scientific  investigations  and  the  commer- 
cial support  of  the  foundations,  this  clam  could  become  a  real 
alternative  choice  to  the  European  species  on  an  industrial  scale. 
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ABSTRACT  A  series  of  intertidal  field  experiments  was  conducted  from  1986-2003  in  eastern  Maine  to  examine  biotic  and  abiotic 
factors  influencing  the  growth  and  survival  of  wild  and  cultured  individuals  of  the  softshell  clam.  Mya  arenaria  L.  Separate  experi- 
ments examined:  (1)  the  efficacy  of  transferring  sublegal  wild  clams  (<50.S  mm  SL)  from  areas  near  the  high  intenidal  zone  where 
shell  growth  was  slow  to  areas  where  growth  was  predicted  to  be  faster;  (2)  effects  of  tidal  height  on  wild  and  cultured  clam  growth; 
(3)  effects  of  spatial  vanation  on  cultured  clam  growth:  (4)  dispersion  and  growth  of  cultured  juveniles  in  small  experimental  units; 
(5)  effects  of  the  naticid  gastropod.  Eiispira  hems  Say,  predation  on  survival  of  wild  and  cultured  clams  and  (6)  the  species  composition 
of  large,  crustacean  predators  that  forage  intertidally  during  periods  of  tidal  inundation.  Protective  netting  (4.2  mm  aperture)  increased 
recovery  rate  of  transferred  clams  by  1 20"*  and  resulted  in  a  3-fold  enhancement  of  wild  recruits.  Effects  of  tidal  height  on  wild  clam 
growth  revealed  complex  behaviors  in  >0  y-class  individuals.  Clams  growing  near  the  upper  intertidal  take  >8  y  to  attain  a  legal  size 
of  50.8  mm  SL.  whereas  animals  near  the  mid  intertidal  generally  take  4.5-6..'i  y.  Unexpectedly,  clams  initially  38-54  mm  SL  and 
growing  near  the  extreme  low  tide  mark  at  a  mud  flat  in  Eastport,  Maine,  added,  on  average,  <2  mm  of  new  shell  in  a  year,  which  was 
8-10  mm  SL  less  than  animals  at  higher  shore  levels.  It  is  hypothesized  that  biological  disturbance  by  moon  snails,  that  consumed 
>90'7r  of  clams  at  the  low  shore  levels,  contributed  to  this  slow  growth.  In  another  field  trial  from  1986-1987.  moon  snails  and  other 
consumers  were  allowed  access  to  clams  ranging  in  size  from  1 5-5 1  mm.  E.  heros  preyed  on  clams  over  the  entire  size  range  and 
attacked  clams  between  31—40  mm  at  a  rate  that  was  nearly  double  what  had  been  expected.  Mean  snail  size  was  estimated  to  range 
from  10-52  mm  shell  height  (SH).  based  on  a  laboratory  study  that  yielded  information  about  the  linear  relationship  between  snail  size 
and  its  borehole  diameter.  In  an  experiment  from  June  to  September  1993.  moon  snails  consumed  >70';^  of  juvenile  clams  (ca.  10  mm 
SL)  within  a  month  after  planting  at  each  of  three  tidal  heights.  Snail  sizes  ranged  from  1 5-20  mm  SD  with  larger  individuals  occurring 
near  the  upper  intenidal  zone.  Green  crabs.  Caniiuis  maenas  (L.)  also  prey  heavily  on  softshell  clam  populations,  but  most  studies  that 
use  shell  damage  to  assign  a  predator  have  assumed  that  all  crushing  and  chipping  predation  is  because  of  this  invasive  species.  An 
intenidal  trapping  study  demonstrated  that  both  green  crabs  and  rock  crabs.  Cancer  irronmis  Say,  are  present  during  periods  of  tidal 
inundation,  with  the  latter  species  accounting  for  ca.  40%  of  large  crustacean  numbers. 


KEY  WORDS:     .Mm  arenaria.  softshell  clam.  Maine,  growth,  predation.  Euspira  heros.  Care 
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INTRODllCTION 

In  Maine,  USA,  softshell  clams,  Mya  arenaria  L.,  are  the  third 
most  important  commercial  marine  species  harvested  behind  lob- 
ster. Hamariis  americanits  Milne  Edwards,  and  cultured  salmon. 
Salmi)  salar  L.  From  2001-2004,  dockside  clam  landings  in  Maine 
averaged  (±95%  CI)  1113.9  ±  99.7  metric  tons  (worth  S15.9  ± 
SI. 68  million:  Fig.  1),  worth  more  than  S50  million  annually  to  the 
state  economy  (ME  DMR  2005). 

Each  of  Maine's  105  coastal  communities  has  the  option  to 
manage  its  intertidal  clam  stocks  within  its  municipality  using  one 
of  the  oldest  comanagement  programs  in  the  United  States.  Be- 
ginning in  1962.  Maine's  State  Legislature  created  a  community- 
based  management  structure  between  municipalities  and  the  Stale 
of  Maine  through  the  Department  of  Marine  Resources  (DMR). 
This  structure,  or  agreement,  is  called  a  "shellfish  ordinance,"  and 
it  allows  towns  to  adopt,  amend  or  repeal  a  set  of  shellfish  con- 
servation measures  that  regulate  the  taking  of  shellfish  within  the 
intertidal  zone  of  the  municipality.  The  ordinance  is  a  broadly 
defined  document  that  includes  language  about  conservation  ac- 
tivities, qualifications  of  a  licensee,  license  fees,  limiting  effort, 
harvesting  methods  and  tools,  enforcement,  the  organization  and 
rights  of  a  local  stewardship  committee  and  other  measures.  The 
first  step  a  town  must  take  once  it  declares  its  intention  to  manage 
its  local  clam  assets  is  to  adopt  a  "model  ordinance."  or  general 
management  plan,  that  outlines  basic  requirements  the  slate  man- 
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dates.  (Towns  not  interested  in  managing  their  clam  stocks  are  not 
required  to  do  so.  and.  therefore,  the  State  must  act  alone  to  man- 
age those  intertidal  flats  to  the  best  of  its  ability.)  However,  the 
model  ordinance  is  structured  to  permit  sufficient  flexibility  to 
enable  a  community  to  benefit  from  local  knowledge,  wants  and 
wishes  by  creating,  adopting  and  regulating  its  unique  manage- 
ment schemes  that  may  exceed  the  basic  provisions  set  out  in  the 
model  ordinance.  These  local  modifications  are  enacted  when  a 
community  requests  them  in  writing  to  the  DMR.  and  they  are 
granted  by  the  DMR  Commissioner.  In  this  way.  two  adjacent 
communities  may  have  a  common  goal  of  increasing  local  clam 
stocks,  but  have  very  different  looking  shellfish  ordinances.  There 
are  ,3  common  requirements  of  all  communities  with  shellfish  or- 
dinances: ( I )  the  management  plan  be  enforced  by  a  warden  paid 
through  the  town;  (2)  no  clam  less  than  two-inches  (50.8  mm)  in 
shell  length  (SL)  can  be  harvested  legally  and  (3)  109r  of  licenses 
sold  in  a  community  must  be  made  available  to  Maine  citizens 
outside  the  particular  municipality.  In  2005,  73  communities  (or 
70%)  with  intertidal  habitat  chose  to  manage  those  areas  for  M. 
arenaria  production. 

Since  the  inception  of  the  shellfish  ordinance,  local  stewardship 
committees  have  adopted  a  number  of  shellfish  management  tools 
in  an  attempt  to  maintain  high  yields  of  clams  and  keep  their 
clamming  habitat  productive.  The  following  list  includes  manage- 
ment activities  that  have  been  used  in  Maine  since  1962 — no  com- 
munity has  adopted  all  of  the  activities:  ( 1 )  limiting  the  number  of 
licenses  sold;  (2)  restricting  harvest  volumes:  (3)  limiting  all  har- 
vesting to  recreational  diggers;  (4)  limiting  when  harvesting  can 
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1950  1960  1970 

Figure  1.  Cominercial  landings  of  softsiiell  clams  in  Maine  from  195(1 
to  2004.  Data  from:  http://vvww.maine.gov/dnir/comniercialfishing/ 
sortshellclam.hlm. 


OL-ciir  (e.g..  no  Sunday  digging:  no  night  digging);  (5)  restricting 
the  areas  where  harvesting  can  occur  (i.e..  flat  rotations);  (6)  ap- 
plying tree  brush  or  snow-fencing  to  intertidal  areas  to  encourage 
juvenile  clams  settlement;  (7)  applying  wire  fencing  or  plastic 
netting  to  deter  green  crab  predation  and  encourage  juvenile  clam 
settlement;  (8)  assessing  stock  volume  and  size  frequency  distri- 
butions (i.e.,  clam  surveys);  (9)  transfening  clams  from  high  den- 
sity/slow growth  areas  to  low  density/fast  growth  areas;  (10)  en- 
hancing flats  with  hatchery-reared,  or  cultured  clam  seed;  (111 
installing  municipal  sewage  treatment  systems  and  reducing  over- 
board discharges  (e.g..  water  quality  monitoring  programs)  and 
(12)  municipal  leasing  of  flats  (each  community  has  the  right  to  set 
aside  up  to  259c  of  its  productive  clamming  habitat  for  private 
clam  farming  operations). 

Shellfish  committee  members,  in  concert  with  State  resource 
managers,  must  make  decisions  concerning  the  status  and  health  of 
soft-shell  clam  populations  for  a  variety  of  applications,  the  most 
common  being  whether  the  population  is  abundant  enough  to  be 
harvested  in  a  sustainable  fashion  and  what  level  of  harvesting  will 
minimize  impacts  on  future  populations.  Because  of  logistical  con- 
straints imposed  by  working  in  marine  en\  ironments.  managers  of 
marine  resources  often  have  limited  information  about  important 
population  characteristics  such  as  survival,  growth  and  recruitment 
rate  and  how  these  parameters  change  spatially  and  temporally. 
Rather,  decisions  about  harvest  levels,  for  example,  usually  are 
limited  to  estimates  of  change  in  standing  stocks  and  size  frequen- 
cies through  time  or  between  locations. 

It  is  rare  that  adaptive  management  strategies  and  experimental 
approaches  are  considered  by  fisheries  managers  (but  see  Botsford 
et  al.  1997.  Lenihan  &  Micheli  2(.)()0.  Beal  &  Vencile  2001); 
however,  manipulative  field  experiments  are  the  strongest  and 
most  efficient  means  available  to  managers  to  base  decisions  abotit 
the  dynamics  of  a  population  (Underwood  1990,  Underwood 
1991 ).  The  field  trials  reported  here  are  intended  to  add  to  a  grow- 
ing literature  on  soft-shell  clam  ecology  from  Maine  and  western 
New  Brunswick.  Canada  (Spear  &  Glude  1957.  Welch  1969,  Com- 
mito  1982a,  Cominito  1982b,  Newell  &  Hidu  1982,  Ambrose  et  al. 
1998,  Beal  et  al.  2001.  Beal  and  Kraus  2002,  Whitlow  et  al.  2003. 
Auffrey  et  al.  2004.  Logan  2005)  and  provide  information  to  shell- 
fish stewardship  committees  and  resource  managers  that  increases 
the  scope  of  their  management  toolbox. 

This  contribution  summarizes  a  number  of  field  investigations 
conducted  in  eastern  Maine  since  1986  that  focuses  specifically  on 


the  biotic  and  abiotic  factors  affecting  growth  and  survival  of  wild 
and  cultured  softshell  clams. 

METHODS 
Experiment  I 

Clam  Transfers 

In  2004.  approximately  449c  of  the  73  Maine  communities  that 
actively  managed  their  shellfish  stocks  participated  in  some  form 
of  transfer  program  (ME  DMR  2005).  These  activities  are  very 
labor  intensive  because  they  involve  harvesting  and  transporting 
wild  "seed  clams"  from  areas  where  growth  is  slow  or  retarded 
(i.e.,  near  the  upper  intertidal  where  clam  growth  can  be  95% 
slower  than  growth  of  the  similar  animals  at  the  low  intertidal 
I  Beal  et  al.,  2001])  to  areas  where  growth  is  faster.  Most  commu- 
nities transfer  clam  seed  that  is  approximately  38—15  mm  SL  (pers. 
obs.).  To  the  best  of  my  knowledge,  there  has  been  only  one 
attempt  to  quantify  the  efficacy  of  transfers  in  Maine.  Here,  infor- 
mation is  presented  that  examines  short-term  survival,  growth  and 
recruitment  patterns  of  transferred  clams. 

On  May  2.  1998.  approximately  163  kg  of  soft-shell  "seed"" 
clams  were  dug  by  commercial  harvesters  from  the  city  of  East- 
port.  Maine  in  the  high  intertidal  zone  of  a  flat  near  Carlow  Island 
in  Passamaquoddy  Bay  (44-56.34'N;  67°01.77'W).  Animals  were 
slow  growing,  and  annual  ring  counts  (Newcombe  1935)  indicated 
that  the  oldest  animals  were  >15  y  old.  Clams  were  sieved, 
washed,  and  stored  overnight  in  a  walk-in  cooler  at  4°C.  A  random 
sample  of  these  clams  (y;  =  96)  demonstrated  that  the  ranges  of 
SL"s  varied  from  23.2  mm  to  58.5  mm  with  a  mean  SL  =  39.3  ± 
9.5  mm.  A  relationship  between  clam  mass  and  clam  number  was 
developed  for  those  clams  by  counting  five  separate  lots  of  indi- 
viduals at  0.45,  1.36,  2.27  and  3.18  kg  (Count  =  0.03  +  107.21  x 
Mass;  n  =  20;  r"  =  0.969;  P  <  0.001).  This  relationship  was  used 
to  estimate  number  of  clams  seeded  into  plots  (9.3  ni")  at  a  nearby 
intertidal  flat.  Carrying  Place  Cove.  Eastport,  Maine  (44°54.04'N; 
67°01.28'W),  at  low  tide  on  3  May  1998.  Seeding  densities  were 
0,  4.1,  6.1  and  12.3  kg  per  plot,  orO,  440.  654  and  1319  clams  per 
plot  representing  approximately  0,  47.  70  and  142  animals  m"". 

Six  treatments,  with  five  replicate  plots  each,  were  established; 
( 1 )  0  kg  with  a  piece  of  4.2  mm  flexible  plastic  netting  to  deter 
predators;  (2)  4.1  kg  with  netting;  (3)  4,1  kg  with  no  netting  and 
surface  of  flat  roughened  with  clam  harvesting  hoes  (sensu  Rob- 
inson &  Rowell  1990);  (4)  6.1  kg  with  no  netting;  (5)  6.1  kg  with 
4.2  mm  flexible  plastic  netting  and  (6)  12.3  kg  with  no  netting. 
Treatments  were  randomly  assigned  to  plots  that  were  established 
in  a  6  X  5  matrix  with  5  m  between  rows  and  columns.  An  initial 
survey  of  the  experimental  area  failed  to  locate  a  single  living 
clam.  To  estimate  the  short-term  effect  of  enhancing  flats  through 
transferring  seed  clams,  each  plot  was  randomly  sampled  twice  on 
October  27,  1998  using  a  coring  device  (0.02  m")  to  a  depth  of  20 
cm.  All  transferred  clams  per  core  sample  were  counted  and  the  SL 
of  each  live  clam  was  measured  to  the  nearest  0.1  mm  using 
Vernier  calipers.  It  was  possible  to  distinguish  "new  shell  grovsth"" 
as  an  ob\ ious  v\hite  band  along  the  entire  ventral  margin  of  the 
clam. 

Several  a  prinri  contrasts  were  of  interest  for  bolh  growth  and 
survival  variables;  (1)  Is  netting  important  to  retain  transferred 
clams'?  This  was  tested  by  comparing  treatments  4  &  5;  (2)  Does 
roughening  the  sediment  surface  enhance  the  bunowing  rate  of 
clams'!"  This  was  tested  by  comparing  treatments  2  &  3  and  (3)  Is 
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there  an  effect  caused  by  seeding  densit\'  This  was  tested  by 
comparing  the  mean  of  treatments  2  &  4  versus  6.  In  addition,  the 
control  plots  (without  seed)  were  used  to  compare  recruitment  of 
wild  spat  (animals  <18  mm  SL)  in  netted  plots  to  similar  plots 
containing  transferred  seed.  This  was  a  comparison  of  the  mean  of 
treatment  I  versus  the  mean  of  treatments  2  &  5.  A  conservative 
decision  rule  was  used  for  each  contrast  based  on  advice  from 
Winer  et  al.  ( 1991 )  who  cautioned  against  excessive  type  1  eiTor  by 
reducing  a  using  the  following  equation: 

a'   =  (1  -  a)'"" 

where  in  =  the  nimiber  of  contrasts. 

In  this  instance,  because  m  =  3.  a',  equals  0.0170. 

RESULTS 

Survival 

Between  30%  and  709^  of  clams  initially  transferred  were  miss- 
ing from  plots  at  the  end  of  the  3-nio  experimental  period.  Greatest 
missing  rates  occuned  in  the  low-density  plots.  Table  1  demon- 
strates that  protecting  clams  with  netting  had  no  statistically  sig- 
nificant effect  on  clam  density  after  5  mo  (P  =  0.0293);  however, 
mean  density  under  the  netting  was  approximately  twice  that  in 
plots  without  netting  (220  ±  35.9  vs.  100.0  ±  36.5  animals  nr";  n 
=  5).  There  was  no  significant  difference  in  final  density  between 
roughened  versus  nonroughencd  plots  (20.0  ±  14.5  vs.  15  ±  6.0 
individuals  nr".  respectively).  In  addition,  significant  differences 
in  final  clam  density  were  observed  after  5  mo;  however,  instead 
of  a  3-fold  difference  between  highest  and  smallest  density  treat- 
ments that  was  incorporated  into  the  experimental  design  (see 
earlier),  a  5-fold  difference  in  final  density  was  observed  (95.0  ± 
24.0  vs.  17.5  ±  10.3  animals  m'-;  Table  I;  P  =  0.0074). 

Growth 

Clam  growth  was  related  to  initial  planting  size  (Fig.  2),  but 
was  unaffected  by  stocking  density,  netting  and  sediment  rough- 
ening (P  >  0.80).  Clams  initially  <35  mm  added,  on  average.  8.1 
±  1.14mm  ()i  =  13)  of  new  shell  between  May  and  October  1998 
compared  with  3.4  ±  0.56  mm  (;;  =  27)  for  animals  >35  inm 
(P  =  0.0002). 


TABLE  L 

Analysis  of  variance  on  the  square  root-transformed  numher  of 

re-seeded  clams  per  (1.02  nr  sample  taken  on  October  27,  iy98  at 

Carrying  Place  Cove,  Eastport,  Maine.  Two  random  samples  Here 

taken  from  each  of  five  replicates  of  each  treatment  (2  x  5  x  5  =  50 

samples).  A  priori  contrasts  appear  under  the  Treatment  source  of 

variation  and  a  decision  rule  egual  to  a'  =  0.0170  was  used. 
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Figure  2.  .\bsolute  growth  (±95%  confidence  interval)  of  softshell 
clams  transferred  (o  Carrying  Place  Cove  in  Eastport.  Maine  from 
May  2  to  October  27.  1998.  V  =  15.3-0.262  X;  n  =  40;  r'  =  0.368;  /'  < 
0.001. 

Recriiilmeitl 

No  wild  spat  were  found  in  control  plots  that  did  not  receive 
clam  seed,  nor  were  spat  found  in  samples  from  the  low  density 
stocking  treatment.  ANOVA  on  the  square  root-transformed  num- 
ber of  wild  spat  «18  mm  SL)  per  core  (Table  2)  demonstrated  a 
significant  effect  because  of  the  presence  of  the  netting  as  3.3 
times  as  many  spat  were  found  in  netted  versus  unnetted  plots 
(50.0  ±21.1  versus  15.0  ±  7.6  individuals  m"";  ;t  =  5).  In  addition, 
number  of  wild  spat  increased  significantly  with  stocking  density 
(P  =  0.0087;  Table  2)  from  15  ±  7.2-45  ±  10.3  individuals  m"- 
(/;  =  5)  in  plots  initially  seeded  at  densities  of  70,  and  142  animals 
m"-.  respectively.  No  differences  in  SL  were  observed  across  the 
seeding  treatments  for  the  wild  spat  (P  =  0.8606). 

Experiment  II 

Growth  of  Soft-shell  Clams  in  Eastern  Maine 

Clam  growth  rates  vary  geographically  along  the  coast  of 
Maine.  Dow  and  Wallace  (1953)  reported  that  in  some  areas  of 
eastern  Maine,  it  takes  an  average  of  8  y  for  Mya  to  reach  legal  size 

T.\BLE  2. 

Analysis  of  variance  on  the  square  root-transformed  number  of  wild 
clam  spat  (0-year  class  individuals  <18  mm  SL)  per  0.02  ni"  sample 
taken  on  October  27,  199S  at  Carrying  Place  Cove.  Eastport,  .Maine. 

Two  random  samples  were  taken  from  each  of  five  replicates  of 

each  treatment  (2  x  6  x  5  =  60  samples).  A  priori  contrasts  appear 

under  the  Treatment  source  of  variation  and  a  decision  rule  equal 

to  a'  =  0.0170  was  used. 
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2 
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2 

2.65 
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0.0087 
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.S 
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Sample  (Treatment) 

6 
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Error 

40 
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0.39 

Error 

48 
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0.22 
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49 

27.44 
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59 

17.14 
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(50.8  mm  SL).  This  average  decreases  in  a  southwesterly  direction 
where,  in  the  area  from  Portland  to  Kittery.  it  takes  approximately 
3  y  for  animals  to  attain  legal  size.  In  addition,  tidal  inundation 
may  influence  growth  rates  as  clams  cease  growing  during  periods 
when  the  tide  leaves  the  mudflats.  To  investigate  how  clam  growth 
is  influenced  by  tidal  position,  a  number  of  studies  have  been 
carried  out  during  the  past  decade  in  eastern  Maine.  Here,  results 
from  four  investigations  are  presented  that  were  conducted  in  East- 
port,  Jonesport.  and  Addison. 


METHODS 


Eastport 


Twenty  0.23  m"  plots  (corners  marked  with  wooden  stakes) 
were  established  at  Carrying  Place  Cove  on  April  22,  1998  at  10 
separate  locations  ranging  from  extreme  low  tide  (plots  1-3)  to 
lower  mid  tide  (plots  4-6)  to  upper  mid  tide  (7-9)  to  upper  tide 
(plot  10).  At  each  location,  replicate  plots  were  established.  Wild 
clams  used  in  the  study  were  dug  on  April  19,  1998  near  Carlow 
Island  (described  in  the  Clam  Transfers  section)  and  ranged  from 
23.8-59.0  mm  SL.  Animals  were  held  in  a  cold  room  at  4°C,  and 
on  April  21,  approximately  170  clams  were  uniquely  marked  with 
an  oil-based  ink  (Mark-Tex  Corp.)  and  measured  to  the  nearest  0. 1 
mm  using  Vernier  calipers.  To  facilitate  planting  the  clams  and  to 
aid  in  their  burrowing,  on  April  22  the  surface  of  each  plot  was 
roughened  using  a  clam  hoe.  Then,  17  marked  and  10  unmarked 
clams  were  pushed  into  the  sediments  (so  that  the  posterior  margin 
of  each  clam  was  1  cm  below  the  sediment)  in  one  of  the  two  plots 
(a)  at  each  location  27  unmarked  individuals  similarly  were 
planted  in  the  other  plot  (b).  Sediment  type  varied  from  location  to 
location  along  the  tidal  gradient.  Plots  became  sandier  towards  the 
mid-tide  area  (except  for  plot  7,  which  was  located  in  a  blue  clay 
sediment).  Plots  1-3  typically  were  exposed  only  briefly  (ca.  30- 
40  min)  on  the  spring  tides  of  each  month,  and  clam  growth  rate 
in  these  plots  was  predicted  to  be  the  fastest  because  these  animals 
were  able  to  feed  longer  each  tidal  cycle  than  clams  in  plots  at  the 
higher  tidal  levels.  Conversely,  growth  rate  of  clams  in  plots  at  the 
uppermost  tidal  level  was  predicted  to  be  the  slowest  because  those 
plots  were  exposed  daily  for  the  most  amount  of  time  during  each 
semidiurnal  tidal  cycle  (ca.  240-300  min). 

On  April  20,  1999,  all  20  plots  were  excavated  and  all  live  and 
dead  animals  were  taken  to  the  laboratory.  Each  live  clam  was 
examined  for  a  disturbance  line  believed  to  coincide  with  the  size 
of  the  clam  on  22  April  1998  (see  an  example  of  this  technique  for 
juveniles  of  M.  arenaiia  in  Beal  et  al.  1999).  The  marked  clams 
enabled  me  to  test  the  hypothesis  that  the  disturbance  line  coin- 
cided with  the  size  of  the  animal  when  it  was  transferred  to  the 
0.25  m"  plot.  Using  calipers,  the  length  of  the  marked  animal  at  the 
disturbance  line  was  estimated  and  recorded.  This  size  is  referred 
to  as  a  "predicted  length."  After  all  marked  animals  from  each  plot 
had  been  measured,  these  predicted  lengths  were  compared  with 
the  actual  lengths  that  had  been  recorded  the  previous  year.  A 
perfect  correlation  would  result  in  a  line  with  the  equation  Y  =  X. 
A  2-tailed,  one-sample  /-test  was  performed  to  test  whether  the 
difference  between  actual  and  predicted  was  zero.  Fifty-nine 
marked  individuals  (of  170)  were  found  alive  in  all  10  locations. 
The  mean  difference  between  the  actual  length  and  the  predicted 
length  for  these  59  clams  was  0.098  mm  (minimum  difference  was 
-0.5  mm  and  the  maximum  difference  was  1.4  min;  Fig.  3).  The 
test  revealed  that  the  mean  difference  was  not  significantly  differ- 
ent from  zero  (T  =   1.836;  df  =  58;  P  =  0.072),  suggesting  thai 


Recorded  Shell  Length  on  22  April  1998  (in  mm) 

Figure  .1,  Predicted  versus  recorded  siiell  leii};lh  of  marked  clams 
from  Carrying  Place  Cove,  Eastporl,  Maine,  on  .April  20,  1999,  Pre- 
dicted SL  was  based  on  an  obvious  disturbance  mark  in  the  valve  of 
clams  thai  had  been  marked  with  ink  near  their  umbo  on  April  22, 
1998,  Because  the  equation  of  the  line  (V  =  -0.55  +  1.012  X:  ii  =  40;  r^ 
=  0.998)  is  not  significantly  different  from  V  =  X,  the  disturbance  line 
was  used  to  establish  the  size  of  unmarked  clams  in  the  growth  rate 
experiment, 

the  disturbance  line  on  each  valve  coincided  directly  with  the 
handling,  planting  and  other  disturbance  the  animals  had  endured 
a  year  earlier.  Because  clam  growth  over  the  entire  year  could  be 
discerned,  Ford-Walford  plots  (Walford  1946)  were  used  and  then 
converted  to  von  Bertalanffy  equations.  These  equations  were  plot- 
ted to  generate  plot-  and  tide-specific  growth  rate  curves. 

Joiwspnrt 

Hatchery-reared  clams  (12.4  mm  ±  0.31  mm),  produced  in 
1995  at  the  Beats  Island  Regional  Shellfish  Hatchery  (BIRSH; 
Perio  Point,  Beals,  Maine)  and  overwintered  according  to  Beal  et 
al.  ( 1994).  were  placed  into  plastic  horticultural  plant  pots  ( 15  cm 
diameter  x  15  cm  deep)  that  had  been  filled  with  ambient  sedi- 
ments at  an  intertidal  flat  (Flake  Point  Bar,  44°36.75'N; 
67"33.72'W)  near  Jonesport,  Maine  on  6  April  1996.  Experimental 
units  were  distributed  in  three  locations  along  a  shore  level  gradi- 
ent (low,  mid  and  high  intertidal)  and  stocked  at  one  of  three 
iiitraspecific  densities  (330,  660  and  1320  m"").  One-half  of  all 
units  were  covered  with  a  piece  of  tlexible,  plastic  netting  (6.4  mm 
aperture)  to  deter  predators  (Beal  et  al.  2001).  Ten  replicates  of 
each  of  the  six  treatments  were  used  at  each  tidal  height.  To  assess 
clam  growth  rate,  units  were  collected  on  December  13,  1996, 
approximately  one  month  after  shell  growth  ceases  in  this  region 
(Beal  1994)  and  two  linear  measurements  (initial  and  final  SL) 
were  taken  on  all  live  clams  using  Vernier  calipers  to  the  nearest 
0.1  mm.  It  was  possible  to  discern  the  initial  size  of  each  hatchery- 
reared  clam  even  though  none  was  marked  uniquely  because  each 
animal  lays  down  a  unique  disturbance  check  in  both  of  its  valves 
at  the  time  it  is  placed  in  the  sediments  (Beal  et  al.  1999). 
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In  another  study  at  Flake  Point  Bar,  wild  elams  (size  range  = 
21.4-79.5  mm)  were  collected  from  the  upper  Ui  =  17)  and  mid 
{II  =  23)  intertidal  on  November  1 1.  2004.  and  the  animals  aged 
using  annual  rings  (Newcombe  1935)  to  estimate  tide-specific  age- 
length  data.  Ford-Walford  plots  were  used  to  generate  von  Berta- 
lanffy  growth  curves. 

Addison 

On  May  10.  2001.  hatchery-reared  clams  (12.4  ±  1.4  mm  ,SL; 
stocking  density  =  535  individuals  m"")  were  added  to  24  plastic 
horticultural  pots  (as  described  earlier)  that  contained  ambient 
sediments  at  4  intertidal  sites  chosen  by  Addison's  shellfish  com- 
mittee (Batson's  Beach:  44°31.65'N;  67°41,98'W.  Eastern  Har- 
bor; 44^^0.93'N;  67°43.37'W.  Three  Brooks:  44°33.56'N; 
67°44.8rw.  Upper  Pleasant  River:  44°35.82'N;  67°44.58'W).  At 
each  site,  experimental  units  were  an'ayed  in  six  blocks  of  four 
units  each  (2x2  matrix  per  block  with  1-m  spacing  between  rows 
and  columns).  To  deter  predators,  in  each  block,  a  thin,  flexible 
piece  of  plastic  mesh  netting  (aperture  =  6.4  mm)  was  affixed  to 
the  top  of  two  units  using  rubber  bands,  whereas  the  other  two 
received  no  netting.  Blocks  were  spaced  about  2  m  apart  and 
placed  between  the  mid  to  low  intertidal  at  each  site.  All  units  were 
removed  from  three  of  the  sites  on  November  16,  2001,  whereas 
the  units  were  removed  from  Three  Brooks  on  November  21, 
2001.  Growth  rates  for  each  living  clam  was  determined  as  de- 
scribed earlier. 

ANOVA  was  conducted  on  the  untransformed  mean  final  .SL 
usina  the  following  linear  model: 


|x  +  A,  +  B,  -^  AB„  +  C(A)„,,  -F  BC(A)j„„  -I-  e,,,^,,. 


vhere 


p.  =  theoretical  mean: 

A,  =  site  (i  =  4  sites,  factor  is  fixed); 

B    =  Netting  Treatment  (j  =  2.  protected  versus  unprotected, 
factor  is  fixed); 

C,,  =  Block  (k  =  6  blocks  per  site;  factor  is  random);  and. 

e,  =  experimental  error. 

RESULTS 

Eastport 

Most  (93%)  of  the  clams  in  the  lower  plots  were  recovered 
dead  with  a  countersunk  hole,  typical  of  predation  by  the  moon 
snail,  Euspira  hems  Say.  Only  1  of  68  marked  clams  was  found 
alive  in  plots  la-4a  (lowest  tidal  heights).  That  animal  grew  1.5 
mm  over  the  year  from  49.6-51.1  mm.  Similarly,  in  a  plot  with 
unmarked  animals  (3b),  one  live  clam  (of  27  planted)  was  found, 
and  it  had  grown  only  4  mm  from  38.0-42.0  mm.  Plot  4b  con- 
tained only  3  live,  unmarked  clams  (one  had  grown  1.9  mm  from 
54.1  mm  to  56.0  mm.  the  second  grew  0.5  mm  from  49.1  mm  to 
50.6  mm.  and  the  third  grew  0.8  mm  from  48.5  mm  to  49,3  mm). 

Clam  survival  in  lower  mid  to  upper  intertidal  plots  at  Carrying 
Place  Cove  (5-10)  varied  from  50%  to  81%,  which  yielded  suf- 
ficient data  to  estimate  annual  growth  rates  (Fig.  4).  The  time  to 
reach  a  legal  size  of  50.8  mm  SL  varied  directly  with  tidal  height 
and  sediment  type.  The  growth  curves  of  clams  from  plots  near  the 
lower  mid  tide  (Plots  5  &  6)  demonstrate  that  it  would  take  be- 
tween 4.5-5.5  y  to  reach  50.8  mm.  Clams  in  clay  sediments  within 
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Figure  4.  von  Bertalanliy  growth  curves  of  wild  clams  along  a  tidal 
gradient  at  Carrying  Place  Cove.  Kastport,  Maine  from  .April  22.  1998 
to  .\pril  2(1.  1999.  The  dotted  line  parallel  to  the  x-axis  is  the  minimum 
legal  size  of  softshell  clams  in  Maine  (50,8  mm.  or  2-inches  SL). 

Plots  7a,  b,  near  the  upper  mid  tide,  take  7-8  y  to  reach  legal  size; 
however,  animals  in  adjacent  plots  at  the  same  tidal  height  but  in 
more  sandy  sediments  (Plots  8a,  b)  reach  this  size  in  6.5  y.  Growth 
rate  of  clams  at  or  near  the  highest  tidal  mark  are  extremely  slow 
(Fig.  4),  and  animals  there  may  never  attain  legal  size  (pers.  obs.). 

Joiiespoii 

No  effect  caused  by  predator  exclusion  iP  =  0.0696)  or  stock- 
ing density  {P  =  0.0890)  on  clam  growth  was  detected  from  April 
to  December  1996;  however,  tidal  height  effects  were  highly  sig- 
nificant (P  <  0.0001).  Final  mean  SL  of  animals  at  the  lowest 
intertidal  was  35%  greater  than  those  at  the  mid  tide  level  and  95% 
greater  than  those  at  the  upper  intertidal.  In  addition,  growth  varia- 
tion decreased  significantly  from  the  lowest  to  highest  tidemark 
(Fig.  5). 

From  the  November  2004  sampling,  clam  growth  was  faster  at 
the  mid  intertidal  versus  the  upper  intertidal  reflecting  differences 
in  tidal  inundation  (Fig.  6).  Clams  attain  a  size  of  50.8  mm  in  5.8 
y  at  the  mid-tide  level  and  7.8  y  near  the  upper  intertidal. 

Addison 

No  differences  in  growth  were  observed  between  clams  pro- 
tected with  netting  and  those  that  remained  unprotected  at  any  of 
the  four  sites  for  the  198-day  experiment.  Growth  rate  was  fastest 
at  Eastern  Harbor  where  clams  increased  in  SL  by  an  average  of 
27.0  mm  (final  mean  SL  =  39.4  ±  1.2  mm)  and  slowest  at  Upper 
Pleasant  River  where  final  mean  SL  was  31.2  ±  3.5  mm.  A  small 
percentage  of  clams  ( 1 .9%  and  1 .0% )  attained  at  least  50.8  mm  SL 
at  Eastern  Harbor  and  Three  Brooks,  respectively  (Fig.  7). 
ANOVA  indicated  that  site  was  the  only  significant  source  of 
variation  (Table  3)  and  an  ci  posteriori  Student-Newman-Keuls 
(SNK)  test  demonstrated  that  clams  at  Eastern  Harbor  and  Three 
Brooks  attained  significantly  greater  final  mean  SL's  than  clams  at 
the  other  two  sites  (P  =  0.0001). 

Experiment  III  a  and  b 

Dispersion  and  Growth  of  Hatchery-reared  Juveniles  of  the 
Softshell  Clam 

Many  of  the  small-scale  field  experiments  conducted  since 
1989  (Beal  1994,  Beal  et  al.  2001;  Beal  &  Kraus  2002)  have  used 
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Figure  5.  Size-frequency  distributions  of  hatchery-reared  clams  planted  at  three  difTerent  tidal  heights  at  an  intertidal  flat  near  Jonesport.  Maine 
from  April  6  to  December  13  IWfi.  Mean  initial  SL  =  12.4  mm.  Most  shell  groHth  occurred  between  early  June  and  August  6,  but  rates  depended 
on  tidal  height  (high,  mid.  and  Ioh  tide  plots  =  SS'7c.  42.2%  and  45.2%,  respectively  I.  H^prn  =  l**!  for  all  tidal  heights;  /ii,^.„.,„i,..r  for  high  tide, 
mid  tide  and  low  tide  clams  =  758,  6711  and  571,  respectively. 


plastic,  horticultural  plant  pots  (15.2  cm  diameter  x  15.2  cm  deep 
with  a  cross  sectional  area  of  0.0182  m~).  These  experimental  units 
are  filled  with  ambient,  unsieved  sediments,  and  then  buried  to 
their  rims  in  the  sediments  of  a  particular  intertidal  mud  flat.  Clam 
juveniles  are  then  pushed  gently  to  a  depth  of  12-15  mm  under  the 
sediment  surface  within  the  experimental  units.  These  units  are 
relatively  easy  to  manipulate  and  establish  various  treatments 
within  (e.g.,  stocking  density,  initial  clam  size.  etc.).  To  discourage 
clams  from  emigrating  from  these  units,  a  strip  of  flexible,  plastic 
netting  (4.2  mm  aperture  and  measuring  10  cm  x  50  cm)  typically 
is  affixed  to  the  outside  circumference  of  each  pot  creating  an  open 
enclosure  (sensu  Beal  et  al.  2001 ).  The  netting,  which  extends  4—5 
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Figure  6.  .\ge-length  curves  for  wild  clams  collected  on  November  11, 
2004  from  two  tidal  heights  at  an  intertidal  flat  near  ,|onesport,  Maine. 
The  dashed  curve  (diamond  symbols)  represents  gnuvlh  of  clams  near 
the  mid  intertidal  (//  =  17)  whereas  the  solid  cur\e  (open  circles)  rep- 
resents growth  of  clams  near  the  upper  intertidal  (h  =  22).  The  dashed 
line  parallel  to  the  \-a\is  is  50.8  mm,  or  minimum  legal  size  (2-inches 
SL). 


cm  above  the  lip  margin,  purportedly  acts  as  a  fence  to  further 
decrease  the  probability  of  animals  somehow  escaping  by  them- 
selves. Strips  of  the  netting  do  not  cover  the  top  of  the  experimen- 
tal unit  and.  therefore,  allow  predator  access  to  the  clams  within 
the  experimental  units.  Often,  results  of  short-term  field  experi- 
ments reveal  that  missing  rates  from  these  open  enclosures  can  be 
as  high  as  30%  to  40%  (Beal  et  al.  2001).  Because  the  strip  of 
netting  is  supposed  to  act  as  a  barrier  to  emigration,  it  has  been 
assumed  that  the  missing  clams  are  dead,  the  result  of  one  or  more 
predation  events  that  directly  or  indirectly  (tidal  currents,  wind, 
etc.)  remove  animals  or  their  shells  from  the  experimental  units.  In 
addition,  it  has  been  assumed  that  the  strips  of  netting  do  not 
modify  local  currents  and  result  cither  in  a  reduction  or  enhance- 
ment of  shell  iii'ovvth. 


METHODS 


Experiment  III  a 


To  test  the  assumption  that  the  tlexible  netting  strips  affixed  to 
the  experimental  horticultural  pot  enclosures  provide  a  barrier  to 
migration,  a  laboratory  and  field  test  was  designed.  In  the  labora- 
tory at  BIRSH.  10  experimental  units  containing  muddy  sediments 
obtained  from  a  nearby  mudflal  were  established  (as  described 
earlier).  On  April  5,  1989,  twelve  hatchery-reared  clams  (4-6  mm 
SL)  were  added  to  each  enclosure,  and  then  the  experimental  units 
were  placed  in  an  array  on  the  bottom  of  a  2.600-L  fiberglass  tank 
filled  with  ambient,  unfiltered  seawater  (4°C).  After  one  hour, 
during  which  time  all  clams  had  burrowed  completely  into  the 
sediments,  seawater  was  permitted  to  flow  into  the  tank  at  a  rate  of 
ca.  5  I  min"'.  After  seven  days  at  this  flow  rate,  sediments  in  each 
experimental  unit  were  washed  through  a  0.5-mm  sieve,  and  all 
living  and  dead  clams  enumerated. 

Emigration  may  depend  on  flow  rate,  varying  submergence 
times,  changes  in  temperature  between  immersion  and  emersion 
and  other  variables  that  are  not  controlled  in  a  field  setting.  It  is 
possible  that  experimental  units  with  strips  of  mesh  netting  sur- 
rounding the  periphery  will  act  like  a  piedator  inclusion  cage. 


Soi-TSHHLL  Clam  Field  Studies  in  Eastern  Maine 
Batson's  Beach  Eastern  Harbor  Three  Brooks  Upper  Pleasant  River 
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Shell  Length  (  in  mm) 

Kifjupf  7.  Si/f-frfC|Uoncv  distribution  of  hatchery-reared  softshell  clams  planted  between  the  mid  and  low  tide  mark  at  four  intertidal  flats  near 
Addison.  Maine  (May  Id  to  November  21  2(101 1.  Fastest  fjrowtli  occurred  at  Eastern  Harbor  and  Three  Brooks,  where  final  mean  SL  ±  95%  CI 
=  38.9  ±  0.98  mm  (;i  =  38)  was  signincantly  different  [F  <  (1.05)  from  the  tlnal  mean  SL  at  the  other  two  sites  (32.8  ±  1.41  mm;  n  =  31). 


eiihuiicing  preiJation  by  crabs  and  other  consumers.  Conversely, 
the  flexible  netting  strip  may  deter  predators  and  keep  predation 
rates  artificially  low.  Because  laboratory  studies  cannot  adequately 
reflect  field  conditions,  the  potentially  confounding  effects  of  emi- 
gration from  experimental  units  also  were  evaluated  in  the  field 
near  the  mid  intertidal  at  a  mudfial  in  the  town  of  Cutler.  Maine 
(44°41.22'N;  67°18.59'W).  On  May  22,  2003.  cultured  clams 
(mean  SL  =  1 1.7  ±  0.25  mm)  were  added  to  experimental  units 
(plastic  horticultural  pots)  with  and  without  a  strip  of  flexible 
netting  (as  described  earlier)  at  two  stocking  densities  (12  or  24 
clams  representing  660  and  1.320  m"",  respectively).  One  half  of 
all  units  were  surrounded  by  an  open  ring  of  solid  plastic  ( 1 1 .3  cm 
wide  X  29.0  cm  diameter)  that  was  pushed  into  the  sediments  65 
mm  so  that  the  experimental  unit  was  in  the  middle  of  the  open 
ring.  The  ring  was  used  to  help  further  contain  clams  that  might 
emigrate  from  experimental  units.  The  experiment  was  established 
as  a  completely  randomized  design  with  10  replicates  for  each  of 
eight  fully  factorial  treatments  (stocking  density,  a  =  2  levels; 
netting  strip,  b  =  2  levels;  plastic  ring,  c  =  2  levels).  Enclosures 
were  added  to  a  10x8  matrix,  with  1-m  spacing  between  rows  and 
columns.  Both  short-  and  longer-term  treatment  effects  were  stud- 

TABLE  3. 

Analysis  of  variance  on  the  untransformed  mean  final  SI,  of 

hatchery-reared  individuals  of  ;V/.  arenaria  from  10  May  to 

21  November  2001  at  four  lower  mid-intertidal  sites  in  Addison. 

Maine.  Ten  clams  (12.4±  1.4  mm  SLi  were  added  to  protected 

(neltin;;  =  llexible.  6.4  mm  aperture)  and  unprotected  experimental 

units  (A  =  0.0182  ni'l  filled  with  ambient  sediments  and  arrayed  in 

six  blocks  per  location,  (n  =  2  or  1  depending  on  survival.! 


Source  of  Variation 


df 


SS 


MS 


Pr>  F 


Site  3  5:-'i.I3  17.^.(14  I2..'i7  0.(1(11)1 

Protective  iieuing  I  13.27  13.27  1,41  ().2.M1 

Site  X  Netting  3  31.44  l(.1.4S  1,11  ().37.'i6 

Block  (Site)  IS  25(1.63  13,93  Idd  0.112(1 

Neuing  X  Block  (Site)  15  141,52  4,43  1,12  (),3S2U 

En-oi-  28  235,28  8.40 

Total  68  1197.27 


led  by  randomly  removing  five  replicates  from  each  treatment 
from  the  matrix  after  8  days,  on  May  30,  2003  and  the  remaining 
five  replicates  after  100  days,  on  August  30.  2003.  Sediments  from 
each  experimental  unit  were  washed  through  a  2-mm  mesh.  In 
addition,  for  units  surrounded  by  a  plastic  ring,  sediments  within 
the  area  of  the  ring  minus  the  area  occupied  by  the  experimental 
unit  (i.e..  0.066  m"--0.018  m""  =  0.048  m")  were  sampled  to  a 
depth  of  14  cm.  Each  of  these  samples  was  processed  as  described 
eariier.  The  relative  growth  of  clams  in  units  with  and  without 
strips  of  flexible  plastic  netting  was  assessed  in  the  longer-term 
study.  Relative  growth  =  ([Final  SL  -  Initial  SL]/Initial  SL)  x 
lOO'/f .  A  relative  growth  value  of  lOO'/f  indicates  a  doubling  in  SL. 

Experiment  III  h 

Another  assumption  is  that  the  strips  of  netting  used  to  enclose 
juvenile  clams  within  experimental  units  (A  =  0.0182  m")  do  not 
affect  their  growth.  On  May  22.  2003.  a  generalized  completely 
randomized  block  design  (sensu  Underwood  1997)  was  estab- 
lished at  the  mid  intertidal  of  the  mudflat  in  Cutler.  Maine  (see 
eariier).  Eighty  experimental  units  were  filled  with  ambient  sedi- 
ments and  pushed  into  the  mud  in  blocks  of  four  units  each.  Ten 
blocks  contained  units  with  strips  of  netting  surrounding  its  pe- 
riphery and  extending  above  the  sediment  surface  4-5  cm  (as 
described  eariier).  The  remaining  10  blocks  contained  units  with- 
out any  strips  of  netting.  Twelve  hatchery-reared  individuals  (660 
m"")  were  added  to  two  of  the  units  within  each  block,  whereas  the 
other  two  received  24  clams  ( 1 320  m"" ).  Mean  initial  SL  was  1 2.9 
±  0.4  mm  (;;  =  100).  On  29  August  2003,  the  contents  of  each 
experimental  unit  were  sieved  using  a  2-mm  mesh  and  the  initial 
and  final  SL  of  each  live  clam  measured  to  the  nearest  0.1  mm 
using  Vernier  calipers.  ANOVA  was  conducted  on  the  untrans- 
formed mean  relative  growth  using  a  linear  model  similar  to  that 
described  (see  Experiinent  II:  Addison)  eariier  except: 

Rim  netting  (i  =  2.  with  and  without;  factor  is  fixed); 


A, 


Intraspecific  clam  density  (j 
factor  is  fixed);  and. 


660  versus  1320  m" 


Block  (k  =    10  blocks  per  rimming  treatment;  factor  is 
random). 
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Beal 


RESULTS 


Experiment  111  a 


All  1 20  clams  were  recovered  alive  from  the  experimental  units 
within  the  tank  at  BIRSH.  and  none  had  escaped  the  enclosures. 

In  the  short-term  field  trial,  a  small  proportion  of  juvenile  clams 
were  missing  (mean  missing  rate  =  4.3  ±  1.9%;  n  =  40).  Missing 
rate  was  unaffected  by  stocking  density  (F  =  1.17;  df  =  I,  32;  P 
=  0.4187)  or  the  presence  of  the  strip  of  flexible  plastic  netting 
affixed  to  the  outside  circumference  of  each  enclosure  (F  =  0.13; 
df  =  1.  32;  P  =  0.5625).  Of  those  experimental  units  rimined  with 
netting  and  further  surrounded  by  a  plastic  ring,  only  one  live  clam 
of  the  180  transplanted  to  those  units  (24  x  5  reps  +12x5  reps), 
or  <1%.  had  migrated  from  the  unit  (i.e..  was  found  within  the 
sediments  outside  the  unit  but  within  the  area  delineated  by  the 
plastic  ring).  For  units  without  plastic  strips  of  netting  five  clams 
were  found  in  areas  delineated  by  the  ring.  Two  were  alive  (1.1%) 
and  3  were  dead  (2  with  undamaged  valves  and  I  with  crushed 
valves). 

In  the  100-day  field  experiment,  the  rate  of  missing  clams 
pooled  across  all  treatments  was  24.7  ±  3.2%  («  =  40);  however, 
as  in  the  case  for  the  short-term  trial,  missing  rate  was  unaffected 
by  the  presence  of  the  strip  of  flexible  netting  (x  „„  „j,i,„j  =  27.1 
±  5.1%  versus  x  „,„,„„  =  22.3  ±  3.8%,  n  =  20;  F  =  0.23;  df  =  1, 
32;  P  =  0.6338).  The  addition  of  a  ring  of  plastic  around  experi- 
mental units  helped  determine  the  fate  of  missing  clams.  Only  one 
live  clam  was  sampled  outside  an  experimental  unit  and  within  the 
area  surrounded  by  the  plastic  ring  (from  an  experimental  unit 
without  a  strip  of  netting  and  stocked  initially  with  24  clams), 
whereas  40  clams  were  found  dead,  with  crushed  or  chipped  valves 
(typical  of  cnistacean  predation)  in  the  same  area.  By  adding  the 
ring  of  plastic  surrounding  experimental  units,  the  rate  of  missing 
clams  dropped  from  36.0  ±  3.4%  (units  without  rings, ;;  =  20)  to 
13.3  ±  3.9%  (units  with  rings,  n  =  20)  (F  =  29.09;  df  =  I,  32;  P 
<  0.0001 ).  Stocking  density  did  not  influence  rate  of  missing  clams 
(F  =  3.92;  df  =  I,  32;  P  =  0.0565). 

Clams  grew  similarly  in  units  with  and  without  strips  of  netting 
(P  =  0.9948).  Mean  relative  growth  in  experimental  units  with 
strips  of  netting  was  99. 1  ±  1 .9%  {n  =  40)  whereas  growth  in  units 
not  sun-ounded  by  the  rim  of  netting  was  99.7  ±  2.7%  {n  =  38). 
In  addition,  no  density  effects  on  growth  were  detected  (P  = 
0.8174). 

Experiment  111  h 

No  significant  difference  in  relative  clam  growth  was  found 
between  experimental  units  with  (99.1  ±  3.83%,  n  =  40)  versus 
without  the  rim  of  netting  (99.7  ±  5.56%,  ii  =  38)  used  to  enclose 
clams  (P  =  0.9948;  Table  4).  Mean  final  SL  of  clams  in  units  with 
netting  strips  was  25.3  ±  0.5 1  mm  versus  25.4  ±  0.57  mm  for  clams 
in  units  without  the  strips.  In  addition,  stocking  density  had  no 
effect  on  relative  clam  growth. 

Experiments  IV-VI 


Predation  Studies 

Predation  is  the  single  most  imporlanl  and  significant  factor 
affecting  survival  of  juvenile  clams  in  eastern  Maine  (Commito 
1982b,  Beal  1994,  Beal  et  al.,  2001,  Beal  and  Kraus  2002.  Beal  in 
press).  Efforts  to  deter  predators  using  plastic  netting  have  been 
used  recently;  however,  when  the  exotic  European  green  crab. 


TABLE  4. 

.Analysis  of  variance  on  the  untransformed  mean  relative  grovvtii  of 

hatchery-reared  juveniles  (mean  initial  SL  =  lI."*  ±  0.4  mnil  of  the 

softshell  clam,  Mya  unnaria.  from  22  Mav  to  Auj-ust  2^,  2(MI,^  at 

an  intertidal  nuidllat  in  Cutler,  Maine.  Experiment  was  designed 

to  assess  the  interactive  effects  of  stocking  density  (6fi(l  versus 

1,32(1  nr'l  and  the  presence  or  absence  of  strips  of  mesh  netting 

(4.2  mm  aperture)  surrounding  the  periphery  of  experimental  units 

on  clam  growth. 


Source  of  Variation 

df 

SS 

MS 

F 

Pr>  F 

Rim  iif  Netting 

1 

(.).000 

0.000 

0.00 

0.9948 

Density 

1 

0.001 

0.001 

0.0,^ 

0.8174 

Netting  x  Density 

] 

0.047 

0.047 

2.47 

0.1331 

Block  (Netting) 

18 

0.441 

0.025 

1.17 

0..3288 

Density  x  Block  (Netting! 

18 

0.340 

0.019 

0.90 

0..'S775 

Error 

38 

0.794 

0.02 1 

Total 

77 

1 .62,^ 

(;;  =  2  or  I  depending  on  clam  sur\ival). 

Carciniis  inaenas  (L.).  became  a  nuisance  and  major  threat  to  clam 
populations  in  Maine  during  the  1950s,  chicken  wire  (spread  out 
over  the  flats  and  established  as  0.5-0.75  m  tall  fences  with  a 
flange  on  top)  was  used  to  slow  down  and  reduce  the  effectiveness 
of  this  crustacean  predator  within  the  intertidal  zone  (D.  Wallace. 
Biunswick.  ME,  pers.  comm.).  Green  crabs  have  been  implicated 
as  the  cause  of  the  sudden  decline  of  the  Maine  softshell  clam 
fishery  during  the  1950s  (Glude  1955.  Grosholz  &  Ruiz  1996;  Fig. 
1  1.  Another  major  predator  of  M.  arenaria  in  eastern  Maine  is  the 
moon  snail,  Euspira  heros.  According  to  Commito  (1982b),  this 
naticid  gastropod  preys  on  Mya  until  clams  reach  30  mm  SL.  then 
mortality  caused  by  E.  heros  is  much  reduced. 

Here,  results  are  presented  from  three  field  studies  in  eastern 
Maine  to  assess  the  importance  of  moon  snail  and  green  crab 
predation  on  wild  and  cultured  individuals  of  the  softshell  clam. 

METHODS 

Euspira  studies — Experiment  IV  August  1986  tci  June  19S7 

Because  Commito's  (1982b)  analysis  of  moon  snail  predation 
on  softshell  clains  was  indirect  (age-specific  survivorship  esti- 
mates and  size  distributions  of  living  and  dead  animals  from 
samples  taken  near  the  high  tide  mark  of  a  flat  in  eastern  Maine  on 
three  dates),  a  field  experiment  was  designed  to  test  directly 
whether  clams  >30  mm  SL  attain  a  size  refuge  from  E.  heros 
attack.  The  intertidal  study  site,  Hinckley  Point  (44°54,68'N; 
67"  1 2.2 1  'W),  is  at  the  confluence  of  the  Dennys  and  Hardscrabble 
River  near  Dennysville,  Maine.  This  site  is  approximately  12  km 
(Euclidean  distance)  from  the  site  in  Lubec  (Federal  Harbor; 
44°5L34'N:  67°04.72'W)  where  Commito  (1982b)  conducted  his 
sampling.  Wild  softshell  clams  (15-51  mm  SL)  were  dug  from  the 
immediate  vicinity  of  Hinckley  Point  and  94  or  188  uniquely 
marked  individuals  were  added  to  0.25  nr  plots  (»  =  4  replicates 
per  density  treatment)  on  August  4.  1986.  Plots  were  marked  with 
a  wooden  stake  in  each  corner.  Clams  were  grouped  into  four 
discrete  size  classes,  which  represented  the  natural  distribution  of 
clams  at  Hinckley  Point  (15-20  mm  =  21%;  21-30  mm  =  47%; 
31^0  mm  =  16%;  41-51  mm  =  16%),  and  pushed  into  the 
sediments  far  enough  to  cover  the  posterior  margin  of  each  indi- 
vidual. Plots  were  revisited  on  June  I  1,  1987,  when  all  li\c  and 
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dead  clams  were  removed  and  measured  (SL)  to  llie  nearest  0  I 
mm  with  Vernier  calipers.  Clams  that  had  been  attacked  by  moon 
snails  had  an  ob\  ious  countersunk  hole  (or  sometimes  two)  usually 
near  the  umbo  of  one  of  the  valves.  The  mean  borehole  diameter 
from  each  dead  clam  was  measured  using  a  dissecting  microscope 
with  an  ocular  micrometer  by  measuring  the  greatest  diameter  of 
the  hole  and  then  taking  a  second  measurement  perpendicular  to 
the  first. 

Because  of  the  large  number  of  dead  clams  with  drilled  valves, 
a  laboratory  trial  was  designed  to  determine  the  relationship  be- 
tween moon  snail  size  and  the  diameter  of  the  borehole  it  drills  in 
the  valves  of  its  softshell  clam  prey  to  estimate  size  of  predator  in 
the  field  experiment.  The  study  was  conducted  at  BIRSH  in  late 
summer  1987.  Twenty-one  Euspira  (SH  =  spire  to  apex;  size 
range  =  9-24  mm)  were  collected  from  Weir  Cove  (44°48.70'N; 
67°08.26'W),  an  intertidal  flat  in  Whiting  Bay,  approximately  12 
km  from  Hinckley  Point.  One  moon  snail  and  five  clams  (size 
range  =  16-52  mm  SL)  were  added  to  each  of  21  plastic  boxes 
(10  cm  X  10  cm  X  6  cm  deep)  containing  poorly  sorted  beach  sand 
to  a  depth  of  5.5  cm.  Each  box  was  covered  with  nylon  window 
screening  and  individual  containers  were  placed  in  running  sea- 
water  (temperature  =  14-15'C)  for  a  two-week  period.  At  the  end 
of  the  trial,  all  Euspira.  Mya,  and  boreholes  were  measured.  To 
increase  the  scope  of  this  relationship,  a  second  laboratory  experi- 
ment was  conducted  beginning  on  September  10,  1987.  Four  large 
moon  snails  (size  range  =  57-70  mm)  were  collected  from  the 
lower  intertidal  at  Mill  Cove  (44"52.58'N:  67'"09.7I 'W),  also  in 
Whiting  Bay,  and  5.2  km  from  Hinckley  Point.  One  moon  snail 
and  ten  clams  (size  range  =  27-77  mm  SL)  were  added  to  each  of 
four  60-L  aquaria  containing  15  cm  of  poorly  sorted  beach  sand 
and  placed  into  running  seawater  (temperature  =  15-17°C).  Mea- 
surements of  predator,  prey,  and  mean  borehole  diameter  were 
made  as  described  above. 

On  October  22,  1987,  20  benthic  cores  (A  =  0.02  nr)  were 
taken  near  the  upper  intertidal  at  Federal  Harbor  in  the  vicinity 
where  Commito  (1982b)  had  sampled  from  1977-1979.  Core 
samples  were  sieved  through  a  0.5-mm  mesh.  The  SL  of  each  Mya 
with  a  bored  valve  and  its  borehole  diameter  was  measured  (as 
described  above),  and  then  the  Euspira-boxthoXt  relationship  was 
used  to  estimate  the  size  frequency  distribution  of  moon  snail 
predators  at  Federal  Harbor. 

Euspira  studies — Experiment  V.  .Iwie  to  September  1993 

To  assess  how  moon  snails  respond  to  increasing  juvenile  clam 
density  along  a  tidal  gradient,  a  field  test  at  a  mudllat  near  Bell 
Farm  Cove  in  Edmunds,  Maine  (Whiting  Bay:  44°49.3.VN; 
67°09.24'W)  was  initiated  on  June  22,  1993.  Plastic  plant  pots  (as 
described  earlier)  were  used  as  experimental  units  that  were  ar- 
rayed in  a  single  5  x  6  block  at  each  of  3  tidal  heights  (high,  mid 
and  low).  Within  each  block,  hatchery-reared  juvenile  softshell 
clams  (mean  SL  =  8.9  ±  0.62  mm;  range  =  4.2-15.3  mm)  were 
added  to  the  open  enclosures  at  one  of  two  stocking  densities  (12 
or  24  clains  per  unit,  or  660  or  1320  m'-,  respectively).  Five 
replicates  of  each  of  the  six  treatments  (a  =  3  tidal  heights  x  b  = 
2  densities)  were  removed  from  the  flat  on  July  22,  August  22  and 
September  20,  1993.  The  contents  of  each  experimental  unit  were 
sieved  through  a  2-mm  mesh.  The  initial  and  final  SL  of  all  clains 
with  counteisunk  boreholes,  typical  of  £.  hcros  attack,  was  mea- 
sured to  the  nearest  0.1  mm  using  Vernier  calipers.  Mean  borehole 
diameter  of  each  drilled  valve  was  measured  usinc  a  dissectina 


91.1  ±4.5%  versus  x„„p^,„,,„,  =  63.3: 


nncroscope  with  ocular  micrometer.  An  arcsine  transformation 
was  applied  to  the  mean  percent  dead  drilled,  and  then  a  model  I 
3-factor  ANOVA  was  performed  to  test  for  treatment  effects.  In 
addition,  the  £».v/)//a-borehole  relationship  (as  described  earlier) 
was  used  to  estimate  size  of  moon  snail  preying  on  clams  and 
whether  predator  size  varied  as  a  function  of  tidal  height,  stocking 
density  and  sampling  date. 

Carcinus  studies — Experiment  VI.  October  1993 

C.  maenas  has  been  presumed  to  be  the  major  crustacean  preda- 
tor in  most  lield  experiments  conducted  in  eastern  Maine  (Beal 
1994.  Beal  et  al.  2001,  Beal  &  Kraus  2002).  It  is  not  difficult  to 
identify  general  mortality  agent  based  on  shell  damage  in  soft-shell 
clams.  Typically,  highest  predation  rates  can  be  attributed  to  crab 
attack  that  is  infeiied  from  crushed  and/or  chipped  valves.  Field 
investigations  have  shown  that  crab  predation  is  highly  .seasonal 
and  varies  along  a  tidal  gradient  (Beal  el  al.  2001 ).  Predation  rates 
caused  by  large  crustaceans  are  relatively  low  at  all  tidal  heights 
prior  to  August.  From  August  until  the  beginning  of  October,  rates 
are  the  highest  observed  during  the  year.  Mortality  of  clams  (ca. 
12.4  min  SL)  caused  by  crustacean  predators  was  <20%  for  ani- 
mals held  in  open  enclosures  near  the  high-  and  mid-water  mark  at 
an  intertidal  flat  near  Jonesport,  Maine  from  April  6  to  December 
13,  1996  (Beal  et  al.,  2001 ).  However,  mortality  rates  varied  from 
40%  to  50%  for  animals  in  open  enclosures  near  the  low  tide  mark 
over  the  same  period.  Protective  netting  enhanced  clam  survival 
only  at  the  lowest  tidal  elevation  where  difference  in  mean  survival 
between  units  with  and  without  the  predator  deteiTent  mesh  was 
nearly  30%  (Xp„„,„,j 
9.7%,  n  =   120,  /»<  0.0001). 

Beal  and  Kraus  (2002)  examined  the  interactive  effects  of  pro- 
tective netting,  initial  clam  size  and  stocking  density  on  clam 
survival  in  separate  studies  at  two  intertidal  locations  near  Jones- 
boro  and  Cutler.  Maine.  From  June  1990  to  June  1991.  crushing 
predators  accounted  for  33.6%  and  20.3%  of  losses  of  clams  ini- 
tially 8.5  and  1 1.8  mm  SL,  respectively,  in  open  enclosures.  From 
April  to  October  1991,  losses  of  clams  initially  14.6  mm  from  open 
enclosures  ranged  from  15%  to  20%.  Until  now.  however,  identi- 
fication of  which  crustacean  species  attacks  juvenile  clams  in  the 
intertidal  has  been  indirect,  based  solely  on  shell  daiTiage. 

To  identify  which  crushing  predators  are  active  on  clam  flats 
during  periods  of  tidal  inundation,  a  passive  trapping  study  was 
conducted  at  an  intertidal  flat  in  Cutler.  Maine  (see  earlier)  during 
October  1993.  Vinyl-coated,  wire  lobster  traps  (61  cm  x  55  cm  x 
38  cm),  baited  with  salted  heiTing  [Cliipea  harengiis  L.),  were 
placed  outside  and  inside  each  of  five  sea  grass  beds  (area  of  each 
bed  ranged  from  150-250  m").  Distance  between  traps  frotn  out- 
side to  inside  a  bed  was  no  more  than  15  m.  The  test  was  initiated 
at  low  tide  on  October  1  and  traps  were  checked  irregularly  (on  10 
dates)  at  periods  of  low  water  until  October  21.  New  bait  was 
added  to  each  trap  on  each  sampling  date,  except  the  last.  When  a 
crab  was  found  within  a  trap,  it  was  measured  (greatest  carapace 
width  to  the  nearest  0.1  mm)  and  its  sex  recorded.  Before  releasing 
trapped  crabs,  the  dactyl  from  each  pair  of  fourth  walking  legs  was 
excised.  This  provided  a  common  mark  that  I  used  to  distinguish 
animals  caught  more  than  once. 

RESULTS 

Euspira — Experiment  l\ 

Of  1  128  clams  transplanted  initially  to  the  eight  field  plots  in 

August  1986,  only  600  were  recovered  (47%  were  missing),  and  of 
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these,  215  were  alive  and  385  were  dead.  Growth  rates  were  ex- 
tremely slow  with  animals  >40  mm  exhibiting  no  significant  shell 
growth  and  animals  <40  mm  exhibiting  increases  in  SL  between  3 
and  5  mm.  Approximately  77%  (2')6)  of  the  total  number  recov- 
ered dead  had  been  drilled  by  Eiispini  (Table  5).  Moon  snails  did 
not  demonstrate  a  density-dependent  response  to  their  prey  based 
on  total  number  per  plot  or  initial  size  (G  =  2.8,  df  =  3,  P  = 
0.43)  but  did  show  a  preference  for  clams  between  31  and  40  mm 
SL.  A  comparison  of  the  initial  size  distribution  versus  the  size 
distribution  of  drilled  individuals  (Fig.  8)  reveals  that  Eiispini  fed 
selectively  on  different  size  clams  (G  =  84.9.  df  =  3,  P  <  0.0001 ). 
Examination  of  the  expected  frequencies  within  the  2  x  4  contin- 
gency table  revealed  that  the  proportion  (6'7f)  of  drilled  clams  in 
the  smallest  size  category  (15-20  mm)  is  three  times  lower  than 
expected  ( I8'7f )  and  the  proportion  (38*^)  of  drilled  clams  between 
31—40  mm  is  nearly  double  the  expected  frequency  (20%). 

The  relationship  between  mean  borehole  diameter  and  snail 
size  (Fig.  9).  allows  one  to  estimate  the  size  of  snails  drilling  clams 
in  the  field  (Fig.  10).  Moon  snails  at  Hinckley  Point  flat  ranged  in 
size  from  approximately  10-52  mm  in  shell  height.  Nearly  707c  of 
the  moon  snails  preying  on  Mya  were  between  20-30  mm.  Mean 
snail  size  ±  I  SE  was  24.4  ±  0.30  mm  (n  =  296).  Conversely, 
moon  snails  at  Federal  Harbor  were  smaller  (x  =  11.9  ±  0.29 
mm),  and  ranged  from  8-29  mm  {n  =  94).  The  two  distributions 
were  significantly  different  (P  <  0.0001 ;  G-test  of  independence). 

Euspira — ExperimenI  V 

From  June  to  July  1993.  71.5  ±  8.13%  (n  =  30)  of  the  M. 
aieiiana  juveniles  were  recovered  dead  with  drilled  valves,  and 
this  rate  increased  through  time  [P  =  0.0066).  There  was  no 
difference  in  mean  percent  with  drilled  valves  from  the  final  two 
sampling  dates  (81.7  ±  4.06%,  u  =  60:  P  =  0.1403).  Mean  snail 
size  varied  significantly  with  date,  tidal  height  and  stocking  den- 
sity (Table  6).  Snails  were  smaller  in  June  (16.5  ±  1.06  mm.  n  = 
29)  than  they  were  in  July  and  August  ( 17.6  ±  0.89  mm.  ii  =  60), 
decreased  in  si/e  from  the  high  (20.6  ±  0.94  mm,  n  =  30)  to  the 
mid  and  low  tide  mark  ( 15.5  ±  0.52  mm.  n  =  59)  and  increased  in 
size  with  increasing  intraspecific  clam  density  (mean  SH  of  snails 

TABLE  5. 

Fate  o(  Mya  areiiaria  at  two  densities  (Ix  =  94  m"",  2x  =  IS8  m"') 

from  4  August  1986  lo  .lune  11,  19S7  at  Hincklej  Point  Flat. 

Dennysvilje,  Maine,  n  =  niiniher  of  clams  at  the  besinnin^  of  the 

experiment,  \  =  percent  recovered  Alive,  V\  =  percent  ree(nered 

dead  with  Undamaged  Valves,  DV  =  percent  recovered  dead  h ith 

countersunk.  Drilled  \  alves,  CV  =  percent  recovered  dead  with 

Chipped  or  Crushed  Valves.  One-way  ANOVA  on  the 

angular-transformed  mean  percent  with  drilled  valves  (DV)  failed  lo 

detect  signitlcant  differences  due  to  stocking  densitv . 
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Figure  8.  Initial  size-frequency  distribution  of  clams  used  in  a  field 
experiment  from  .\ugust  4,  1986  to  .June  1 1,  1987  and  the  distributiim 
of  clams  with  a  bored  valve  from  moon  snail,  lAispiru  hems,  attack  Si/e 
classes  of  clams  (SL)  are:  I  =  15-20  nuu:  II  =  21-30  mm;  III  =  31-40 
mm;  IV  =  41-51  mm.  The  two  distributions  are  different  (f  <  O.OOOI) 
indicating  that  snails  prefer  a  particular  size  Mya.  Clams  in  size  class 
III  were  drilled  at  a  rate  that  was  nearly  double  than  what  was  ex- 
pected (/"  <  (1.05;  G-test  of  independence).  Conversely,  clams  in  size 
class  I  were  drilled  less  frequently  than  expected. 


was  1 6.5  ±0.90  mm  vs.  17.9 


in  umts  stocked  at  660  vs.  I,  320  m 
±  1.02  mm). 

Carcinus — ExperimenI  VI 


Thirty-one  green  crabs  (mean  carapace  width,  CW  =  72.6 
mm)  and  22  rock  crabs.  Cancer  irroratiis  Say  (mean  CW  = 
97.6inm),  were  caught  in  the  traps  during  the  test  interval.  All 
crabs  were  male,  and  no  individual  was  caught  more  than  once. 
Fewer  crabs  were  caught  near  the  end  of  the  month  than  at  the 
beginning,  and  each  species  demonstrated  a  preference  for  one 
location  over  another  {P  =  0.02).  Green  crabs  were  4.lx  more 
likely  to  be  caught  inside  eelgrass  beds  than  outside  them,  whereas 


20  30  40  50  60 

Euspira  shell  length  (mm) 

Figure  9.  Relationship  between  mean  borehole  diameter  (in  the  valves 
of  M.arenaria)  and  size  of  moon  snail  predator.  Dotted  lines  represent 
95%  confidence  intervals.  ^  =  0.058  +  0.0512  \,  n  =  138,  r'  =  0.884,  P 
<  O.tlOOl. 
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Figurt'  Id.  Estimated  size-freqiicncj  distrihiilion  of  moon  snails  friim 
Federal  Harbor,  Fubec,  Maine  (i;  =  W).  where  C'omniitii  (19S2I)|  eon- 
eluded  that  solt-shell  elanis  reaeh  a  relujie  from  moon  snail  attaek 
after  they  attain  a  SF  of  3(1  mm,  and  from  Hinekley  Point,  Dennysvillc, 
Maine  (;/  =  2%).  Both  distributions  were  ereated  bv  measuring  the 
mean  borehole  diameter  of  clams  collected  from  both  sites  and  then 
using  the  linear  equation  relating  borehole  diameter  to  snail  size  (see 
legend  of  Fig.  M). 

rock  crabs  were  2.7x  more  likely  to  be  found  in  traps  on  the 
unvegetated  muddy  sediments.  The  results  indicate  that  assigning 
all  crushing  and  chipping  damage  to  green  crabs  is  not  appropriate 
and  that  it  is  possible  that  rock  crabs  prey  on  small  softshell  clams 
in  the  nitertidal  /one  diiring  periods  of  tidal  inundation. 

DISCUSSION 

In  Maine.  USA.  intertidal  populations  of  softshell  clams  are  a 
public  resource  that  is  comanaged  by  the  local  community  in  co- 

T.4BLE  6. 

.\nalysis  of  variance  on  the  untransformed  mean  size  (shell  height) 

of  moon  snails  (Euspira  hems)  attacking  hatchery -reared  juveniles 

of  .l/v((  tirenaria  from  .lune  22  to  .September  20,  I9y3  at  an  intertidal 

flat  near  Bell  Farm  Cove.  Edmunds,  Maine.  Clams  were  stocked  at 

one  (if  two  densities  (66(1  or  l,.^2(l  m"")  at  three  tidal  heights  (high. 

mid,  low  I  and  samples  (m  three  dates:  .July  22,  August  22,  and 

September  li.  A  decision  rule  of  a'  =  (1.(125.^  was  used  for  each 

single  degree-of-freedom,  orthogonal  contrast  involving  sampling 

date  and  tidal  height. 
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operation  with  State  government  and  its  regional  shelltisheries 
biologists.  Two  decades  ago.  appro.ximately  one-half  of  coastal 
communities  along  the  Maine  coast  actively  managed  their  soft- 
shell  clam  fishery  through  local  ordinances.  Today,  that  percentage 
is  709r.  and.  although  most  of  these  communities  participate  in 
some  form  of  active  management  efforts  to  enhance  stocks  (e.g., 
clam  transfers,  netting  to  encourage  spatfall.  planting  hatchery- 
reared  seed),  all  benefit  from  restricted,  or  litiiited  entry,  which 
results  in  an  approximate  1.5%  higher  yield  for  harvesters  than 
those  in  comnnmities  without  local  management  plans  (Townsend 
1985). 

Clam  Transfers 

Today,  approximately  44%  of  Maine  communities  that  manage 
their  M.  areniiria  stocks  participate  in  some  form  of  clam  transfer 
program  (MK  DMR  2(10.5)  by  hai'vesting  clams  from  areas  of  high 
density  and  replanting  them  in  areas  with  lower  clam  abundance 
(usually  lower  on  the  shore).  To  date,  however,  only  anecdotal 
information  exists  about  the  efficacy  of  these  activities.  Generally, 
seed  clams  (animals  <50.8  mm  SL  that  typically  range  from  38^5 
mm  SL)  are  dug  by  hand  by  gioups  of  clamniers,  and  then  imme- 
diately (or  within  24  h)  replanted  by  broadcasting  the  animals  from 
a  boat  at  high  tide  into  a  closed  intertidal  area.  Clams  may  take  up 
to  72  h  to  leburrow  because  burrowing  rate  depends  on  clam  size 
and  seawater  temperature  (Zwarts  &  Wanink  1989,  Zaklan  & 
Ydenberg  1997).  At  present,  no  shellfish  committees  apply  netting 
to  the  reseeded  area  to  deter  predators.  Further,  no  community 
chooses  to  follow  the  fate  of  the  transferred  animals.  In.stead,  suc- 
cess is  measured  by  the  number  or  volume  of  clams  transfeired 
during  any  given  effort.  Although  a  single  field  test  on  clam  trans- 
fers was  conducted  and  generalizations  should  not  be  made,  results 
presented  here  suggest  that  if  communities  choose  to  participate  in 
clam  transfer  programs,  they  can  impiove  production  in  the  re- 
seeded  areas  simply  by  using  protective  netting.  This  would  have 
to  be  done  at  low  tide  when  it  would  be  possible  to  secure  the 
netting  around  the  seeded  plot,  however.  Netting  did  not  meet  the 
criteria  of  statistical  significance  in  this  study,  but  did  result  in  an 
overall  120%  increase  in  final  mean  density  compared  with  the 
density  of  transferred  clams  in  plots  without  netting.  It  is  unclear, 
however,  whether  the  netting  acted  only  to  retain  clams  in  the 
seeded  areas  or  improve  seed  survival  by  deterring  predators.  An- 
other benefit  of  using  the  plastic,  flexible  netting  was  that  it  en- 
hanced wild  recruitment  -3-fold  compared  with  control  plots. 

The  transfer  field  experiment  was  conducted  to  provide  several 
biological  parameters  to  help  the  city  of  Ea.stport"s  shellfish  con- 
servation committee  decide  what  steps  it  should  take  regarding  this 
management  option.  No  cost-benefit  analysis  was  done:  however, 
in  eastern  Maine,  where  large  numbers  of  adult  clams  occur  in  the 
extreme  upper  intertidal  zone,  and  where  growth  rates  are  very 
slow  and  legal  sizes  may  be  attained  only  after  10  years  (Fig.  4). 
these  efforts  may  be  cost-effective  and  necessary.  Results  from  this 
study  suggest  that  growth  rate  of  clams  from  these  high  intertidal 
areas  is  plastic  as  they  assume  rates  of  shell  accretion  that  is  typical 
of  the  area  to  which  they  are  transferred  (see  also  Dow  &  Wallace 
1961).  Transfer  efforts  may  allow  some  communities  to  harvest 
clams  legally  that  they  may  not  be  able  to  do  otherwise.  Typically, 
clams  in  these  high  intertidal  areas  are  not  harvested  and  left  to 
grow  and  presumably  reproduce.  It  is  unknown,  however,  whether 
these  "refuge  populations"  act  as  natural  spawner  sanctuaries 
(sensu  McCav  1988).  and  if  clam  transfer  efforts  were  to  increase 
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whether  this  would  have  any  effect  on  natinal  recriiitnient  in  that 
region. 

Shell  growth 

Growth  of  infaunal  and  epifaunal  bivalves  in  the  intertidal  zone 
typically  is  related  to  submergence  time,  varying  inversely  with 
tidal  height  (Mead  &  Barnes  1904.  Newcombe  1935,  Jordan  & 
Valiela  1982.  Vincent  et  al.  1989.  Stiven  &  Gardner  1992).  Several 
investigations,  however,  have  shown  that  although  bivalve  growth 
may  be  faster  lower  on  the  shore  than  in  the  upper  shore  area,  rates 
do  not  necessarily  parallel  directly  submergence  times  (Peterson  & 
Black  1987,  1988,  Beal  et  al.  2001).  The  yearlong  study  at  Car- 
rying Place  Cove  in  Eastport  (April  1998-1999)  demonstrated  that 
clams  at  the  mid  and  upper  intertidal  zones  grew  faster  than  ani- 
mals at  the  extreme  low  intertidal.  Only  5  of  216  clams  planted  in 
open  plots  near  the  low  intertidal  survived  (2.39r),  and  these  grew 
extremely  slow  (e.g..  1.9  ±  1.5  mm  SL).  Survival  was  significantly 
higher  in  plots  near  the  mid  and  upper  intertidal,  where  growth 
rates  followed  expected  patterns  (Fig.  4).  Why  was  growth  so  slow 
among  clams  in  the  lower  intertidal  zone  where  they  were  sub- 
merged nearly  lOO'/r  of  the  lime?  Intraspecific  competition  can  be 
ruled  out  because  survival  rates  were  so  low.  Interspecific  com- 
petition may  explain  partially  this  result,  because  the  plots  were 
adjacent  to  subtidal  beds  of  blue  mussels,  Mytihts  edulis  L.  An- 
other factor  may  have  been  disturbance  caused  by  the  predatory 
activities  of  the  moon  snail,  Euspini  hems.  After  measuring  the 
borehole  diameters  of  the  drilled  clams  and  using  the  Eiispini- 
borehole  diameter  equation  (Fig.  9),  it  was  determined  that  the 
mean  snail  size  preying  on  the  clams  at  the  mean  low  tide  level 
was  40.0  mm.  Reductions  in  shell  growth  have  been  attributed  to 
predators  in  several  field  .studies.  For  example,  the  shell  growth  of 
hard  clams,  Mercenaria  meneiuiria  (L.)  was  nearly  100%  slower 
when  animals  were  exposed  to  whelk  attack  (Nakaoka  2000). 
Similarly,  Peterson  and  Black  ( 199.3)  observed  a  50'7f  reduction  in 
growth  of  Katelysia  scahiiina  Lamarck  and  K.  ihytiplwra  La- 
marck in  full  cages  versus  open  enclosures  in  Western  Australia 
that  was  presumably  because  of  increased  disturbance  by  a  preda- 
tory seastar  that  had  gained  entrance  to  the  protected  cages. 

The  growth  of  juvenile  softshell  clams  in  protected  and  unpro- 
tected experimental  units  was  followed  in  experiments  conducted 
in  Jonesport  and  Addison,  Maine.  Neither  test  demonstrated  a 
significant  difference  in  final  mean  SL  between  the  two  treatments, 
a  result  consistent  with  Beal  and  Kraus  (2002).  Results  from  the 
Addison  study  indicate  the  importance  of  spatial  variability  in 
clam  growth  rates  as  juveniles  at  two  of  the  sites  exhibited  sig- 
nificantly faster  growth  (20%  difference  in  mean  SL)  than  those  at 
the  other  two  sites.  Differences  in  final  SL  were  not  associated 
with  variation  in  tidal  height  as  experimental  units  at  all  four  sites 
were  deployed  at  a  single  tide  level.  Spatial  differences  in  bivalve 
growth  may  be  related  to  differential  microalgal  concentrations  in 
the  water  column  that  have  been  found  to  differ  dramatically  be- 
tween adjacent  sites  (Posey  et  al.  2(.)02.  Carmichael  el  al.  2004),  a 
reflection  of  spatial  differences  in  biological  disturbance,  or  dif- 
ferences in  sediment  composition  (Newell  &  Hidu  1982). 

A  small  percentage  of  clams  in  the  Addison  study  attained  legal 
size  in  one  growing  season  (May  to  November).  From  May  to 
November  2001,  clams  added  an  average  27.2  ±  1.17  mm  ()i  =  22) 
and  25.5  ±1.71  mm  (n  =  22)  of  new  shell  at  Eastern  Harbor  and 
Three  Brooks,  respectively.  These  growth  rates  are  faster  than 


reported  for  this  species  anywhere  in  Maine  (Dow  &  Wallace 
1953.  Spear  &Glude  1957.  Newell  &  Hidu  1982,Commito  1982b, 
Beal  1994),  In  addition,  these  rates  are  faster  than  those  reported 
forO-y  class  individuals  oi M\a  in  northern  Massachusetts  (Brous- 
seau  1979). 

Previous  field  studies  with  hatchery-reared  juveniles  of  M. 
arcmma  (Beal  1994,  Beal  et  al.  2001,  Beal  &  Kraus  2002)  as- 
sumed that  the  rim  of  netting  used  along  the  periphery  of  the  small 
experimental  units  to  enclose  clams  (but  still  allow  predators  ac- 
cess to  the  clams  in  the  unit)  did  not  affect  clam  growth.  Although 
results  presented  here  and  elsewhere  (Beal  et  al.  2001 )  have  dem- 
onstrated that  completely  covering  the  top  of  experimental  units 
with  protective  netting  has  no  significant  effect  on  clam  growth. 
Experiment  111  a  &  b  tested  the  assumption  explicitly.  Those  re- 
sults revealed  that  published  growth  rates  are  not  confounded  by 
the  addition  of  a  strip  of  netting  projecting  4-5  cm  above  the 
surface  of  the  sediments.  Relative  growth  rate  and  final  mean  SL 
were  nearly  identical  in  both  tests. 

Predalion 

The  three  field  experiments  involving  moon  snails  and  green 
crabs  add  to  an  extensive  literature  on  the  importance  of  predation 
in  controlling  populations  of  juvenile  and  adult  softshell  clams  in 
Maine  (Commito  1982a,  b.  Thiel  1997,  Ambrose  et  al.  1998,  Beal 
et  al.  2001,  Beal  &  Vencile  2001,  Beal  &  Kraus  2002,  Whitlow  et 
al.  2003).  Although  moon  snails,  Euspira  lienis.  occur  along  the 
entire  coast  of  Maine,  their  numbers  (as  estimated  by  their  preda- 
tory activities  associated  with  Mya)  seem  to  be  greater  in  eastern 
Maine  than  elsewhere  (Beal.  pers.  obs.).  Softshell  clam  seeding 
activities  using  cultured  juveniles  produced  at  BIRSH  that  have 
occurred  in  each  coastal  county  of  Maine  (1987-2005)  and  mor- 
tality caused  by  moon  snails  is  problematic  only  in  eastern  Maine 
(Washington  County).  By  analyzing  size-frequency  data  of  both 
predator  and  prey  populations  at  Federal  Harbor  in  Lubec,  Maine 
from  1977-1979,  Commito  (1982b)  demonstrated  thai  soft-shell 
clams  escape  moon  snail  predation  by  growing  relatively  quickly 
(over  5  y)  to  a  refuge  size  of  30-mm  SL.  Moon  snails  at  the  upper 
intertidal  of  Federal  Harbor  rarely  exceeded  30  mm  in  shell  height. 

On  numerous  occasions  in  1984  and  1985  while  inspecting 
intertidal  fiats  in  Cobscook  and  Whiting  Bays,  many  dead,  drilled 
Mya  were  discovered  that  were  >50  mm  SL.  The  expcrinienl  at 
Hinckley  Point  from  1986-1987  demonstrated  that  an  absolute 
size  refuge  of  30  mm  from  moon  snail  attack  may  be  common  at 
some  intertidal  fiats,  but  not  at  others  (Fig.  10),  because  moon  snail 
size  may  vary  along  a  tidal  gradient.  Euspira  occurs  both  in  the 
intertidal  and  subtidal  in  Maine  waters.  Larger  moon  snails  (up  to 
100  mm  in  shell  height)  are  found  below  mean  low  water,  whereas 
smaller  animals  are  found  from  mean  low  water  to  ihe  high  water 
mark  (B.  Beal,  pers.  obs.).  It  is  likely  that  a  gradient  of  refuge  sizes 
exist  for  Mya  from  E.  Iieros  attack  that  increases  in  SL  from  the 
upper  to  lower  shore  levels.  Besides  the  Hinckley  Point  study  that 
indicated  more  clams  in  the  31—40  mm  size  range  fell  victim  to 
moon  snails  than  was  expected  by  random  chance  alone,  high 
mortality  rales  occurred  in  clams  >30  mm  SL  in  Eastport  (Experi- 
ment II)  at  the  lowest  tidal  level  from  1998-1999.  Subsequent 
analysis  of  mean  snail  size  using  the  £(w/7;/'fl-borehole  diameter 
relationship  (Fig.  9)  showed  that  snails  preying  on  clams  at  that 
site  averaged  40  mm  in  shell  height.  Similar  analysis  of  boreholes 
in  drilled  Mya  from  the  Hinckley  Point  experiment  showed  that 
some  moon  snails  were  as  large  as  52  mm  in  shell  heicht. 
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Moon  snails  arc  voracious  predators  ol'  juvenile  sot'tshell 
clams.  The  sludy  conducted  at  Bell  Farm  Cove  in  1993  demon- 
strated that  approximately  70%  of  juveniles  <l()  mm  SL  were 
preyed  on  by  E.  Iwros  during  the  first  month,  from  June  to  July. 
Although  mean  snail  size  was  <20  mm  al  all  tidal  heights  at  that 
site,  animals  were  significantly  larger  nearer  Ihc  high  versus  mid 
and  low  tide  levels.  Maximum  snail  si/.e  was  estimated  to  be  30 
mm  SH.  Vencile  (1997)  determined  that  moon  snails  drill  clams 
that  are  approximately  similar  in  SL  to  their  shell  height.  In  this 
study,  a  similar  relationship  existed  (Snail  si/e  =  10.37  +  0.689  x 
SL.  ;;  =  1262);  however,  clam  SL  explained  only  6%  of  the 
variation  in  snail  size. 

Green  crabs.  C.  iiiaeiicis.  are  perhaps  the  best  known,  and  most 
widely  studied,  predator  of  juvenile  and  adult  soft-shell  clams  m 
Maine  and  the  northeast  United  States  (Glude  19.'S5.  Ropes  196X. 
Hunt  &  Mulhneaux  2002.  Whitlow  et  al.  2003.  Hunt  2004).  In- 
tertidal  field  studies  in  eastern  Maine  have  demonstrated  the  effi- 
cacy of  excluding  large  crustaceans  from  experimental  units  con- 
taining softshell  clam  juveniles  (Beal  1994,  Seal  et  al.  2001.  Seal 
&  Kraus  2002).  For  example,  between  April  and  September,  clam 
survival  in  the  low  intertidal  zone  at  Flake  Point  Bar.  Jonesport. 
Maine  varied  from  83%  to  103%  higher  in  protected  versus  open 
experimental  units  (Beal  et  al.  2001).  Mean  losses  exceeded  50% 
in  open  enclosures,  and,  because  C.  maenas  was  found  in  some 
open  enclosures,  this  predator  was  assigned  as  the  mortality  agent. 
The  trapping  study  conducted  in  Cutler,  Maine  reveals  that  Cancer 
iriunitiis  does  forage  intertidally  during  periods  of  tidal  inunda- 


tion. It  remains  to  be  seen  whether  differences  in  Myci  shell  dam- 
age exist  between  these  two  large  crustacean  predators. 
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ABSTRACT  The  soft-shell  clam,  Mxu  arenuria  (L.  1758),  has  Ihe  highest  landed  value  ul  Maine  bivalves.  Landings  have  been 
\anable  over  the  last  century  with  cuirent  landings  one  third  of  their  historical  highs  caused  by  low  harvests  in  Eastern  Maine. 
Dinimished  clam  populations  have  been  subjected  to  constant  fishing  pressure  and  heavy  predation  by  green  crabs  apparently 
unchecked  by  winterkill.  Clam  stocks  previously  closed  to  harvesting  becau.se  of  pollution  are  now  dug.  Reduced  breeding  populations 
are  tasked  to  produce  a  sufficient  set  to  overcome  offshore  dispersal  of  larvae  to  repopulate  flats  on  the  coast  of  Maine.  On-bottom  and 
off-bottom  sampling  found  few  clam  larvae  in  Eastern  Maine.  Recovery  of  the  fishery  will  require  reestablishnient  of  breeding  stocks. 

KEY  WORDS:     clam  landings.  Gulf  of  Mame.  green  crabs,  shellfish  management. 


INTRODUCTION 

The  soflshell  clam  Mya  areiiaria  supports  the  major  bivalve 
industry  in  the  State  of  Maine  with  a  landed  value  of  $16.61 
million  dollars  in  2004.  Since  the  early  IQSOs  clam  landings  have 
declined  by  two-thirds.  Washington  County  produced  about  two- 
thirds  of  the  State  landings  in  the  1970s  but  decreased  to  between 
20%  to  45%  of  landings  in  recent  years  (see  Fig.  2  later). 

Trends  in  landings  seen  in  Figure  1  and  Figure  2  comparing 
southern  (S)  versus  eastern  (E)  Maine,  do  not  show  a  regular 
cyclical  trend  in  landings  statewide,  although  Washington  and 
Hancock  counties  have  had  two  distinct  peaks  in  landings  over  the 
past  50  years. 

Maiiagemenl  and  Regulation 

In  1901  Maine  authorized  towns  to  license  diggers  and  regulate 
digging.  Most  soft-shells  were  canned.  From  1901  to  the  1930s, 
the  State  limited  the  canning  season  from  September  15  to  June  1. 
Shipping  li\e  clams  out  of  state  was  prohibited.  Summer  digging 
was  banned  until  1937  when  the  three  counties  in  the  southwest 
lifted  a  ban  because  of  the  demand  for  live  and  shucked  clams 
throughout  the  region  (Fig.  1).  In  1947  restrictions  on  summer 
digging  and  transporting  clams  were  lifted  in  Lincoln  County  and 
restrictions  in  the  rest  of  the  State  were  removed  in  1949.  By  1958, 
only  10%  of  the  catch  was  canned  (Wallace  1997). 

A  minimum  harvest  size  has  been  used  as  a  clam  conservation 
measure  throughout  the  region.  A  two-inch  minimum  size  law  was 
passed  by  Maine  in  1935  and  repealed  in  1963  (Fig.  1)  when 
Maine  authorized  coastal  municipalities  to  establish  local  ordi- 
nances to  regulate  digging  and  implement  conservation  measures. 
The  number  of  towns  with  a  local  clamming  ordinance  increased 
to45  in  19SS  and  74  in  2003.  In  1984,  the  2-inch  minimum  harvest 
size  was  reestablished  by  Maine.  Massachusetts  has  had  a  2-inch 
softshell  minimum  for  harvesting  since  the  early  1900s  (Mac- 
Kenzie  1997).  In  the  Bay  of  Fundy,  New  Brunswick  and  Nova 
Scotia  both  have  a  44  mm  (1,75-inch)  minimuin  harvesting  size 
(Jenkins  el  al.l997). 

Fishing  pressure  on  clams  is  limited  by  the  number  of  harvest- 
ing licenses  issued.  The  number  of  licensed  diggers  increased  from 
500  in  1888  to  2,600  in  the  late  1940s  after  World  War  II  (Fig.  I ). 
The  number  of  licenses  remained  relatively  constant  until  an  in- 
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crease  in  the  number  of  licenses  in  the  1 970s  corresponded  with  an 
increase  in  catch.  Although  catch  had  decreased  by  1991  to  levels 
not  seen  since  1959,  the  number  of  licenses  decreased  but  re- 
mained above  Ihe  number  of  licenses  issued  before  the  1970s 
(Wallace  1997).  Between  1990  and  2001 .  Cumberland  and  Lincoln 
counties  issued  the  most  licenses  in  S  Maine  with  average  clam 
harvest  per  license  of  1,284  and  800.0  lb/license,  respectively.  In 
E  Maine,  despite  the  decline  in  landings  in  the  early  1990s,  the 
number  of  licenses  remained  relatively  constant  resulting  in  a 
lower  catch  per  unit  effort  of  469  and  525  lbs  per  license  in  the 
same  period.  The  recent  increase  in  landings  in  Washington  and 
Hancock  counties  (Fig.  1  &  2)  in  the  mid  1990s  has  been  matched 
by  an  increase  in  the  number  of  licenses  issued  in  these  counties 
from  1,268  in  1996  to  1.940  in  2001.  Consequently,  catch  per  unit 
effort  in  these  counties  has  remained  low  (Fig.  3). 

Effort  dedicated  to  clam  management  varies  between  munici- 
palities. In  2002  Maine  Departnient  of  Marine  Resources  data  for 
appropriations  for  management  and  clam  resource  value  for  towns, 
the  correlation  between  expenditures  for  management  and  value  of 
clam  landings  was  0.41  (P  <  0.01,  n  =  54).  Of  towns  that  listed 
expenditures  for  clam  inanagement,  E  Maine  towns  averaged  $443 
for  management  appropriations  in  2002,  whereas  Southern  and 
Midcoast  Maine  averaged  $1206, 

Polliitinn  Closures 

In  1946,  Maine  closed  polluted  waters  under  the  National 
Shellfish  Sanitation  Program  (Fig.  1).  In  1974,  3,420  residential 
direct  discharges  of  sewage  had  been  identified.  This  number  had 
decreased  to  2,446  in  1992,  but  the  number  of  prohibited  acres 
closed  to  clamming  peaked  at  about  this  time.  Between  1985  and 
1993,  the  total  acreage  closed  to  clamming  increased  (Fig,  4), 
whereas  landings  went  down  correspondingly  perhaps  because  of 
a  restricted  fishing  area  (Wallace  1997).  Before  1990.  the  DMR 
estimated  that  approximately  one-third  of  all  productive  clam  flats 
in  Maine  were  closed  because  of  pollution  (Farrey  et  al.  1997). 
Opening  flats  resulted  in  an  immediate  increase  in  landings.  Acre- 
age closed  to  harvesting,  decreased  from  270,444  in  1993  to 
153,847  acres  in  2002;  most  of  the  closed  acreage  was  in  the  S 
Maine.  In  New  Brunswick,  Canada  about  half  of  the  flats  were 
closed  because  of  pollution  in  the  mid  1990s  and  these  closures 
were  considered  relatively  permanent  (Jenkins  et  al.  1997). 
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Figure  1.  Maine  softshell  clam  landings  hy  year  with  northern  limit  of 
green  crab  range  and  years  of  implementation  of  management  prac- 
tices. Rectangles  plot  number  of  clam  licenses  issued. 
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Figure  3.  Catch  per  license  issued  in  counties  in  Southern  Maine 
(Cumberland  and  Lincoln)  and  Eastern  Maine  (Washington  and  Han- 
cock I. 


Gulf  of  Maine  Tidal  Dispersion 

Tides  and  tidal  currents  in  Gulf  of  Maine  increase  to  ttie  noilfi 
and  east.  The  tidal  range  is  .^.4  m  in  Barnstable  Harbor,  on  north 
side  of  Cape  Cod.  increasing  to  6..^  in  in  Eastport  in  E  IVIaine.  Tidal 
flushing  can  be  measured  by  determination  of  an  exchange  ratio 
and/or  flushing  time.  The  tidal  exchange  ratio  is  the  ratio  of  bay 
volume  at  high  tide  to  the  total  tidal  flow.  Flushing  time  is  time 
required  to  replace  the  total  volume  of  water.  Flushing  time  de- 
creases and  exchange  ratio  increases  with  tidal  amplitude. 

Barnstable  Harbor  is  at  the  southern  end  of  the  Gulf  of  Maine. 
In  the  1940s  and  1950s,  the  clam  populations  in  the  harbor  de- 
creased to  negligible  proportions  and  efforts  to  reestablish  were 
largely  unproducti\e  (Ketchum  19.'>4).  Using  a  conservative  ex- 
change ratio  for  Barnstable  Harbor  of  0.3  (tidal  volume  30%  of  bay 
volume).  Ketchum  (1954)  estimated  -O.Ol'/r  of  the  larvae  spawned 
in  the  harbor  would  be  retained  to  set.  Offshore  flushing  was 
identified  as  the  likely  reason  that  "only  rarely  indeed  is  a  sub- 
stantial set  obtained." 

Tidal  flushing  would  move  clam  larvae  away  from  the  mudflats 
where  they  are  spawned.  Edwards  &  Sharpies  (1986)  estimated 
flushing  times  for  1 10  Scottish  lochs  using  tidal  range,  low  water 
residual  volume  and  the  water  surface  area  at  low  and  hich  water. 


Flushing  times  varied  from  <0.5  to  14  days,  with  the  shorter  flush- 
ing times  for  small,  shallow  lochs  and  longer  flushing  times  for 
deep-sea  lochs.  Using  the  same  technique,  flushing  time  of  Qua- 
hog  Bay  on  the  mid  Maine-coast  (mean  tidal  range  of  4.0  m  and 
high  water  area  of  4.3  km"'  was  estimated  to  be  1.25-1.5  days 
(Holteet  at.  2003). 

To  determine  the  effect  of  a  larger  tidal  range  on  flushing  time, 
flushing  times  were  determined  for  two  bays  in  E  Maine.  Both 
bays  had  a  tidal  range  of  5.2-5.3  m.  but  differed  in  size:  high  water 
area  of  Mason  Bay  is  3.7  km":  high  water  area  of  Englishman  Bay 
is  131.7km".  Using  the  technique  of  Edwards  and  Sharpies  ( 19S6) 
flushing  times  was  determined  as:  0.281  days  for  Mason  bay  and 
1.8  days  for  Englishman  bay. 

A  flushing  time  of  <0.5  is  less  than  one  tidal  cycle.  Mason  Bay. 
with  an  estimated  flushing  time  of  0.281  days,  drains  nearly  dry  on 
spring  tides.  Low  flushing  times  and  high  exchange  ratios  in  Gulf 
of  Maine  bays,  could  be  responsible  for  dispersing  larvae  offshore 
away  from  their  native  mudflats.  Offshore  dispersion  of  clam  lar- 
vae would  be  expected  to  be  greater  where  the  tides  are  larger  (i.e.. 
E  Maine  relative  to  S  Maine).  Tidal  processes  would  also  be  ex- 
pected to  have  more  effect  on  larval  dispersal  in  the  Gulf  of  Maine 
relative  to  bays  and  estuaries  south  of  Cape  Cod  where  tides  are 
seldom  greater  than  1.5  m. 
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Figure  2.  Eastern  (Washington  and  Hancock)  and  southern  and  mid- 
coast  Maine  softshell  clam  landings  by  year. 
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Figure  4.  Maine  pollution  closure  (acres)  and  landings  (Ibs/lOOO). 
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Data — Clam  Sets  Alon);  the  Maine  Coast 

Mudflats  in  dilYcrent  parts  of  Maine  were  surveyed  for  year  0 
ju\'eniles  to  compare  elam  sets  in  different  parts  of  Maine.  Core 
samples  from  mudflats  were  collected  from  E  and  S  Maine  in  late 
fail  and  winter  for  2  years  and  sieved.  Juvenile  clams  (1.8-6.0  mm) 
from  the  set  of  the  preceding  summer  were  counted.  Densities  of 
ju\eniles  averaged  16.9/ni^  from  120  samples  from  E  Maine  and 
204.5/nr  from  120  samples  in  S  Maine  (Vassiliev  et  al.  20001. 
M\a  off-bottom  settlement  was  also  sampled  with  spat  bags  filled 
with  monofilament  line  in  locations  in  E  and  S  Maine  and  retrieved 
luonthly.  Spat  bags  placed  inside  and  outside  the  Scarborough 
River  in  S  Maine  had  4S4.4  ±  972.8  and  132.6  ±  189.5  juveniles/ 
bag,  respectively,  compared  with  2.2  ±  6.4  and  1 .6  ±  6.3  juveniles/ 
bag  in  the  interior  and  outside  of  Mason  Bay  in  E  Maine.  The 
differences  between  E  and  S  Maine  (P  <  0.001)  were  statistically 
significant  by  ;-test.  The  results  of  both  of  these  samples  suggest 
that  the  recent  declines  in  clam  harvests  in  E  Maine  may  be  at  least 
partially  caused  by  poor  clam  sets. 

I'ridatioii-Greiil  Crabs 

Green  crabs  are  a  major  predator  of  shellfish  from  newly  settled 
ju\eniles  to  adults.  Predation  by  juvenile  green  crabs  and  fish  was 
found  to  be  the  ultimate  factor  controlling  abundance  of  Mya  ju- 
veniles in  Barnstable  Harbor,  Massachusetts  (Hunt  &  Mullineaux 
2002).  Green  crabs  were  scored  as  very  serious  shellfish  predators 
(8.3  on  a  scale  of  1-10  with  10  being  the  most  damaging)  in 
southern  New  England  (Walton  2001). 

Green  crabs  were  not  found  north  of  Cape  Cod  (Fig.  1,  Fig.  5) 
in  1872  (Smith  1879).  By  1905,  green  crabs  were  found  in  Casco 
Bay  in  Eagle  Harbor.  Harpswell  and  the  New  Meadows  River 
(Rathbun  1905).  By  1930.  samples  had  been  collected  as  far  east 
as  Brooklin  in  Hancock  County  and  by  the  1930s,  in  Frenchmen's 
Bay  and  Winter  Harbor  in  Hancock  County,  but  they  were  not 
found  in  Washington  County.  By  spring,  1951,  their  range  ex- 
tended eastward  to  Jonesport  and  Lubec.  By  the  end  of  the  siunmer 


of  1951,  they  were  found  throughout  Passamaquoddy  Bay  (Scat- 
tergood  1952). 

Traps  especially  designed  to  catch  green  crabs  were  used  by  the 
Maine  Bureau  of  Commercial  Fisheries  to  sample  crab  populations 
from  1953-1960,  and  1965-1967  (Welch  1968).  In  S  Maine,  crabs 
were  trapped  in  Love's  Cove,  Southport.  In  1953.  daily  trap 
catches  at  Love's  Cove  ranged  from  1 10-670  crabs.  Tagging  and 
recapture  studies  estimated  a  population  of  10,000  crabs  per  acre 
(Spear  1955b).  Trap  catches  of  green  crabs  declined  in  all  areas 
sampled  (Table  1  )  between  the  mid  1950s  and  mid  1960"s  (Welch 
1968). 

Figure  6  shows  surface  water  temperatures  recorded  at  Booth- 
bay  Harbor,  Maine  over  the  past  100  years.  The  years  in  which 
large  numbers  of  green  crabs  were  trapped  on  the  Maine  coast 
(Tab.l)  were  the  years  with  extreinely  warm  winter  water  tem- 
peratures (Fig.  6).  Figure  1  and  2  show  a  decline  in  clam  landings 
in  the  early  1950s  when  crab  trap  catches  were  high.  In  1955,  clam 
abundance  in  studv  areas  was  reported  to  have  decreased  by  50'X 
over  4  years  principally  in  places  where  green  crabs  were  abundant 
(Glude  1955).  As  winter  water  temperature  cooled  in  the  1960s, 
numbers  of  green  crabs  in  E  Maine  declined  sharply  (Welch  1968). 
The  fishery  recovered  in  the  mid  1960s  (Fig.  1  &  2).  In  S  Maine, 
green  crab  populations  did  not  reach  the  low  points  observed  in 
Eastern  Maine  and  Canada  (Welch  1968). 

In  recent  years,  sampling  of  green  crabs  in  Maine  has  been 
limited.  Green  crab  sampling  was  discontinued  by  the  Maine  De- 
partment of  Marine  resources  (DMR)  until  2001.  In  1997  and 
1998,  green  crabs  were  found  in  two  locations  sampled  on  Mt. 
Desert  Island  and  two  of  three  locations  sainpled  in  Casco  Bay.  but 
were  not  found  in  an  estuary  in  Camden  on  Penobscot  Bay  (Whit- 
latch  &  Osman  1999).  In  the  fall  of  2002,  107  crabs  per  man-hour 
search  were  collected  by  DMR  personnel  at  12  sites  along  the 
Maine  coast  (Mercer  2003).  This  catch/man  hour  sampled  is  lower 
than  the  highest  capture  rate  reported  for  Perry.  Maine  in  1953- 
1957  of  552/man  hour,  but  higher  than  the  low  capture  rate  of 
7/man  hour  in  1960-1965. 


W  OF  CAPE  cod  after  1871 


ummer,  1951 


Figure  5.  Distribution  of  the  green  crab  along  the  Maine  coast  moving  eastward. 


478 


CONGLETON  JR.  ET  AL. 


TABLE  1. 

Green  crah  sampling  between  1953  and  1965  Hitli  a  standard  green 

crab  trap  (Welch  1968)  except  for  Perry,  Maine  where  samples  are 

crabs  found  per  man-hour  search. 


\'ear 

of  sam 

Dling 

Location 

1953-7 

1958-9 

1960-5 

Bocabec  River  New  Brunswick 

343 

53-41 

7.5/trap  day 

Perry 

552 

7/man-hour 

Lubec 

13 

16 

0/trap  day 

Jonesport.  Cummins  Beach 

235-500 

50 

50-6/trap  day 

Mount  Desert  I. 

255-8 

0 

0/trap  day 

Southport.  ME 

110-670/trap 
day 

Data— Green  Crab  Observations  2003-2004 

In  fall  2003  and  winter  2004,  two  locations  in  E  Maine  were 
sampled  with  commercial  crab  traps  from  October  2003  to  January 
2004  (Jacques  el  al.  2004).  Trap  catch/tide  ranged  from  1 1-0/trap/ 
tide  at  Tidal  Falls  from  October  to  January  and  7(S-0  trap/tide  at 
Bunkers  Harbor  during  the  same  period.  Although  the  trap  design 
was  different  from  traps  used  by  DMR  in  the  1950s,  the  crab  catch 
at  Bunkers  Harbor  in  the  fall  adjusted  to  1 .9  tides/day  was  com- 
parable to  catch  rates  throughout  Maine  in  the  1950s  in  Table  1. 
During  the  same  fall-winter,  four  fishermen  bottom  dragging  in  E 
Maine,  reported  moderate  to  numerous  live  crabs  in  their  traps  in 
the  fall,  but  four  of  five  dragging  in  the  spring  found  numerous 
dead  green  crabs  in  their  hauls  after  a  particularly  severe  winter 
with  an  average  water  temperature  of  2.8 1"C.  which  is  one  of  the 
lowest  winter  water  temperatures  in  60  years  (See  Fig.  8  later). 

In  laboratory,  using  crabs  caught  in  the  field  trial,  green  crabs 
were  immobilized  at  l°C.  mortality  observed  at  -3°C  with  larger 
crabs  dying  sooner  (-0.036  days  survival/mm  carapace  width.  P  < 
O.OOI)  at  this  temperature  (Jacques  et  al.  2004).  The  temperature 
threshold  for  immobility  was  lower  than  the  8°C  observed  by 
Atkinson  &  Parsons  (1973 ).  but  the  temperature  threshold  for  mor- 
tality was  similar  to  -2.3^C  (Spear  1955a).  Laboratory  observa- 
tions of  immobility  at  TC  conesponded  with  field  observations 
because  no  crabs  were  caught  when  the  water  was  below  this 
temperature.  On  the  Thames  River,  temperature  was  found  to  be 
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Figure  6.  Winter  water  temperatures  (January,  February,  March)  at 
Boothbav  Harbor,  Maine, 


the  only  physiochemical  variable  with  a  significant  effect  on  green 
crah  abundance  (Attrill  et  al.  1999). 

Maine  Coastal  Water  Temperature  and  Green  Crab  Abundance 

Because  S  Maine  and  E  Maine  clam  populations  have  shown 
different  trends  through  time  (Fig.  2).  separate  time  series  of  local 
water  temperatures  were  obtained  for  each  region.  Water  tempera- 
tures for  the  Eastern  Maine  Coast/Bay  of  Fundy  were  from  the 
Canadian  Atlantic  Zonal  Monitoring  Program  (AZMP.  2004). 
which  collects  data  through  a  network  of  sampling  locations  to 
provide  basic  information  on  the  physical  chemical  and  biological 
properties  of  the  Northwest  Atlantic  continental  shelf  The  Prince 
5  Station  is  at  44.9°N  latitude  and  66.8°E  longitude,  east  of  East- 
port.  Maine,  records  continuous  daily  average  water  temperatures 
and  salinity  at  a  depth  of  50  m.  Average  daily  temperatures  and 
salinities  for  monthly  time  series  were  obtained  for  \'')l-\  through 
the  present  from  the  Bedford  Marine  Institute. 

Records  of  surface  water  temperature  ( 1 905  to  the  present )  in  S 
Maine  were  obtained  from  the  Maine  DMR  Laboratory.  Boothbay 
Harbor  (BBHR).  From  1905  through  1949.  three  thermometer 
readings  taken  from  the  station  wharf  were  averaged.  From  1950. 
measurements  were  taken  1.68  m  below  mean  low  water  with 
infrequent  measurements  taken  from  the  inlets  of  the  flowing  wa- 
ter tanks.  Salinity  was  not  measured.  The  correlation  between  the 
mean  annual  water  temperature  at  Prince  5  and  BBHR  between 
1941  and  2001  was  0.437  (P  <  0.01)  This  coiTelation  between 
annual  water  temperature  at  these  two  stations  is  similar  to  the 
ct)rrelations  both  within  and  between  years  between  different  re- 
gions of  the  Gulf  of  Maine  surface  waters  with  15  significant 
correlations  between  0.47  and  0.62  and  30  conelations  <0.46 
(Mountain  &  Manning  1994). 

The  average  of  water  temperatures  for  the  preceding  4  years 
was  examined  to  predict  clam  landings  because  a  temperature 
effect  on  either  clam  growth  or  clam  predators  would  affect  land- 
ings for  four  subsequent  years  as  indi\iduals  that  are  presently 
juveniles  grow  to  market  size.  Green  crabs  preferentially  prey  on 
small  clams  and  the  effects  of  green  crab  predation  may  not  be 
seen  until  the  older  age  classes  are  not  replaced  (Floyd  &  Williams 
2004).  Annual  clam  landings  in  S  Maine  (York.  Cumberland.  Sag- 
adahoc. Lincoln.  Knox  and  Waldo  counties)  and  average  winter 
water  temperature  for  the  preceding  4  years  for  the  months  of 
January.  February  and  March  measured  at  BBHR  are  in  Figure  7. 
The  minimum  water  temperature  generally  occurs  between  calen- 
dar days  70  and  80  (Mountain  &  Manning  1994).  which  would  be 
when  most  of  the  winterkill  of  green  crabs  would  occur.  Figure  8 
contains  annual  clam  landings  in  E  Maine  (Hancock  and  Wash- 
ington Counties)  and  preceding  4-year  winter  water  temperature 
measured  at  Prince  5. 

Temperature  time  series  for  southern  and  eastern  Maine  display 
a  warm  period  in  the  early  1950s  as  previously  noted,  a  cold  period 
through  the  early  to  mid  1960s  followed  by  a  warming  period  in 
the  late  1970s  (Fig.  7.  8).  These  variations  in  water  temperature  at 
two  locations  agree  with  the  decadal  scale  temperature  variations 
observed  for  the  shelf-wide  volume-averaged  eastern  Scotia  Shelf 
and  central  Gulf  of  Maine  data  for  the  upper  300  m  (Loder  et  al. 
2001).  The  relatively  abrupt  winter  temperature,  decreases  ob- 
served in  late  1970s  at  BBHR  and  in  the  late  1980s  at  Prince  5 
were  not  seen  in  averaged  data  for  the  entire  region. 

The  relationship  between  winter  water  temperature  and  clam 
abundance  differ  in  E  Maine  and  S  Maine  (Fia.  7.  8).  The  corre- 
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latioii  between  preeeding  4-year  water  and  elain  abundance  is 
-0.53  in  S  Maine  and  -1-0.54  in  E  Maine.  The  colder  winter  waters 
in  S  Maine  could  cause  sufficient  green  crab  winterkill  to  decrease 
green  crab  population  si/.e.  decrease  clani  predation  and  increase 
subsequent  clam  landings.  As  a  result,  the  correlation  between 
winter  water  temperature  (lag  up  to  4)  and  clam  landings  is  nega- 
tive in  S  Maine  (r  =  -0.53). 

Eastern  Gulf  waters  do  not  get  as  cold  as  S  Gulf  waters  in  the 
winter  because  the  southwesterly  Gulf  is  less  stratified  than  the 
eastern  Gulf  in  the  winter  (Mountain  &  Manning  1994).  Surface 
waters  in  winter  in  E  Maine  may  not  usually  be  cold  enough  to 
cause  wide  spread  crab  winterkill.  The  observed  effect  of  warmer 
winter  temperature  in  E  Maine  has  been  to  increase  landings  (r  = 
+0.54).  possibly  caused  by  a  longer  gi'owing  season  for  clams  and 
early  spring  algal  bloom.  However,  extremely  cold  winters  such  as 
that  observed  in  the  late  1950s  and  early  1960s  (Fig.  8)  could  cause 
high  green  crab  mortality  even  in  eastern  Maine.  Decreased  green 
crab  densities  were  sampled  in  eastern  Maine  during  this  period 
(Table  I ). 

Winter  water  temperature  has  been  found  to  impact  green  crab 
populations  and  bivalve  predation  in  other  areas.  A  relationship 
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between  winter  temperatures  and  clam  sets  has  been  observed  in 
Europe  in  areas  with  green  crabs.  High  recruitment  of  bivalves 
after  severe  winters  in  temperate  shallow  waters  occurs  in  some 
areas  of  the  Wadden  .Sea  (Strasser  et  al.  2003).  Although  there  are 
numerous  possible  explanations  for  increased  lar\al  rectuitment 
after  severe  winters,  reduced  numbers  of  larvae  of  both  Mya  and 
Carciniis  were  observed  after  the  winter  of  1995/6  "supporting  the 
hypothesis  that  reduced  epibenthic  predation  is  an  important  factor 
in  high  bivalve  recruitment  after  severe  winters"  rather  than  en- 
hanced Mya  larval  supply  (Strasser  &  Guenther  2001). 

CONCLUSION 

Softshell  landings  have  dramatically  declined  in  Maine  over 
the  past  25  y  because  of  low  productivity  oi  clam  fiats  in  Eastern 
Maine.  Low  productivity  of  clam  flats  would  be  affected  by: 

•  h(gh  fishtng  pressure  on  diminished  stocks; 

•  heavy  predation  by  green  crab  populations  not  limited  by  win- 
terkill in  the  E  Gulf. 

Density  of  clam  sets  would  be  decreased  by: 

•  harvesting  stocks  previously  protected  by  pollution  closures. 

•  Dispersion  of  clam  larvae  away  from  their  fiats  of  origin  by 
strong  tidal  cuirents. 

Sporadic  heavy  sets  of  ju\enile  clams  do  occur.  Epifanio  and 
Garvine  (2001)  describe  north  winds,  Ekman  fiow  and  the  result- 
ing shoreward  downwelling  moving  the  blue  crab,  Cullinecles 
sapidiis  (Rathlnm)  megalopae  larvae  inshore  toward  settlement 
sites  in  bays  along  midAtlantic  states.  Clam  pediveligers  that  move 
to  the  surface  waters  could  likewise  be  moved  inshore.  The  pre- 
vailing wind  direction  in  August  through  November  in  Portland, 
ME  is  from  the  NNW  to  NW  (National  Climatic  Data  Center. 
1998;  Fefer  &  Schettig  1980)  and  would  produce  favorable  shore- 
ward Ekman  fiows.  The  unpredictable  occurrence  of  favorable 
winds  on  surface  patches  of  pediveliger  larvae  would  result  in 
settlement  events. 

The  extension  of  the  range  of  the  green  crab  up  the  coast  of 
New  England  has  negatively  impacted  clam  populations  particu- 
larly in  areas  such  as  E  Maine  where  warmer  winter  water  tem- 
peratures may  have  limited  winterkill  of  green  crabs.  Change  in  the 
Gulf  of  Maine  Sea  Surface  temperature  (SST)  over  120  years  was 
estimated  from  a  NOAA  Extended  Reconstructed  SST  data  pro- 
vided by  the  NOAA-CIRES  Climate  Diagnostics  Center  (Clean 
Air-Cool  Planet  2005).  The  change  in  mean  annual  SST  between 
1880  and  2001  was  estimated  to  be  ().6"C  and  the  change  in  mean 
winter  temperature  over  the  same  period  was  0.2°C.  Green  crab 
sanipling  should  be  used  to  determine  effect  of  crab  populations  on 
clam  stocks.  If  crab  populations  are  determined  to  be  one  of  the 
factors  limiting  reestablishment  of  clam  stocks,  techniques  for  crab 
control  should  be  developed  and  implemented  (Walton  2000). 

Management  practices  over  the  past  century  have  not  main- 
tained a  consistent  clam  fishery  (Fig.  I)  and  present  management 
practices  such  as  a  minimum  harvest  size  have  not  been  successful 
at  reestablishing  clam  populations  in  E  Maine  (Fig.  2). 

Management  strategies  should  be  implemented  to  increase  har- 
vests and  sets: 

•  Clam  mariculture  could  be  used  to  produce  both  marketable 
clams  and  sets  to  repopulate  local  flats.  Coastal  areas  could  be 
managed  to  produce  harvests  from  both  cultivated  and  wild 
clams  while  producing  sufficient  larvae  for  a  natural  set. 

•  Rotational  diaaina  of  fiats  should  be  evaluated  to  maintain 
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breeding  populations  while  allowing  adults  to  grow  without 
breakage  and  reburial  from  premature  digging.  Areas  that  are 
dug  in  the  rotation  could  be  repopulated  with  a  natural  set. 
hatchery  produced  seed  or  seed  from  areas  with  high  density 
sets. 

Regional  coordination  of  restoration  effort  may  be  required 
because  local  spawn  may  not  bcci>me  the  local  set. 
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ABSTRACT  Surfclam  iSpi.siila  solidissiiiia  Dillwyn)  larval  settlement  and  the  initial  growth  of  recruits  were  studied  on  the  inner  shelf 
of  New  Jersey.  Initial  recruitment  was  measured  by  taking  weekly  benthic  core  samples  during  the  summer  settling  season,  and  larval 
supply  was  characterized  using  meroplankton  samples  taken  every  four  hours  in  July.  The  temporal  variation  in  recruitment  at  two 
inshore  stations  (12-m  depth)  was  linked  to  larval  supply  from  the  water  column,  and  spatial  differences  (inshore  vs.  offshore)  in 
recruitment  also  appeared  to  be  related  to  larval  supply.  Spatial  and  temporal  variation  in  larval  concentrations  was  associated  with 
wind-driven  cross-shelf  circulation.  Contrasting  recruitment  patterns  between  the  two  inshore  stations  could  not  be  explained  by  larval 
supply  alone  and  were  likely  affected  by  near-bottom  flows.  Growth  rates  of  initial  surfclam  recruits  (with  initial  shell  lengths  <360 
|jLm)  were  estimated  to  be  10-20  jxm  d  '.  and  the  growth  rates  of  individuals  >360  jjim  shell  length  were  25-50  p.m  d"'.  This  study 
provides  realistic  field  estimates  of  early  growth  rates  of  surfclams  and  further  evidence  of  the  relationship  between  upwelling/ 
downwelling  events  and  surfclam  larval  supply  and  initial  recruitment  on  the  inner  continental  shelf. 

KEY  WORDS:     surfclam  lar\ae.  settlement,  post-lar\al  growth,  recruitment 


INTRODUCTION 

The  surfclam  (SpisiiUi  solidissiiiui  Dillwyn)  lives  in  ;i  /one 
from  the  shallow  subtidal  out  to  depths  of  about  60  m.  and  ranges 
from  the  Gulf  of  St.  Lawrence.  Canada,  south  to  North  Carolina 
(Menill  &  Ropes  1969).  It  is  an  important  commercial  species  in 
the  Mid-Atlantic  Bight  (NOAA/NMFS  2003).  Surfclam  popula- 
tion.s  are  characterized  by  great  year-to-year  variation  in  recruit- 
ment success,  especially  in  inshore  areas  (Murawski  &  Serchuk 
1989.  Weinberg  1993.  1999.  Chintala  &  Grassle  2001).  Pre-  and 
postscttlement  processes,  both  physical  and  biological,  are  likely 
responsible  for  spatial  and  temporal  variation  in  recruitment  suc- 
cess. 

To  understand  factors  affecting  inshore  surfclam  larval  settle- 
ment and  initial  recruitment  a  study  was  initiated  at  a  Long-term 
Ecosystem  Observatory  at  13-m  depth  (LEO- 1. 5)  off  southern  New 
Jersey  in  1993.  The  study  area  lies  within  one  of  the  recurrent 
upwelling  centers  t)n  the  New  Jersey  coast  (Glenn  et  al.  2004)  and 
is  characterized  by  episodic  summer  upwelling/downwelling 
events,  which  appear  to  be  related  to  the  arrival  of  high  concen- 
trations of  surfclam  larvae.  Studies  on  larval  suifclam  supply  with 
respect  to  these  events  (Ma  &  Grassle  2004.  Ma  2005.  Ma  et  al. 
2006).  larval  settlement  (Snelgrove  et  al.  1999.  2001.  Weissberger 
&  Grassle  2003.  Ma  2003)  and  recruitment  during  the  first  year  of 
life  (Weissberger  &  Grassle  2003)  form  the  background  for  the 
present  study.  All  of  these  observations  and  experiments  were 
focused  on  larvae  spawned  by  inshore  surfclam  populations  that 
experience  rapidly  wanning  temperatures  in  the  late  spring  (Stary- 
pan  1976).  At  LEO-15.  benthic  studies  (1993-2004)  show  that 
larval  settlement  from  this  inshore  spawning  population  occurs 
chiefly  in  late  June  and  July,  with  some  markedly  reduced  settle- 
ment in  August  in  some  years  (Weissberger  &  Grassle  2003,  Snel- 
grove et  al..  1999.  2001.  Grassle  unpubl.  data).  Offshoie  surfclams 
living  under  the  intluence  of  the  Middle  Atlantic  cold  pool  do  not 
spawn  until  the  thermocline  breaks  down  in  the  late  summer  or 
early  fall  (or  in  some  instances  when  there  is  storm  mixing).  It  is 


likely  that  these  larvae  are  widely  dispersed  on  the  continental 
shelf  in  the  fall  and  winter  months,  and  we  have  evidence  of 
surfclam  larvae  being  present  in  the  plankton  at  LEO-15  as  late  as 
February  of  the  following  year  (Gregg,  Tucker  &  Grassle.  unpubl. 
data). 

This  study  focused  on  benthic  sampling  at  three  LEO-15  sta- 
tions during  the  expected  peak  in  surfclam  settlement  in  July  1998. 
together  with  frequent  near-bottom  sampling  of  surfclam  larvae  at 
the  same  stations.  The  year  1998  was  chosen  in  part  because  initial 
surfclam  recruitment  was  relatively  high  for  the  first  time  since 
1993  (Weissberger  &  Grassle  2003).  The  primary  goal  was  to 
identify  the  arrival  of  high  concentrations  of  competent  surfclam 
larvae,  and  to  follow  the  growth  of  the  consequent  pulses  of  ju- 
venile surfclams  in  the  benthic  samples  at  frequent  enough  inter- 
vals to  provide  estimates  of  growth  rate  in  the  earliest  postscttle- 
ment stages  (i.e..  from  a  maximum  shell  length  at  settlement  of 
approximately  290  |jLm).  One  goal  of  our  study  was  to  describe 
surfclam  growth  during  the  earliest  postsettlement  stages,  because 
it  is  likely  that  these  growth  lates  will  affect  whether  the  juveniles 
find  a  size  refuge  from  piedation. 


MATERIALS  AND  METHODS 


Study  Site 
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The  study  site  was  located  in  the  vicinity  of  Beach  Haven 
Ridge  (Fig.  I ).  Samples  were  taken  from  three  stations,  two  in- 
shore (Sta.  9  and  C  at  12  m  depth)  and  one  offshore  (Sta.  C2  at 
20  m  depth).  Sta  9  (39°27.69'N.  74°l5.8rW)  is  on  the  inshore 
flank  of  the  ridge  with  a  coarse  sand  bottom,  and  Sta.  C 
(39°27.85'N.  74°15.II'W)  is  on  the  offshore  flank  of  the  ridge 
with  a  finer  sand  bottom  (Craghan  1995).  Sta.  C  is  about  1  km 
seaward  of  Sta.  9.  Sta  C2  (39°23.24'N.  74°I2.75'W)  is  a  sandy 
site.  8  km  offshore  from  Sta.  9.  At  Sta.  9  and  C  bottom  tempera- 
tures during  the  summer  vary  greatly  during  alternating  periods  of 
upwelling  and  downwelling.  whereas  the  bottom  temperature  at 
Sta.  C2  rarely  exceeds  I2°C  during  the  summer  months,  except  for 
occasional  storm  mixing  (Glenn  et  al.  2004.  Ma  &  Grassle  2004). 
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Figure  1.  Bathynittric  map  of  LEO-15  and  locations  of  sampling  stations  (modilled  from  Ma  and  Grassle  2004). 


Physical  Data 

Alongshore  wind  (SW/NE)  and  water  temperature  1  m  above 
the  bottom  were  used  to  track  upwelling  and  downweliing  events. 
Wind  data  were  from  the  Rutgers  University  Marine  Field  Station 
meteorological  tower,  where  wind  intensities  were  recorded  10  m 
above  the  ground.  Water  temperatures  were  recorded  by  therm- 
istors on  the  zooplankton  pump  housing  and  on  the  pump  frame. 

Surfclam  Larval  Sampling 

Three  Moored.  Automated,  Serial,  Zooplankton  Pumps 
(MASZPs.  Doherty  &  Butman  1990)  were  deployed  at  Sta.  9  and 
C  from  July  6-27  and  at  Sta.  C2  from  July  1  1-14,  1998.  Samples 
(250  1)  were  taken  automatically  every  4  h,  1  m  above  the  bottom 
(see  Ma  &  Grassle  2004  for  further  details).  The  samples  were 
filtered  through  100-|jLm  mesh  and  organisms  trapped  on  the  filter 
were  wound  onto  a  take-up  spool  in  a  fixative  compartment  with 
10%  buffered  formaldehyde.  The  take-up  spool  was  retrieved  after 
a  3-wk  deployment.  The  meshes  were  cut  into  individual  pieces 
corresponding  to  each  sample  and  transferred  to  70%  ethanol  with 
Rose  Bengal.  Each  sample  (no  splitting)  was  examined  under  a 
dissecting  microscope.  Bivalve  larvae  with  shell  length  >150  (jlui 
were  identified  (Ma  &  Grassle  2004).  In  samples  with  high  con- 
centrations of  surfclam  larvae,  shell  lengths  for  up  to  100  indi- 
viduals were  measured  using  an  ocular  micrometer  to  judge  the 
readiness  of  the  larvae  to  settle. 


Benthic  Sampling 

Divers  took  8  benthic  core  samples  (7-cm  diameter  corer.  area 
38.5  cm  -)  at  Sta.  9.  C.  and  C2  at  approximately  weekly  intervals 
in  July,  then  at  increasing  intervals  to  monthly  from  September  to 
December  1998.  At  Sta.  9  and  C2  (rippled  bottom)  four  pairs  of 
samples  (ripple  trough  and  adjacent  crest)  were  taken,  with  about 
1  m  between  pairs.  At  Sta.  C  (no  ripples)  paired  samples  were 
taken  at  approximately  the  same  intervals.  Core  samples  were  kept 
on  ice  for  several  hours  until  they  were  preserved  in  95%  ethanol 
and  subsequently  stained  with  Rose  Bengal.  The  samples  were 
sieved  over  a  106-(jLm  sieve  and  sorted  under  a  dissecting  micro- 
scope. When  there  were  high  concentrations  of  surfclams  at  Sta.  C. 
a  total  of  200  individuals  (100  haphazardly  taken  from  each  of  two 
replicate  cores)  were  measured.  At  Sta.  9.  individuals  from  6-8 
replicate  cores  were  combined  to  obtain  200  individuals  for  each 
sampling  date  in  July.  Initial  surfclam  recruitment  at  C2  was  too 
low  to  achieve  comparable  sample  sizes  for  measurement. 
Surfclam  images  were  captured  using  a  color  camera  linking  a 
Zeiss  dissecting  microscope  to  a  Macintosh  computer  and  the 
IMAGE  program  (calibrated  with  a  micrometer)  was  used  to  mea- 
sure shell  lengths. 

Surfclam  larvae  settle  at  shell  lengths  from  2,30-290  p-ui 
(Snelgrove  et  al..  1998).  and  surfclam  juveniles  were  observed 
to  increase  in  shell  length  -10  \x.m  per  day  in  the  laboratory 
(J.  Bell,  iinpuhhshed  data).  In  the  present  study  surfclams  with 
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shell  lengths  <3(S()  |a.in  were  eonsideied  to  have  settled  recently, 
prohabh  within  the  previous  week  (a  time  interval  equivalent 
to  the  benthic  sampling  inter\'als  in  July).  This  eutot'f  assumed 
an  upper  limit  for  settling  larvae  of  290  iJim  and  7  days  of 
growth  at  10  |j.m  d"'.  The  accumulation  of  surfclam  individuals 
<36()  (Jim  was  used  to  estimate  initial  recruitment  with  the  recog- 
nition that  this  estimation  would  incorporate  early  postsettlement 
mortality. 

Data  Analysis 

A  Computer-Assisted  Analysis  of  Mixtures  (C.A.MAN,  Bohn- 
ing  et  al.  1992)  was  used  to  find  the  number  of  cohorts  and  the 
mean  shell  lengths  for  each  cohort.  On  each  date/station  combi- 
nation, shell  distributions  were  fitted  to  different  numbers  of  co- 
horts. In  general,  the  greater  the  number  of  cohorts  included  for 
fitting,  the  larger  the  likelihood  of  the  fitting.  Decisions  on  choos- 
ing the  number  of  cohorts  were  based  on  likelihood  adjusted  by  the 
number  of  estimated  paraineters  (i.e..  Akaike"s  Information  Crite- 
rion. Weissberger  &  Grassle  2003)  and  visual  fitting  with  the  raw- 
data  in  histograms.  The  initial  values  (mean  and  weight  of  each 
cohort)  were  estimated  from  raw  data,  and  C.A.MAN  calculated 
the  maximum  likelihood  estimates  for  these  parameters.  Growth 
was  estimated  by  following  the  cohorts  over  time.  Urban  (2002) 
pointed  out  that  bivalve  larvae  and  postlarvae  grow  linearly  or 
exponentially  whereas  adult  growth  is  asymptotic.  Growth  rates 
for  the  surfclams  were  calculated  assuming  both  linear  (L,^^,  =  L, 
+  r  X  At)  and  exponential  growth  (L,^^,  =  L,  x  e''^'). 

Analysis  of  variance  was  carried  out  for  densities  of  initial 


surlclam  recruits  (<360-(j.ni  shell  length)  in  July  using  a  general 
linear  model  (GLM)  in  SAS.  Dales  and  stations  were  fixed  factors. 
The  GLM  procedure  was  used  instead  of  ANOVA  because  of  the 
variable  number  of  replicate  samples  (6-8)  completed  for  each 
station/date  combination  (Cody  &  Smith  1997).  The  data  for  num- 
ber of  surfclams  were  logarithmically  transformed  to  remove  het- 
erogeneity in  variance.  Because  of  the  unbalanced  design,  standard 
multiple  comparison  tests  (such  as  Tukey.  Duncan,  or  SNK  tests) 
were  not  used  (Cody  &  Smith  1997).  Instead,  multiple  r-tests  with 
an  overall  significance  level  a(  =A'  x  a')  =  0.05  were  used,  where 
k  is  the  number  of  comparisons  and  a'  is  the  significant  level  for 
indi\idual  /-tests  (Bonferroni  method). 

RESULTS 

Physical  Condilions  and  Surfclam  Larval  Conccnlraliuns  in  the  Water 
Column,  July  1998 

Downwelling  winds  were  interspersed  with  episodic  upwelling 
winds  before  July  12.  and  bottom  temperatures  at  the  two  inshore 
stations.  Sta.  9  and  C.  varied  between  13°C  and  17°C  until  July  10 
when  temperatures  increased  to  around  20°C  from  July  11-13 
(Fig.  2).  Upwelling  winds  began  July  12  and  persisted  until  late  on 
July  24  when  downwelling  winds  blew  for  2  d.  During  the  sus- 
tained upwelling  wind,  bottom  temperatures  were  <I3°C  for  >10 
days.  Temperatures  increased  near  the  end  of  the  larval  sampling 
period  during  the  2  d  of  downwelling  winds.  At  offshore  Sta.  C2, 
bottom  temperatures  remained  <12°C  throughout  July  (Fig.  2). 
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Figure  2.  .Alongshore  »inds  (a)  and  surfclam  larval  concentrations  and  bottom  temperatures  at  (b)  Sta.  9,  (c)  C,  and  (d)  C2  in  .July  IWS. 
.\longshore  winds  are  hourly  averaged  wind  intensities  (10  m  above  the  groundl  from  the  southwest  (negative,  upwelling  favorablel  or  from 
northeast  (positive,  downwelling  favorablel.  Note  scale  differences  in  larval  concentraliims.  Larval  data  for  Sta.  C2  were  only  available  for  July 
11-14. 
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TABLE  1. 

Shell  lenjjth  distribution  of  surfclams  in  plankton  samples  when 

high  concentrations  were  present  (bivalve  larvae  >I50  (im  were 

identinedl.  Laboratory  studies  (Snelgrove  et  al.  19981  indicate  that 

larvae  are  ready  to  settle  at  shell  lengths  (SL)  230-29(1  (im,  so  larvae 

<230  Jim  Sl>  were  probably  not  competent,  and  some  individuals 

>320  nm  SL  were  likely  to  be  resuspcnded  juveniles. 


Station. 

<230 

230-290 

290-320 

>320 

Date  (hours) 

(im 

(jni 

|jm 

Hm 

Total 

Sta.  y 

July  8  (7:00) 

0 

29 

41 

30 

100 

July  9  (19:00) 

1 

71 

24 

4 

100 

July  10  (3:00) 

1 

38 

19 

■> 

60 

July  11  (11:001 

0 

70 

24 

7 

100 

July  12  (11:00) 

0 

39 

42 

1 

82 

Sta.  C 

July  8  (7:00) 

15 

39 

41 

5 

100 

July  10(15:00) 

0 

78 

20 

-> 

100 

July  11  (19:00) 

0 

74 

13 

13 

100 

July  12  (3:00) 

18 

70 

9 

3 

100 

July  12(19:00) 

3 

79 

17 

1 

100 

July  12  (23:00) 

11 

67 

20 

1 

100 

July  13  (3:00) 

13 

76 

11 

0 

100 

July  13  (7:00) 

20 

74 

4 

-> 

100 

Surfchini  larval  concentrations  were  relatively  high  and  vari- 
able before  July  13  at  the  two  inshore  stations  (Fig.  2).  .^t  Sta.  C 
there  was  a  sharp  peak  in  surfclam  larval  concentration  on  July 
12-13.  coinciding  with  the  presence  of  relatively  low  salinity  wa- 


ter (Ma  and  Grassle  2004).  Surfclam  larval  concentrations  were 
low  (0—46  ind.  250  I"' )  inshore  after  July  13  during  the  sustained 
upwelling.  At  offshore  Sta.  C2,  surfclam  larval  concentrations 
were  low  (S20  larvae  250  T')  from  July  1  1-14  at  the  time  when 
high  concentrations  were  found  inshore. 

Except  for  the  magnitude  of  the  peak  in  larval  surfclam  con- 
centration at  Sta.  C  on  July  12-13.  the  integrated  larval  supplies  to 
Sta.  9  and  C  during  July  were  very  similar.  Larvae  present  in  the 
water  column  at  that  time  were  mostly  of  a  size  suggesting  that 
they  were  competent  to  settle  based  on  laboratory  culture  studies 
(Table  1).  In  Table  1.  shell  length  distributions  for  surfclams  in 
plankton  samples  where  they  were  abundant  are  shown  on  5  d 
between  July  8  and  13.  There  was  a  small  percentage  of  probable 
precompetent  larvae  (<230  |xm),  30-80%  competent  larvae  (230- 
290  |j.m)  and  a  small  fraction  of  juvenile  surfclams  >320-fjLm  .shell 
length  that  had  been  resuspended  from  the  bottom.  This  leaves  a 
sizeable  piopoilion  (5^0%  in  the  different  samples)  ranging  in 
shell  length  from  290-320  |jim.  which  probably  included  both 
larvae  and  recently  metamorphosed  individuals. 

Abundances  of  Initial  Surfclam  Recruits 

At  inshore  Sta.  9.  total  surfclam  densities  were  >20  ind.  core"' 
in  July  and  <5  ind.  core"'  in  August  and  September  (Fig.  3). 
Relatively  high  surfclam  densities  appeared  again  in  November 
with  the  recruitment  of  fall-spawned  larvae  in  October  and  No- 
vember. This  October-November  pulse  was  observed  at  all  three 
stations.  At  Sta.  C,  surfclam  densities  were  very  high  (>200  ind. 
core"' )  in  July.  At  offshore  Sta.  C2.  surfclam  densities  were  <10 
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Figure  3.  Mean  (+SD)  number  of  surfclams  core  '  (38.5  cnr)  in  samples  at  three  LEO-15  stations  from  July  to  December  1998  (a)  Sta.  9, 
(b)  Sta.  C,  (c)  Sta.  C2.  Note  difference  in  scales  of  y-a\es  with  surfclams  being  an  order  of  magnitude  more  abundant  at  Sta.  C.  Temporal  patterns 
in  abundance  were  similar  among  the  three  stations. 


Initial  Surfclam  Recruitment  and  Growth 


485 


TABLE  2. 

Analysis  of  Miriaiue  of  henthic  abunclaiuis  of  initial  surfclam 
recruits  (<36(l  jini  shell  length)  on  four  sampling  dates  in  Jul)   1W8 

at  three  LF;0-15  stations.  Means  with  common  letters  not 
significantly  different  (with  an  overall  significance  level  a  =  0.05). 


Sum  of 

Mean 

Sources 

DF 

Squares 

Square 

F  value 

P 

Dulc 

3 

13.37 

4.46 

65.36 

0.0001 

Suilion 

T 

21.59 

10. SO 

I5S.39 

0.0001 

Date  X  station 

6 

2.18 

0.36 

5.33 

0.0001 

Error 

69 

4.70 

0.06S 

Stations  July  6        July  14 

Mean  eompanson  within  stations 
Sta.  9  1.215"  1.21 1" 

Sta.  C  2.365''         2.084'' 

Sta.  C2  0.613"  0.479'' 

Pooled  mean  comparison  among  dates 
1.398''  1.258'' 


Jul\  23         .Inly  29 


0.750" 
1.146" 
0.151" 


0.682' 


ih 


0.226'^ 
0.930" 
0.050" 

0.402'' 


Pooled  mean  comparison  among  stations:  ''1.631  (Sta.  Cl;  "0.S50  (Sta.  9); 
^0.323  (Sta.  C2). 

ind  core"'  throughout  the  summer  and  fall  and  about  triple  that  in 
November  with  the  fall  recruitment  (Fig.  3). 

Analysis  of  variance  for  initial  surfclam  recruits  (refeiTing  to 
individuals  with  shell  lengths  <360  [jLiri)  in  July  showed  that  sam- 
pling date,  stations,  and  the  interaction  between  date  and  station 
had  significant  effects  on  densities  (Table  2.  Fig.  4).  The  pooled 
initial  recruits  from  the  three  stations  were  significantly  more 
abundant  on  July  6  and  July  14.  Initial  recruitment  was  highest  at 
Sta.  C  and  lowest  at  Sta.  C2.  At  Sta.  C  and  C2,  the  number  of 
initial  recruits  was  significantly  higher  on  July  6  and  14  than  on 
July  23  and  July  29  (Table  2).  At  Sta.  9,  initial  recruitment  was 
significantly  higher  on  July  6  and  14  and  lowest  on  July  29. 

The  initial  surfclam  recruits  present  in  the  benthos  on  July  14 
at  all  three  stations  were  a  likely  consequence  of  the  conipetent 
larvae  present  in  the  water  column  in  the  previous  sampling  inter- 
val (Fig.  4).  Initial  surfclam  recruitment  at  each  of  the  stations  was 
roughly  proportional  to  larval  supply,  with  the  highest  larval  sup- 
ply and  recruitment  at  Sta.  C  and  the  lowest  at  Sta.  C2.  However, 
the  difference  in  initial  recruitment  between  Sta.  9  and  C  was 
comparatively  great  (-10  times)  compared  with  larval  supplies  to 
the  two  inshore  stations.  The  average  larval  surfclani  concentra- 
tions during  July  6-14  were  79  ind.  230  P'  at  Sta.  9  and  1 19  ind. 
250  r'  at  Sta.  C.  Low  abundance  of  initial  surfclam  recruits  in  the 
benthos  at  all  three  stations  at  the  end  of  July  was  correlated  with 
low  larval  supply  in  the  last  two  July  sampling  intervals. 

Short-term  Growth  of  Siirfclams 

Three  modes  were  identified  by  the  C.A.MAN  procedure  for 
the  surfclams  sampled  on  July  6  at  Sta.  9  and  C  and  two  modes  for 
the  other  three  dates  in  July  (Fig.  5).  Growth  rates  were  calculated 
when  ad\ancenient  of  modes  with  time  could  be  established  (lines 
shown  on  Fig.  5).  Only  modes  with  weights  (proportions)  >0.2 
(20%)  were  included  for  growth  estimation  (the  weights  of  all 
modes  at  one  date/station  combination  add  up  to  I ).  Both  linear 
(^xm  d"' )  and  exponential  (d"' )  growth  rates  were  calculated.  Two 
estimates  were  niade  at  Sta.  9  and  six  at  Sta.  C.  (Fig.  5  and  Fig.  6). 
Only  the  results  using  the  linear  growth  model  are  shown.  Linear 
growth  rates  for  initial  surfclam  recruits  (<360-fj.rn  shell  length) 


ranged  from  9.7-1  S.I  |xm  d  '.  Exponential  growth  rates  for  the 
same  individuals  ranged  from  0.029-0.052  d"'.  Linear  growth 
rates  of  indi\iduals  >360-(j.m  shell  length  ranged  from  25.0-51.6 
|j.m  d"'  (0.02 1-0.08 Id''  for  exponential  growth  rates).  There  were 
too  few  surfclam  recruits  at  Sta.C2  to  permit  an  analysis  of  growth, 
and  they  ranged  mainly  from  260-960  jjim  shell  length  in  July 
(more  similar  to  Sta.  9). 

The  surfclams  recruiting  at  Sta.  C  in  the  July  6-14  interval  did 
not  appear  as  a  separate  mode  on  July  14  (Fig.  5).  The  first  mode 
on  July  14  at  Sta.  C  was  likely  composed  of  survivors  from  the  first 
mode  on  July  6  and  larvae  settling  during  July  6-14.  This  could 
have  resulted  in  an  underestiinate  of  the  growth  rates  of  surfclams 
in  the  first  mode  on  July  6.  Visually  selecting  the  shell  length  with 
the  highest  frequency  (highest  bar  in  Fig.  5)  on  July  14  as  the 
"mode"'  for  survivors  from  July  6  would  increase  the  linear 
growth-rate  estirnate  by  only  4  |jLm  d''. 


9       12      15      18      21      24      27      30 


July  1998  (days) 

Figure  4.  Larval  concentration  (#  250  L',  lines)  and  density  +  SD 
(#  38.5  cm  -.  hars)  of  initial  surfclam  recruits  (<360  jim  shell  length)  in 
July  1998  (a)  Sta.  9.  (bl  Sta.  C,  (c)  Sta.  C2.  Note  differences  in  scales 
on  y-axes  for  surfclam  densities  in  benthic  samples  and  larval  data 
available  from  .lulv  6-27  at  Sta.  9  &  t  and  from  July  1 1-14  at  Sta.  C2. 
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Figure  5.  Shell  length  (SL)  distribution  of  surfclams  in  July  1998  at  Sta.  9  and  C  (;;  =  200  for  all  panels  except  Sta.  9,  July  29  [n  =  1621).  Dark 
arrows  indicate  mean  SL  of  cohorts  identified  by  C.A.MAN  (Bdhning  et  al.  1992):  light  arrows  have  weights  <0.2  (total  weights  are  1.0  on  each 
panel).  Lines  represent  advancements  of  modes  with  time.  At  Sta.  9,  ad\ancements  of  modes  were  less  clear  because  of  lack  of  accumulation  of 
larger  juvenile  surfclams.  and  only  two  advancements  were  established.  See  Figure  2  for  temperatures  and  upvvelling/downwelling  conditions 
during  July  6-14,  July  14-23,  and  July  23-29. 


The  intersampling  growth  periods  at  Sta.  9  and  C  in  July  pro- 
vided a  contrast  in  temperature  regimes:  interval  1  (July  6-14)  was 
characterized  by  temperatures  varying  from  13'C  to  22°C.  includ- 
ing some  very  rapid  increases  and  decreases;  interval  2  (July  14- 
23)  was  characterized  by  uniformly  low  temperatures  (12"C  to 
13°C)  during  upwelling;  interval  3  (July  23-29)  was  more  like 
interval  1,  with  temperatures  varying  from  12°C  to  23°C  at  Sta.  C 
and  13°C  to  20°C  at  Sta.  9  (Fig.  1).  There  appeared  to  be  no 
relationship  between  growth  rates  and  the  prexailing  temperature 
regimen  (Fig.  6). 


DISCUSSION 

There  was  good  correspondence  between  the  timing  of  the 
highest  initial  surfclam  recruitment  and  surfclam  larval  supply  at 
the  two  inshore  stations  in  July  1998.  There  was  also  a  rough 
correlation  at  all  three  stations  between  the  magnitude  of  larval 
surfclam  supply  during  the  period  July  6-14  and  the  abundance  of 
initial  surfclam  recruits,  with  Sta.  C  having  the  highest  larval  sup- 
ply and  the  highest  abundance  of  recruits  and  Sta.  C2  the  least. 
This  relationship  between  surfclam  larval  supply  and  initial  re- 
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Figure  6.  Linear  groHth  rates  (fim  d"'.  open  bars)  of  surfclams  cal- 
culated from  C.A.MAN  analysis  of  shell  length  distrihutions  of  surf- 
clam juxenilcs  at  Sla.  •>  and  Sta.  C  on  four  dates  in  .lulv.  Mean  bottom 
temperatures  corresponding  «ith  gro«lh-rate  estimates  during  inter- 
\als  July  6-14,  July  14-23.  and  July  23-29  (marked  1,  2  and  i)  are 
represented  with  filled  triangles  for  Sta.  9  and  filled  squares  for  Sta.  C. 

cruitment  had  previously  been  demonstruled  experimentally  al  the 
same  three  stations  in  1997  (Ma  2005).  although  in  that  year  the 
correlation  was  significant  for  Sta.  C  and  C2  but  not  for  Sta.  9.  Al 
Sta.  9  the  abundance  of  initial  surfclam  recruits  was  less  than 
would  have  been  expected  given  the  similarity  in  larval  supply 
between  Sta.  9  and  C,  the  two  inshore  stations,  which  are  only  one 
kilometer  apart.  Ma  (2005)  has  hypothesized  that  the  generally 
lower  initial  surfclam  recruitment  at  Sta.  9  compared  with  Sta.  C 
over  several  years  iWeissberger  &  Grassle  2003.  Quijon  & 
Grassle,  in  prep. )  could  be  a  consequence  of  stronger  near-bottom 
flows  at  Sta.  9.  especially  during  storms.  These  flows  could  inhibit 
surfclam  larval  settlement  and/or  be  responsible  for  resuspending 
sediment  and  winnowing  initial  recruits  out  of  the  sediment  and 
depositing  them  on  the  crest  and  seaward  side  of  Beach  Haven 
Ridge.  This  hypothesis  is  partly  supported  by  the  difference  in 
sediment  grain  si/e  between  Sta.  9  and  C  (Craghan  1995).  namely 
coarser  sediment  characterizes  Sta.  9,  and  it  may  also  explain  the 
great  difference  (-  one  order  of  magnitude)  in  initial  surfclam 
recruitment  between  the  two  inshoi'e  stations  during  downwelling 
in  July  199<S  in  the  face  of  I'elatively  similar  integrated  larval 
supplies. 

Based  on  shell  lengths,  many  of  the  suifclams  present  in  core 
samples  inshore  on  July  6  settled  in  June,  probably  in  association 
with  several  upwelling/downwelling  periods  during  that  month, 
namely  relaxation  or  downwelling  on  June  9-12  and  June  17-30. 
After  the  initial  larval  settlement  pulses  in  June  and  early  July,  a 
sharp  decline  in  surfclam  densities  was  obsei'ved.  and  there  were 
few  or  no  individuals  remaining  in  the  sediments  in  August  and 
September.  Assuming  that  there  was  no  new  settlement  and  the 
decline  in  density  was  caused  by  mortality  only,  the  estimated 
mortalities  (:)  using  an  exponential  survival  equation  N,_^_i,  =  N, 
X  e"'^'  (e.g..  Hilborn  &  Walters  1992)  were  0.21-0.22  d"'  from 
July  23-29  and  from  July  29  to  August  13.  The  absence  of  larval 
settlement  was  reflected  in  the  very  low  numbers  of  surfclams  with 
shell  lengths  <360  (xm  on  July  23  (immediately  after  upwelling). 
on  July  29.  and  August  13.  especially  at  Sta.  C.  However,  the 
estimated  monalilies  could  also  be  affected  by  resuspension  and 
bedload  transport  of  surfclam  recruits  to  or  from  other  locations. 

The  mortality  of  juvenile  surfclams  was  likely  caused  by  mul- 
tiple impacts  of  numerous  predator  species.  They  include  several 


species  of  bi'achyuran  crabs  (Stehlik  1993).  hermit  crabs  (Newby 
2005).  crangonid  shrimp  (Viscido  1994.  Viscido  et  al.,  1997). 
naticid  snails  (Weissberger  &  Grassle  2003.  Quijon  &  Grassle.  in 
prep.)  and  starfish  (Weissberger  &  Grassle  2003).  It  is  likely  that 
the  relative  importance  of  the  predators  varies  from  year  to  year 
depending  on  the  timing  of  settlement  and  initial  abundance  of  the 
luvenile  stages  that  prey  on  the  smallest  surfclams.  For  example, 
the  1993  summer  year  class  of  surfclams  was  preyed  on  by  the 
naticids  Neverita  duplicuta  and  Eiispira  heros  and  the  sea  star 
Aslerias  forbesi.  By  virtue  of  the  high  density  of  recently  settled 
sea  stars  beginning  in  July  of  that  year  at  Sta.  9  and  C.  and  their 
high  feeding  rates,  their  impacts  on  juvenile  surfclam  density  were 
estimated  to  be  much  higher  (4,500  surfclams  m""  d~')  than  the 
impacts  of  naticid  predation  (90  surfclams  m"-  d~')  (Weissberger 
&  Grassle  2003).  In  1998  no  sea  stars  were  observed  in  the  benthic 
samples  so  it  is  likely  that  the  declining  densities  in  August  and 
September  in  the  present  study  were  a  combination  of  crustacean 
and  naticid  predation  (Quijon  &  Grassle,  in  prep). 

Total  surfclam  densities  increased  in  October  and  November  at 
all  three  stations.  More  than  80%  of  individuals  in  November  at  the 
two  inshore  stations  were  <430-|j.m  shell  length,  and  >507r  were 
<430-p,m  shell  length  at  the  offshore  station.  It  is  highly  likely  that 
these  increases  in  densities  were  caused  by  new  larval  settlement 
and  recruitment  in  the  fall,  the  result  of  spawning  by  surfclams 
living  below  the  summer  thermocline  (Tarnowski  1982.  Wagner 
19S4.  Weissberger  &  Grassle  2003.  Ma  &  Grassle  2004).  When 
the  thermocline  breaks  down,  warmer  water  reaches  the  bottom, 
inducing  the  offshore  clams  to  spawn.  Pulses  of  high  larval  surf- 
clam concentrations  were  previously  observed  in  the  water  column 
in  the  fall  (September  to  October)  at  a  southern  New  Jersey  site 
within  80  km  of  the  LEO-15  research  area  (Haskin  et  al.  1981, 
Tarnowski  1982).  We  also  have  unpublished  data  showing  that 
fall-spawned  surfclam  larvae  may  persist  in  the  water  column  at 
LEO-15  into  December  and  even  the  following  February  (Gregg, 
Tucker.  &  Grassle  unpubl.  data),  though  whether  the  larvae  found 
in  the  plankton  in  February  settle  and  metamorphose  successfully 
is  unknown. 

Urban  (2002)  evaluated  the  applicability  of  several  standard 
models  to  the  growth  of  different  developmental  stages  of  pearl 
oysters,  including  larvae,  plantigrades,  postlarvae.  and  juveniles. 
Like  previous  authors  he  concluded  that  the  larvae  and  planti- 
grades grow  linearly  or  exponentially  (e.g..  Bayne  1965.  Beau- 
mont &  Budd  1982.  Rose  &  Baker  1994).  The  linear  growth  rate.s 
for  initial  surfclam  recruits  (<360  p,m)  in  our  study  were  9.7-18.1 
p.m  d"'.  Subsequent  growth  rates  of  juveniles  >360-|jLm  shell 
length  were  somewhat  higher  (25.0-51.6  (Am  d^').  These  growth 
rates  were  comparable  to  those  estimated  by  Weissberger  and 
Grassle  (2003)  for  clams  settling  in  similar  densities  in  1993 
(14.6-63.5  |jLm  d"' ).  No  clear  trend  of  increased  linear  growth  rate 
with  increased  initial  size  (an  indication  of  exponential  growth) 
was  observed  in  our  study.  The  lower  growth  rates  for  the  initial 
surfclam  recruits  (<360  |xm)  may  be  a  result  of  the  period  of  time 
between  loss  of  the  larval  velum  and  formation  of  labial  palps  at 
metamorphosis  and  development  of  functional  suspension-feeding 
structures  (fused  siphons  and  gills).  This  has  not  been  examined 
directly  in  Spisula  solidi.ssima,  but  in  other  bivalves  these  devel- 
opmental processes  may  take  one  to  several  days  depending  on 
temperature  (e.g..  Bayne  1971.  Reid  et  al.  1992). 

Plotting  1993  growth  rates  directly  against  bottom  temperature, 
Weissberger  and  Grassle  (2003)  found  some  correlation  up  until 
September.  In  the  present  study  there  was  no  evidence  of  any 
growth  rate/temperature  correlation  for  the  smallest  clams  in  July 
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1998.  Of  course  many  factors  may  affect  the  growth  of  bivalve 
recruits,  not  just  temperature.  They  include  population  density  and 
the  availability  of  appropriate  food.  At  different  intertidal  sites  in 
Maine,  surfclam  juveniles  grew  faster  at  sites  with  wanner  water 
temperatures  and  higher  levels  of  chlorophyll  a  (Davis  et  al.  1997). 
Because  upwelling  at  the  LEO- 15  sites  is  associated  with  high 
POC  and  chlorophyll  a  values  (Glenn  et  al.  2004).  it  is  possible 
that  growth  of  recently  settled  surfclams  during  the  July  upwelling 
(July  14-23)  was  enhanced  by  an  increased  flux  of  food  particles 
to  the  bottom,  thus  counterbalancing  the  negative  effects  of  low 
prevailing  temperatures  on  growth.  The  LEO- 1 5  research  area  also 
represents  one  of  the  recurrent  hypoxic  nodes  associated  with  sum- 
mer upwelling  along  the  New  Jersey  coast,  but  the  potential  effects 
of  high  variance  in  bottom  water  0-,  concentrations  during  July 
(Boehme  et  al.  1998)  on  both  juvenile  surfclam  growth  and  mor- 
tality have  not  been  studied. 

Other  studies  that  have  examined  early  growth  of  surfclams 
have  generally  been  conducted  over  much  longer  time  intervals 
and  in  some  cases  under  relatively  nonnatural  field  conditions 
(e.g..  Belding  1910.  Starypan  1976.  Jones  et  al..  1978).  and  the 
initial  lengths  of  the  surfclams  were  at  least  several  millimeters.  In 
a  study  of  surfclams  using  the  growth  bands  laid  down  in  the  shell. 
Chintala  and  Grassle  (2001 )  found  that  surfclams  in  the  inner  shelf 
environment  off  New  Jersey  generally  reached  shell  lengths  of 
10.3-22.0  mm  when  the  first  band  was  laid  down,  with  no  signifi- 
cant differences  in  mean  shell  length  among  nine  nearshore  zones. 
Although  these  shell  lengths  are  considerably  less  than  in  some 
other  studies  (e.g.,  Jones  et  al.  1983),  they  are  consistent  with 
previous  estimates  for  the  LEO- 15  area,  namely  that  surfclams 
settling  in  July  1993  reached  a  maximum  shell  length  of  16.0  mm 
by  December  (Weissberger  &  Grassle  2003). 

One  potential  complication  for  field  studies  of  bivalve  growth 
rates  using  modal  length  frequency  analyses  is  that  size-selective 
piedation  may  effectively  renioNc  particular  size  classes.  There 
was  some  suggestion  that  naticid  predators  could  have  selectively 
removed  surfclams  2-5  mm  in  shell  length  during  the  late  summer 
and  fall  in  1993,  and  that  Asierias  forbcsi  might  have  targeted 


clams  5-12  mm  in  length  in  October  and  November  of  the  same 
year  (Weissberger  &  Grassle  2003).  The  effects  of  size-selection 
by  small  crustacean  predators  of  surfclams  in  the  LEO- 15  research 
area  remain  largely  unstudied.  In  late  July  1998,  there  were  many 
fewer  surfclams  >l,000-|jim  shell  length  at  Sta.  9  than  at  Sta.  C 
(Fig.  5).  This  may  be  an  example  of  initial  predator  swamping  at 
Sta.  C  where  juvenile  surfclams  were  an  order  of  magnitude  more 
abundant  than  at  Sta.  9  in  early  July.  This  would  allow  some 
individuals  to  find  a  size  refuge  froin  predators  preying  selectively 
on  the  smallest  individuals. 

This  study  has  provided  further  evidence  of  the  close  relation- 
ship between  upwelling/downwelling  events  in  June  and  July  with 
surfclam  larval  supply  and  initial  recruitment  in  June  and  July  in 
the  inner  shelf  environment.  In  addition,  the  study  has  provided 
realistic  field  estimates  of  early  growth  rates  under  both  upwelling 
and  downwelling  conditions.  Analyses  of  length  frequency  distri- 
butions and  abundances  of  juvenile  surfclams  have  provided  fur- 
ther estimates  of  the  limits  on  early  growth  in  the  nearshore  envi- 
ronment and  of  the  probable  impacts  of  the  many  surfclam  preda- 
tors. Such  knowledge  is  important  to  the  understanding  of  surfclam 
recruitment  processes  and  to  management  of  the  surfclam  fishery 
in  the  Mid-Atlantic  Bight.  Potentially,  this  kind  of  information  can 
have  implications  for  shellfish  species  in  other  geographic  regions. 
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VARIATIONS  IN  GROWTH  AND  REPRODUCTION  OF  BAY  SCALLOPS  (ARGOPECTEN 
IRRADIANS)  (LAMARK,  1819)  FROM  SIX  SLBPOPULATIONS  IN  THE  NORTHEASTERN  GULF 
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ABSTRACT  Bay  scallops,  Argnpcctcii  irrculians.  sustained  a  valuable  commercial  and  recreational  fishery  in  Florida  during  the 
middle  part  of  the  last  century.  In  1994,  after  decades  of  declining  stocks,  .state  managers  closed  this  fishery  to  commercial  harvest  and 
severely  limited  the  recreational  harvest.  In  Florida,  most  bay  scallops  reproduce  only  once,  generally  during  the  fall  at  an  age  of 
roughly  12.  The  current  10-week  recreational  harvest  season.  July  1  through  .September  10.  occurs  at  a  time  when  somatic  and 
reproductive  tissues  are  changing  rapidly  in  preparation  for  the  fall  spawning  season.  This  study  describes  changes  in  tissue  weights 
(reproductive,  somatic,  visceral)  during  the  2002  harvest  season  in  scallops  collected  from  six  subpopuhitions  along  Florida's  Gulf  of 
Mexico  coast.  We  observed  tissue-specific  patterns  of  weight  change  during  the  7-month  study  and  also  noted  regional  differences.  In 
three  Panhandle  sites  (St.  Joseph  Bay.  Lanark  Village,  and  St.  Marksl,  a  shift  from  somatic  growth  to  reproductive  growth  occurred 
later  in  the  year  and  was  more  intense  than  in  peninsular  sites  (Steinhatchee,  Homosassa  and  Anclote).  We  also  monitored  recruitment 
of  juvenile  scallops  at  three  of  the  sites  from  July  of  2001  through  June  of  2003.  There  were  protracted  fail  and  winter  peaks  within 
a  background  of  constant,  low-level  recruitment.  The  harvest  hmits  allow  each  person  to  collect  two  gallons  (7.55  L)  of  whole  scallops 
or  one  pint  (0.47  L)  of  adductor  muscle  meat  each  day.  In  June,  just  prior  to  the  harvest  season,  the  number  of  whole  scallops  that  would 
be  collected  varied  significantly  between  sites  (range  55-203),  as  did  the  equivalent  yield  of  adductor  muscles  (range  143-342).  Muscle 
si/e  peaked  in  August  or  September,  depending  on  location.  The  allowable  number  of  scallops  collected  within  the  volume-ba.sed  limits 
had  decreased  (41-1 12  whole  scallops  or  84-1 16  shucked  scallops)  and  between-site  variabilily  in  the  numerical  harvest  was  lower. 

KEY  WORDS:     Argopeclen  irratiiaiis,  Florida,  gonadal-somatic  index,  growth,  harvest,  recruitment,  bay  scallop 


INTRODUCTION 

Bay  scMops.  Argopecten  irradians  (Lamark,  1819),  were  once 
a  valuable  commercial  fisheries  species  for  the  state  of  Florida. 
During  the  19305,  harvests  commonly  exceeded  100,000  pounds 
per  year  of  adductor  muscle  (Murdock  1955)  and  peaked  at 
401.283  pounds  in  1958  (Rosen  1959).  There  is  also  evidence  for 
prehistoric  sustenance  harvest  (Marelli  &  Arnold  2001)  and  a 
modern  cultural  heritage  of  recreational  harvest.  Stocks  declined 
during  the  1960s  and  1970s,  with  a  concomitant  decrease  in  com- 
mercial harvest  to  levels  between  10,000  and  20,000  pounds  of 
adductor  muscle  per  year  by  the  1980s  (for  example,  see  Joyce 
1 982 ).  The  abundance  of  scallops  in  many  subpopulations  declined 
to  very  low  densities  or  disappeared  completely.  This  decline  was 
first  documented  in  Pine  Island  Sound,  then  in  Tampa  Bay,  the 
Anclote  River  Estuary  and  finally  in  the  Homosassa  River  region. 
Similar  declines  have  been  observed  in  the  western  Florida  Pan- 
handle (Arnold  et  al.  2005). 

In  response  to  the  decline  of  bay  scallop  abundance  in  Florida 
waters,  harvest  restrictions  were  instituted  in  1985  and  expanded  in 
1994.  Management  of  the  fishery  targeted  both  comniercial  and 
recreational  harvest.  Commercial  harvest  was  eliminated  and  rec- 
reational harvest  was  severely  curtailed  in  1994.  All  subpopula- 
tions south  of  the  Suwannee  River  were  closed  to  recreational 
harvest.  The  daily  harvest  limit  of  five  gallons  ( 1 8.88  L)  of  whole 
scallops  per  person  was  reduced  to  the  current  limit  of  two  gallons 
(7.55  L)  of  whole  scallops  or  one  pint  (0.47  L)  of  shucked  adductor 
muscle  per  individual.  The  duration  of  the  harvest  season  was 
reduced  from  10  mo  per  year  to  10  wk  per  year.  Based  on  a  survey 
program  that  was  initiated  in  1993,  subpopulatiiins  are  currently 
grouped  into  3  classes:  healthy  (average  density  >25  scallops/600 
nr),  transitional  (5-25  scallops/600  m")  or  collapsed  (<5  scallops/ 
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600  m").  In  1994.  all  populations  south  of  the  Suwannee  could  be 
classified  as  either  collapsed  or  transitional.  To  accompany  the 
management  actions,  active  restoration  was  initiated  in  1998  and 
continues  to  this  day.  The  goal  of  the  restoration  program  was  not 
til  produce  scallops  for  direct  harvest  but  to  create  high-density 
spawning  aggregations  that  may  then  seed  the  natural  populations. 
Hatchery-reared  scallops  are  held  in  cages  at  densities  up  to  300 
per  0.6  nr  in  Crystal  Bay,  Homosassa  River  estuary,  the  Anclote 
River  estuary  (hereafter  Homosassa  and  Anclote),  Tampa  Bay  and 
Sarasota  Bay.  Subsequent  increases  in  scallop  abundance  in  the 
Homosassa  subpopulation  (Arnold  et  al.  2005)  have  been  exten- 
sive enough  that  the  recreational  fishery  was  reopened  in  2002. 

In  Florida,  recreational  harvest  occurs  during  summer  to  ac- 
commodate the  most  popular  means  of  collection,  snorkeling.  Cur- 
rent harvest  of  bay  scallops  in  Florida  is  concentrated  on  a  limited 
number  of  traditional  subpopulations.  Although  the  harvest  season 
occurs  immediately  prior  to  the  spawning  season,  previous  re- 
search indicates  that  harvest  occurs  when  muscle  yield  per  indi- 
vidual is  maximal  (Barber  &  Blake  1983).  A  similar  management 
approach  is  applied  in  the  northeastern  United  States  (bay  scallop 
harvest  is  timed  to  maximize  the  yield  of  adductor  muscle:  Rhodes 
1991,  Estabrooks  2003).  However,  those  animals  are  allowed  to 
pass  through  their  first  .spawning  season  and  are  harvested  at  a  time 
when  adductor  muscles  have  begun  a  period  of  new  growth,  when 
most  animals  in  the  piipulation  are  roughly  15  mo  of  age. 

Bay  scallops  have  been  described  as  quasi-semelparous;  most 
individuals  spawn  only  once,  but  a  small  portion  survive  for  one  or 
more  additional  spawns  (Orensanz  et  al.  1991).  The  traditional 
view  of  this  species  suggests  that  local  subpopulations  will  spawn 
synchronously,  either  during  warming  spring  or  cooling  fall  peri- 
ods (Sastry  1963,  1970).  Recent  research  suggests  that  this  is  not 
always  the  case  in  Florida  subpopulations.  Arnold  et  al.  (1998) 
monitored  recruitment  of  spat  in  four  distinct  subpopulations  on 
Florida's  west  coast  from  early  .August  through  late  February. 
They  found  that  whereas  distinct  peaks  occurred  in  each  locale. 
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some  recruitment  occurred  throughout  the  study  in  three  of  the 
four  subpopulations.  In  a  separate  study.  Bologna  (1998)  collected 
recruits  in  12  of  28  mo  during  1994  through  1996  in  St.  Joseph 
Bay.  Florida.  Over  the  course  of  the  study,  recruits  were  collected 
in  8  of  the  12  calendar  months.  Secondary  recruitment  periods 
have  also  observed  in  Long  Island,  New  York  (Tettlebach  et  al. 
1999). 

Tissue  growth  in  bay  scallops  is  inost  rapid  during  the  first  year 
of  life.  Somatic  growth  will  often  precede  gonadal  growth,  with 
energy  stored  in  the  adductor  muscle  as  glycogen  and  protein  and 
in  the  digestive  gland  as  lipid  (Barber  &  Blake  1981).  Growth  of 
these  two  organs  may  slow  or  be  negative  once  gametogenesis 
begins,  at  which  point  gonad  growth  is  very  rapid  (Bricelj  et  al. 
1987,  Barber  &  Blake  1983).  Postspawn  Florida  scallops  can 
suffer  high  mortality  that  is  correlated  with  depleted  energy  re- 
serves (Barber  &  Blake  1983).  In  northeastern  United  States  popu- 
lations, a  higher  percentage  of  scallops  survive  for  additional 
spawns  (Bricelj  1992).  The  scallops  that  survive  a  spawning  cycle 
will  initiate  new  growth  in  the  adductor  muscle,  and  gonadal- 
somatic  indices  do  not  attain  as  high  a  level  during  subsequent 
spawns,  although  actual  gonad  weight  continues  to  increase 
(Bricelj  1992). 

In  this  study,  we  explore  small-scale  variations  in  tissue- 
specific  size  and  growth  during  a  single  harvest  season  (2002)  in 
six  subpopulations  of  bay  scallops  along  Florida's  Gulf  of  Mexico 
coast.  The  results  from  monitoring  juvenile  scallop  recruitment  are 
used  to  refine  the  interpretation  of  tissue  growth  and  reproduction 
in  three  of  those  six  subpopulations.  The  changes  in  the  amount  of 
allowable  harvest,  in  terms  of  the  number  of  scallops  harvested, 
that  accompany  the  changes  in  scallop  shell  and  tissue  (in  particu- 
lar adductor  muscle)  volume  are  described. 


MATERIALS  AND  METHODS 


Adult  Colleclions 


Argopectcn  iniuUans  were  collected  from  six  sites  along  the 
Florida  Gulf  coast  between  Port  St.  Joe  and  Tampa  Bay  (/;  = 
1226.  Fig.  1).  Four  sites  (Anclote,  Homosassa.  Steinhatchee  and 
St.  Marks)  are  part  of  the  Big  Bend  region  of  Florida,  a  zero- 
energy  coastline.  The  coastal  seagrass  bed  found  here  varies  be- 
tween 1 1  and  3.'i  km  wide,  an  area  approximately  3.000  km",  and 
is  dominated  by  Thalassia  testudinwn.  Syrini>odhiin  filiforme  and 
Halodide  nrightii  (Iver.son  &  Bittaker  1986).  The  St.  Joseph  Bay 
and  Lanark  sites  are  also  low  energy  and  have  similar  seagrass 
communities  but  are  protected  by  barrier  islands. 

The  bay  scallop  abundance  at  four  of  the  six  sites  is  routinely 
monitored  (Arnold  et  al.  2005).  Anclote  was  the  southernmost  site. 
During  II  y  of  survey  there  (1994-2004).  the  average  scallop 
density  varied  between  0.15  and  47.35/600  m~.  During  three  of  the 
years  the  density  was  considered  healthy,  during  four  years  it  was 
considered  transitional,  and  during  four  years  it  was  considered 
collapsed.  It  has  not  been  open  for  harvest  since  1993.  Over  the 
same  period,  the  Homosassa  population  was  considered  healthy  in 
5  years,  transitional  in  3  years,  and  collapsed  in  3  years.  The  study 
year,  2002,  was  the  first  year  this  site  had  been  opened  to  harvest 
since  1993.  Steinhatchee  is  the  most  stable  subpopulation  in  the 
state;  its  density  had  been  considered  healthy  in  all  years  except 
2004,  when  it  was  in  classified  as  transitional.  The  St.  Marks  and 
Lanark  subpopulation  densities  are  not  monitored.  The  St.  Joseph 
Bay  subpopulation  was  also  generally  healthy  (7  of  the  11  y), 
although  it  was  classified  as  transitional  in  2  years  and  collapsed  in 
2  years.  All  four  monitored  subpopulations  were  considered  to  be 
healthv  durins  2002. 
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Figure  \.  Locations  of  the  six  sampled  subpopulations  of  Florida  bay  scallops,  Argopeclen  irradians. 
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Our  Lioal  was  to  collect  sadiples  of  30  adults  from  each  study 
site  at  3-\veek  intervals  between  May  and  Septeniber  21)02  (Table 
1 ).  with  at  least  one  sample  set  collected  before  and  one  sample  set 
collected  after  the  harvest  season.  However,  we  began  collecting 
samples  as  early  as  April  24  at  Anclote  and  Homosassa  and  May 
16  to  May  1 7  at  Steinhathcee.  Lanark  and  St.  Joseph  Bay  (because 
collections  were  made  opportunistically).  The  study  was  termi- 
nated as  early  as  Septeniber  3  at  Steinhatchee  (because  of  logi.stic 
constraints)  and  as  late  as  October  10  at  the  Homosas.sa  site  (Table 
I ).  Live  scallops  were  collected  opportunistically  by  hand  and  held 
in  coolers  for  transport  to  shore.  Sainples  collected  at  the  Anclote 
and  Homosassa  sites  were  placed  directly  into  freezers  at  the  Fish 
&  Wildlife  Research  Institute  (FWRI)  in  St.  Petersburg.  Samples 
collected  at  all  other  locations  were  initially  frozen  and  then  were 
shipped  overnight  (packaged  with  dry  ice)  to  St.  Petersburg.  All 
samples  were  then  held  at  -80°C  until  analysis. 

Shell  and  Tissue  Analysis 

Scallops  were  thawed  for  at  least  1  hour  before  dissection. 
Many  shells  were  covered  in  epibionts  such  as  oysters,  jingle  shells 
and  slippers  snails.  These  fouling  organisms  were  removed.  The 
soft  tissues  of  the  scallop  were  separated  into  three  coniponents: 
gonad,  adductor  muscle,  and  all  other  tissue  (hereafter  ternied 
viscera).  Each  of  the  tissues  was  placed  into  tai"ed  aluminum  trays 
and  the  wet  weights  were  measured  to  the  nearest  0.1  mg.  The 
volume  of  the  adductor  muscle  was  determined  by  submerging  the 
muscle  in  a  known  volume  of  water  in  a  graduated  cylinder  and 
observing  the  increase  in  volume  to  the  nearest  0.2  mL.  All  com- 
ponents were  then  dried  to  constant  weight  in  an  oven  at  60°C  to 
65°C  for  20-24  h  and  the  dry  weights  of  each  of  the  three  tissues 
measured.  Only  mature  specimens  w  ith  a  gonad  dry  weight  <0.00l 
g  were  included  in  statistical  compaiisons. 

After  all  tissue  was  removed,  the  valves  of  each  scallop  were 
rearticulated  and  the  height,  width  and  length  were  measured  to  the 
nearest  0. 1  mm  using  digital  calipers.  To  estimate  the  volume  of  a 
collection  of  whole  scallops,  rearticulated  shells  were  taped  back 
together  and  the  entire  saniple  from  each  sampling  date  and  loca- 
tion was  placed  inside  a  5,000-mL  graduated  beaker.  The  dr\ 
volume  of  the  entire  sample  was  estimated  to  the  nearest  100  niL. 


This  process  was  repeated  three  times  and  an  average  volume  was 
calculated  to  estimate  the  error  \ariance  associated  with  the  pack- 
ing of  the  shells. 

The  uneven  sampling  effort  resulted  in  a  matrix  of  sample  dates 
and  locations  that  was  not  amenable  to  a  full  factorial  design. 
Initial  analysis  of  the  data  was  conducted  using  an  analysis  of 
covariance  (ANCOVA).  with  the  variable  of  interest  as  the  depen- 
dent factor  (shell  height,  adductor  muscle  dry  weight,  muscle  vol- 
ume, or  gonadal-somatic  index  [GSI]),  site  as  a  categorical  factor, 
and  Julian  date  as  a  covariate.  We  calculated  GSI  as  the  ratio  of 
reproductive  tissue  to  all  other  tissue  (muscle  and  viscera).  When 
the  ANCOVA  model  showed  that  the  parameter  of  interest  varied 
significantly  either  temporally  or  between  sites,  further  analysis 
was  conducted.  We  used  either  Dunn  multiple  comparison  test  or 
Tukey  multiple  comparison  test  for  uneven  sample  sizes  to  identify 
differences  between  collection  dates  within  each  site  or  between 
sites  within  each  month.  We  calculated  growth  rate  for  each  sub- 
population  by  least  .squares  linear  regression,  using  shell  height  as 
the  dependent  variable  and  Julian  calendar  day  as  the  independent 
variable.  In  each  of  the  six  regressions  the  residuals  were  normally 
distributed  and  homoscedastic.  The  slope  of  the  resulting  equation 
can  be  interpreted  as  the  gi'owth  rate  in  nim  per  day. 

Recruit  Monitoring 

As  part  of  an  ongoing  study  (Arnold  et  al.  1998,  2005)  recruit 
collectors  were  deployed  in  3  of  our  study  sites:  Anclote,  Homo- 
sassa and  St.  Joseph  Bay.  Each  recruit  collector  consisted  of  a 
4-mm  mesh.  1/2-bushel  citrus  bag  containing  a  30  x  48-cm  panel 
of  4-mm  mesh  polypropylene  (Ambrose  et  al.  1992).  The  collector 
was  attached  0.23  m  above  a  cinder  block  anchor  with  1/2-inch 
polypropylene  rope.  A  small  plastic  donut  float  was  attached  to  the 
opposite  end  of  the  trap,  and  a  crab-trap  float  w  as  attached  to  the 
distal  end  of  the  rope,  each  helping  to  keep  the  trap  in  a  roughly 
vertical  orientation  off  the  bottom. 

Each  trap  was  placed  in  seagrass  beds  at  depths  of  0.3- 1 .3  m  of 
water  at  low  tide.  Twenty-four  collectors  were  deployed  at  each 
site,  composed  of  2  sets  of  12,  paired  stations.  At  each  station,  one 
trap  from  each  pair  was  pulled  on  alternate.  3-week  target  sched- 
ules, so  that  each  trap  soaked  for  roughly  6  weeks  (median  =  43 


TABLE  L 

Summary  of  collection  dates  and  sample  size  of  bay  scallops  [Argopecten  irradiaus)  during  20(12.  The  six  collection  locations  are  listed  in  the 
First  column,  and  total  sample  sizes,  n,  fur  each  location  are  shown  in  the  last  column.  Indi>idual  collection  dates  and  sample  sizes  for  each 

date  (given  in  parentheses)  are  listed  hy  month. 


Location 

April 

May 

June 

July 

August 

September 

October 

Total 

Anclote 

4/24  (28) 

5/08(14) 
5/30  (29) 

7/01  (21)) 
7/16(30) 

S/()9  (33) 
8/29  (.30) 

4/17  (.30) 

10/08  (32) 

260 

Homosassa 

4/24  (30) 

5/08  (34) 
5/30  (30) 

6/21  (23) 

7/16  (.30) 

S/12  (.30) 
8/29  (30) 

9/17  (30) 

10/10  (30) 

267 

Steinhatchee 

5/17  (29) 

6/20  (30) 

7/10  (.W) 
7/17  (30) 
7/31  (30) 

8/13  (30) 

9/03  (30) 

209 

St.  IVlarks 

6/25  (33) 

7/15  (.30) 

8/05  (30) 
8/27  (33) 

9/20  (30) 

156 

Lanark 

.5/16(30) 

6/0.'S  (30) 

7/09  (30) 
7/31  (.30) 

8/22  (30) 

9/12  (30) 

180 

St.  Joseph  Bay 

5/17  (05) 
5/26  (28) 
5/31  (10) 

6/12  (29) 

7/17  (32) 

8/15  (30) 

9/19  (30) 

154 
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days).  Actual  soak  times  varied  between  36  and  84  days.  Each  trap 
was  retrieved  and  placed  in  a  labeled  garbage  bag  without  other 
preservation  and  was  examined  at  a  later  date  for  scallop  recruits. 
All  surfaces  (inside  and  outside  of  the  citrus  bag.  and  both  sides  of 
the  polypropylene  mesh)  were  examined  with  the  naked  eye,  and 
all  spat  were  removed  and  counted.  Recruitment  rate  was  calcu- 
lated as  the  number  of  recruits  divided  by  the  number  of  days  the 
trap  had  soaked.  Mean  recruitment  rates  were  calculated  weekly 
for  each  station  by  averaging  the  recruitment  rate  of  all  collectors 
at  each  location.  Results  are  presented  for  traps  retrieved  during 
the  period  of  July  2001  to  June  2003. 

RESULTS 

Initial  analyses  using  ANCOVA  showed  that  each  of  the  4 
variables  of  interest  (shell  height,  adductor  muscle  dry  weight, 
adductor  muscle  volume  and  the  ratio  of  gonadal-somatic  index) 
varied  both  between  sites  and  temporally  (Table  2).  In  each  case 
the  interaction  term  was  also  significant,  indicating  that  the  dif- 
ferences between  the  six  sites  were  not  consistent  during  the  6 
months  of  the  study.  Further  analyses  were  focused  on  elucidating 
where  these  differences  existed. 

The  overall  trend  was  for  shell  height  to  increase  at  each  site 
during  the  course  of  the  study  but  at  rates  that  varied  between  sites. 
The  growth  rate  ranged  from  0.075  mm  day"'  at  Lanark  Village  to 
0.208  mm  day  '  at  St.  Marks  (Table  3).  Immediately  prior  to  the 
July  1st  opening  of  the  recreational  harvest  season,  mean  shell 
heights  at  Anclote  and  Lanark  were  significantly  larger  than  they 
were  at  the  other  four  sites.  During  the  middle  of  the  harvest 
season  (late  July  and  early  August)  mean  shell  height  had  in- 
creased slightly  and  was  uniform  across  the  sample  region,  with 
the  exception  of  one  sample  period  (August  9-29),  when  the  scal- 
lops at  St.  Joseph  Bay  were  smaller  than  scallops  at  all  other  sites 
(Table  3).  At  the  conclusion  of  the  harvest  season,  shell  heights  at 
most  sites  had  continued  to  increase  slightly  and  were  similar  at 
most  sites.  The  exceptions  were  the  scallops  at  St.  Marks,  which 
had  grown  significantly  larger  than  those  at  all  other  sites. 

Adductor-muscle  dry  weight  and  volume  both  changed  in  simi- 
lar ways  during  the  course  of  the  study,  exhibiting  two  general 
trends.  At  St.  Joseph  Bay,  adductor  muscle  volume  increased 
throughout  the  season.  At  the  other  locations,  muscle  volume 
peaked  in  August  then  declined  in  September  and  October  (Fig.  2). 
Adductor-muscle  dry  weight  peaked  in  August  and  September  at 


TABLE  3. 

Observed  growth  rates  in  bay  scallops  [Argopeclen  irrailians).  The 

groHth  rale  ((JRl  of  the  shell  height  (mm  day  ')  for  each 
suhpopulation.  and  coefficient  of  determination  (r'l  for  the  least 
squares  linear  regression  are  given.  Each  regression  equation  was 

significant  at  P  <  O.OOL  Sample  sizes  are  the  same  as  the  total 

sample  size  in  Table  I.  Mean  shell  heights  are  given  for  the  period 

immediately  prior  to  harvest  season  (6/5  to  6/26:  except  Anclote, 

where  samples  were  collected  on  the  first  day  of  the  harvest  season, 

7/1),  during  mid-season  (S/4  to  8/291,  and  after  the  ha^^est  season 

had  ended  (4/12  to  9/2(1;  except  Sleinhatchee,  where  the  last 

collection  occured  on  9/,^,  seven  days  prior  to  the  end  of  the  harvest 

season).  Similar  groups,  as  determined  by  Tukey  multiple 

comparison  test  for  unequal  sample  sizes,  are  indicated  by  the 

same  letter. 


Pre- 

Mid- 

Post- 

GR 

r- 

season 

season 

season 

Anclote 

0.090 

0.4676 

54.3-' 

60.1' 

59.0" 

Hoinosassa 

0.087 

0.4897 

45.8'' 

57.3-' 

58.9" 

Steinhalchee 

0.132 

0.5023 

43.8'' 

57.7-' 

55.9" 

St.  Marks 

0.207 

0.5663 

43. 1 " 

56.2' 

63.3-' 

Lanark  Village 

0.075 

0.4056 

541-' 

59.6-' 

60.7" 

St.  Joseph  Buy 

0. 1 35 

0.6301 

45.7" 

.54.5" 

57.8" 

St.  Marks  and  St.  Joseph  Bay.  At  the  other  four  sample  locadons. 
August  peaks  were  followed  by  declines  in  September  and  October 
(Fig.  3). 

Gonad  dry  weight  also  changed  over  the  course  of  the  study, 
again  having  two  general  trends.  At  the  peninsular  locations  (An- 
clote, Homosassa  and  Steinhatchee)  gonad  dry-weight  initially  in- 
creased slowly  then  leveled  off  in  August  and  September.  In  Pan- 
handle sites  (St.  Marks,  Lanark  and  St.  Joseph  Bay),  gonad  dry 
weight  also  initially  increased  slowly  but  then  increased  rapidly  in 
September  to  a  much  greater  extent  than  at  the  three  peninsular 
sites  (Fig.  4). 

Changes  in  gonadal-somatic  index  (GSI)  followed  two  distinct 
trends.  GSI  at  all  sites  was  low  when  the  study  was  initiated;  mean 
values  ranged  from  0.02-0.05  during  April  through  June  (Fig.  5). 
At  the  three  peninsular  sites,  significant  increases  in  GSI  were 
observed  in  August  and  September,  but  the  mean  GSI  never  ex- 
ceeded 0. 1 2.  At  the  three  Panhandle  sites,  the  increases  in  GSI  that 


TABLE  2. 

Analysis  of  covariance  results  from  analyses  of  site-specific  and  temporal  \ariation  in  four  measures  of  growth  and  reproduction  in  bay 

scallops  (Argopecleii  irradiaiis)  during  20(12:  shell  height,  adductor  muscle  dry  weight,  muscle  volume,  and  the  ratio  of  reproductive  to 

somatic  tissue.  For  each  variable,  there  was  one  degree  of  freedom  for  each  of  the  model  and  date  components,  five  degrees  of  freedom  for 

both  the  by-site  comparisons  and  interaction  terms,  and  1,214  degrees  of  freedom  for  the  error  term.  The  mean  square  and  F  value  for 

ANCOVA  results  for  each  regression  term  are  given.  .VII  /'  values  were  <0.(I1. 


Site  X  Date 

Error 

Intercept 

Site 

Date 

Interaction 

Shell  heiiihl 

MS 

23.26 

25177.70 

539.65 

25779.99 

538.68 

F 

1082.60 

23.20 

1108.49 

23.16 

Adductor  dry  weight 

MS 

0.12 

30.39 

1 .03 

30.71 

1 .03 

F 

250.78 

8.47 

253.49 

8.51 

Muscle  volume 

MS 

1.34 

531.23 

14.00 

536.62 

14,06 

F 

392.62 

10.40 

398.62 

10.44 

Goiiad:iiiuscle  ratio 

MS 

0.001  1 

1.0101 

0.0989 

1.0147 

0.0990 

F 

892.88 

8741 

897.01 

87.50 
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Figure  2. 
Midpoint 


Q.       U 
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occurred  in  September  were  more  pronounced.  Mean  GSI  in  Sep- 
tember increased  to  values  of  0.20  in  Si.  Marks.  0. 14  in  Lanark  and 
0.19  in  St.  Joseph  Bay. 

Three  trends  in  the  number  of  scallops  estimated  to  be  har- 
vested by  someone  collecting  their  recreational  limit  were  ob- 
served. First,  the  number  of  scallops  that  can  be  legally  harvested 
generally  declines  as  the  season  progresses,  regardless  of  which 
measure  is  used  (Fig.  6).  This  trend  was  not  entirely  linear,  and  an 
increase  in  the  number  of  scallops  harvested  using  the  one-pint 
limit  did  occur  late  in  the  season  because  muscle  size  began  to 
decline.  Second,  more  scallops  could  be  legally  harvested  by 
someone  shucking  their  scallops  at  sea  and  collecting  one  pint  of 
meat  than  by  someone  collecting  two  gallons  of  whole  scallops 
and  shucking  them  on  shore.  This  pattern  is  especially  true  early  in 
the  season,  but  the  disparity  declines  as  the  season  progresses. 
Finally,  during  the  harvest  season  Lanark  had  the  largest  scallops 
with  the  largest  adductor  muscles,  .so  a  fisher  harvesting  their  legal 
limit  from  this  area  would  take  fewer  scallops  than  at  any  other 
area. 

If  the  harvest  season  were  to  open  in  May.  a  legal  harvest 
would  range  from  65-215  whole  scallops  and  between  213  and 
429  shucked  scallops  (Fig.  6).  Under  current  regulations,  when  the 
season  opens  on  July  1.  legal  harve.st  would  range  from  55-203 
whole  scallops  or  143-342  shucked  scallops.  When  scallops  at 
most  sites  achieved  peak  muscle  size  during  early  August  (midway 
through  the  harvest  season),  legal  harvests  ranged  from  41-112 
whole  scallops  or  84-1 16  shucked  scallops.  Thus,  there  is  a  dis- 


parity between  sites  in  the  number  of  scallops  that  could  be  legally 
harvested,  but  this  disparity  declines  as  the  season  progresses. 

In  each  year,  all  three  monitored  suhpopulations  had  recruit- 
ment that  occurred  with  peaks  but  also  with  protracted  periods  of 
\cry  low  levels  of  recruitment  (Fig.  7).  At  Anclote.  spat  settled 
over  a  protracted  period  in  both  years.  Recruitment  peaked  from 
lute  October  2001  through  January  2002.  but  some  recruits  were 
collected  in  every  sample  period  from  August  2001  through  May 
20(J3.  Modest  peaks  also  occurred  in  August  and  during  October 
through  December  2002.  At  the  Homosassa  site,  spat  recruited  to 
collectors  from  August  through  June,  with  peaks  in  September 
2001  through  January  2002  and  again  in  August  through  Novem- 
ber of  2002.  In  St.  Joseph  Bay.  we  observed  recruitment  through- 
out the  study.  A  large  peak  in  recruitment  began  in  October  2001 
and  continued  through  January  2002.  A  more  modest  peak  in 
recruitment  was  observed  in  late  October  and  continuing  through 
November  in  2002.  One  clear  trend  is  that  Homosassa  traps  (maxi- 
mum rate  of  0.38  spat  per  bag  per  day)  collected  scallops  at  a  rate 
roughly  one  order  of  magnitude  less  than  Anclote  traps  did  (maxi- 
mum rate  of  6.3  spat  per  bag  per  day),  and  Anclote  traps  collected 
scallops  at  a  rate  roughly  one  order  of  magnitude  less  than  traps  in 
St.  Joseph  Bay  did  (maximum  rate  of  48  per  bag  per  day). 

DISCUSSION 

In  the  six  suhpopulations  of  bay  scallops  that  we  sampled  from 
Florida  waters,  we  observed  higher  than  expected  variability  be- 
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Figure  3.  Mean  dry  weight  of  adductor  muscles  of  bay  scallops.  Argopecteii  irradians.  from  six  suhpopulations  along  Florida's  Gulf  of  Mexico 
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tween  sites  and  predictable  but  still  variable  temporal  changes.  In 
each  subpopulation,  we  documented  growth  and  development  to- 
wards a  maximal  spawning  condition  in  early  fall,  as  predicted  by 
previous  studies  (Barber  &  Blake  1983).  All  six  subpopulations 
showed  a  positive  trend  in  shell  height  and  gonad  weight,  and  all 
of  the  subpopulations  experienced  a  relative  increase  in  mean 
muscle  weight  and  volume  during  the  initial  portion  of  the  study. 
However,  there  were  regional  differences  in  the  amount  of  energy 
devoted  to  somatic  growth  versus  gonad  growth  and  reproduction. 
The  scallops  from  the  Florida  Panhandle  sites  had  more  pro- 
nounced increases  in  gonadal-somatic  index  in  September  than  did 
scallops  from  the  peninsular  sites. 

Changes  in  the  value  of  a  ratio  can  occur  when  either  of  its 
components  change  but  can  also  remain  the  same  when  both  com- 
ponents change  similarly.  In  this  study,  increases  in  GSl  might  be 
expected  at  the  peninsular  sites,  because  scallops  at  all  three  had 
decreases  in  muscle  weight  and  volume  in  the  fall.  However,  go- 
nad weight  also  declined  (indicative  of  a  spawning  event),  so  the 
ratio  changed  little.  The.se  observations  do  not  support  the  expec- 
tation that  energy  reserves  were  Iransfen-ed  from  muscle  to  gonad. 
In  two  of  the  three  Panhandle  sites  (Lanark  and  St.  Marks),  scallop 
muscle  weight  declined,  whereas  gonad  weight  increased,  result- 
ing in  significant  increases  in  GSI.  evidence  that  would  support  the 
expectation  of  a  transfer  of  energy  from  muscle  to  gonad.  These 
two  subpopulations  are  most  similar  to  scallops  observed  by  Sastry 
(1966)  and  Barber  and  Blake  (1985)  in  which  energy  reserves  in 
muscle  and  digestive  gland  were  transferred  into  reproductive  tis- 


sue. In  St.  Joseph  Bay.  both  muscle  and  gonad  weights  increased, 
whereas  GSI  increased  greatly.  Thus,  a  contrast  between  scallops  in 
the  two  regions  suggests  that  in  2002.  those  at  peninsular  sites  had 
limited  energy  available  for  an  early  fall  spawn,  whereas  those  at 
Panhandle  sites  had  relatively  more  energy  for  a  late  fall  spawn,  as 
seems  to  be  evidenced  by  the  actual  size  of  the  gonad  or  the  GSI. 

Studies  of  recruitment  can  supply  evidence  supporting  the  as- 
sumption that  peaks  in  gonad  weight  and  GSI  are  correlated  with 
a  successful  spawning  event.  Settlement  of  scallops  on  spat  col- 
lectors occurred  contemporaneously  with  peaks  in  GSI  (this 
study).  At  Anclote.  spat  settled  over  a  protracted  period  (August 
2002  through  January  2003).  The  initiation  of  this  recruitment  was 
concurrent  with  the  weak  peak  in  GSI.  Similarly,  at  the  Homosassa 
site,  a  weak  peak  in  GSI  was  observed  in  August,  and  again,  spat 
recruited  to  collectors  in  August  through  December.  In  St.  Joseph 
Bay.  before  we  discontinued  this  study,  we  observed  a  peak  in  GSI 
m  September,  A  large  peak  in  recruitment  began  in  November 
2002  and  continued  through  January  of  2003,  suggesting  that  the 
large  energetic  reserves  we  observed  translated  into  a  large  recruit- 
ment event  in  St.  Joseph  Bay. 

Bologna  (1998)  suggested  that  the  St,  Jo.seph  Bay  subpopula- 
tion spawned  year-round  but  that  the  peak  of  the  spawning  season 
varied  from  year  to  year.  In  that  study,  gonadal-somatic  condition 
peaked  during  the  winter,  but  recruits  were  collected  in  nearly 
every  month.  Barber  &  Blake  (1981.  1983)  found  that  the  scallops 
in  the  Anclote  estuary  devoted  most  of  their  assimilated  energy  to 
somatic  growth  in  spring.  Histological  analysis  indicated  that  oo- 
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Midpoint,  mean;  box,  standard  error;  bars,  standard  deviation.  Groups  that  are  not  signiflcanlly  different  are  indicated  by  the  same  letter(s). 


genesis  was  occurring  without  large  increases  in  gonad  size  during 
May.  Muscle,  mantle  and  digestive  tissue  weiglits  peaked  in  Au- 
gust. Further  tissue  growth  was  limited  to  increased  gonad  size  in 
the  early  tall,  including  transfers  of  stored  energy  from  muscle  and 
viscera  to  the  gonad.  Cytoplasmic  growth  and  vitellogenesis  were 
associated  with  both  increases  in  gonad  weight  (or  body  compo- 
nent index)  and  plateaus  then  declines  in  muscle  weight  (Barber  & 
Blake  1983).  The  3-year  study  found  that  the  initiation  of  this 
process  varied  between  the  beginning  of  June  and  the  middle  of 
July  but  always  peaked  in  September.  Their  observations  compare 
well  with  ours. 

The  variability  observed  in  shell  size  showed  no  easily  discem- 
able  regional  pattern.  The  two  sites  at  which  shell  sizes  were 
statistically  larger  than  the  others  at  the  beginning  of  the  study 
(Lanark  and  Anclote)  are  interspersed  spatially  among  the  other 
four  sites.  By  September,  all  mean  shell  heights  were  around  60 
mm  at  all  of  the  sites.  The  simplest  explanation  would  be  that  at  or 
near  that  size,  scallops  along  Florida's  gulf  coast  begin  to  use 
available  energy  for  reproduction.  Evidence  from  recruitment  stud- 
ies supports  this  claim.  At  the  Anclote  and  Honiosassa  sites,  re- 
cruitment began  in  August  and  continued  through  the  fall,  whereas 
very  little  recruitment  was  observed  in  St.  Joseph  Bay  (whose 
mean  shell  height  was  smallest  in  2002)  until  January  2003.  Al- 
ternatively, St.  Joseph  Bay  animals  may  have  been  devoting  en- 
ergy to  spawning  in  the  spring  of  2002.  as  suggested  by  observed 
recruitment  throughout  the  spring,  whereas  the  Anclote  and  Ho- 
mosassa  subpopulations  did  not  produce  a  large  number  of  spring 


recruits.  The  St.  Joseph  Bay  animals  may  have  been  in  a  refractory 
state  during  summer  of  2002  in  preparation  for  a  second  major 
spawning  event. 

One  possible  explanation  for  the  discrepancies  in  sizes  between 
sites  is  that  the  subpopulations  with  smaller  mean  sizes  in  May  had 
recruited  more  recently.  The  adults  used  in  this  study  would  have 
recruited  sometime  during  fall  2001  or  winter  2002.  Evidence  from 
recruitment  in  fall  of  2001  and  winter  and  spring  of  2002  does  not 
support  the  hypothesis  for  earlier  recruitment  at  Anclote  and  Ho- 
niosassa relative  to  St.  Joseph  Bay.  At  the  Homosassa  site,  minor 
peaks  in  recruitment  occurred  in  September  through  October  and 
in  December,  but  some  recruits  were  collected  in  all  months  from 
August  2001  through  May  2002.  Both  the  St.  Joseph  Bay  and 
Anclote  subpopulations  recruited  in  fairly  distinct  peaks  during 
late  fall  2001  and  early  winter  2002.  but  if  anything,  the  peak 
recruitment  in  St.  Joseph  Bay  was  earlier,  around  November  1st, 
than  at  Anclote,  which  peaked  closer  to  December  1st.  The  over- 
lapping recruitment  periods  indicate  that  differences  in  settlement 
date  were  not  responsible  for  the  differences  in  size  during  May  of 
2002. 

A  second  possible  explanation  for  the  difference  in  size  be- 
tween subpopulations  is  that  those  differences  are  genetically 
based.  Marelli  et  al.  (1997)  and  Marelli  &  Arnold  (2001)  studied 
morphological  and  genetic  differences  between  Florida's  Gulf  of 
Mexico  bay  scallop  subpopulations.  They  suggested  that  the  mor- 
phological differences  between  local  subpopulations  were  minimal 
and  that  all  of  the  subpopulations  studied  were  part  of  the  local 
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subspecies.  In  those  studies,  neighboring  subpopulations  were  of- 
ten more  dissimilar  than  more  distant  populations  and  little  or  no 
geographic  pattern  was  apparent  within  the  Florida  subpopula- 
tions. We  conducted  size-adjusted  principal  components  analysis 
on  morphological  data  following  Marelli  et  al.  (1997)  and  found 
results  similar  to  theirs  (unpublished  data).  There  was  no  readily 
apparent  difference  in  the  shape  of  any  of  the  scallop  subpopula- 
tions' shells  nor  was  there  a  discemable  geographic  trend  (two  of 
the  closest  subpopulations.  St.  Marks  and  Lanark,  were  the  most 
different).  Patterns  of  gene  flow  between  subpopulations.  as  influ- 
enced by  the  complex  nearshore  hydrography  of  the  Florida  Shelf 
(Yang  &  Weisberg  1 999).  may  affect  spatial  and  temporal  patterns 
of  genetic  variation.  It  seems  unlikely  that  any  of  the  differences 
observed  in  tissue  weights  can  be  e.xplained  by  genetic  variation; 
rather,  small-scale  variation  in  the  physical  or  biotic  environments 
probably  resulted  in  the  observed  differences  in  2002. 

Bricelj  et  al.  (1987)  summarized  the  changes  in  spawning  pat- 
terns of  bay  scallops  from  3  lalitudinally  distinct  populations:  Mas- 
sachusetts. New  York  and  Florida.  The  general  conclusions  were 
that  northern  populations  showed  more  discrete  peaks  in  spawning 
activity,  whereas  southern  populations  had  more  protracted  spawn- 
ing seasons.  In  the  northern  populations,  periods  of  somatic  growth 
occuiTed  in  spring,  prior  to  spawning,  and  again  in  summer  and 
early  fall.  In  the  northern  populations,  a  considerable  portion  of  the 
population  will  store  sufficient  energy  reserves  to  overwinter  and 
spawn  a  second  time.  These  animals  will  rapidly  resume  growth  of 
their  adductor  muscles  during  the  fall.  In  the  current  study,  we 


observed  two  distinct  patterns  of  growth.  In  the  peninsular  sub- 
populations,  changes  in  muscle  and  viscera  accounted  for  most  of 
the  early-summer  growth.  Spawning  began  in  late  summer,  remi- 
niscent of  the  pattern  previously  observed  in  scallops  from  Mas- 
sachusetts (Sastry  1970).  albeit  more  protracted  in  Florida's  scal- 
lops. Scallops  from  Florida's  Panhandle  subpopulations  continued 
to  grow  until  at  least  the  conclusion  of  our  study,  and  reproduction 
likely  peaked  late  in  the  fall,  reminiscent  of  the  spawning  patterns 
of  populations  from  the  Anclote  estuary  (Blake  &  Barber  1983)  or 
North  Carolina  (Sastry  1970). 

The  recreational  harvest  season  in  Florida  begins  during  a  pe- 
riod when  scallops  are  undergoing  rapid  growth,  but  the  initiation 
of  this  period  of  rapid  growth  varies  between  sites.  Thus,  at  the 
beginning  of  the  season,  there  is  high  between-site  variability  in 
shell  size  and  adductor  muscle  mass.  The  growth  is  most  notable 
in  changes  in  soft  tissues,  adductor  muscles  and  gonads.  As  a 
result,  at  some  locations,  many  more  scallops  could  legally  be 
harvested  than  at  others.  This  finding  is  especially  true  if  the 
scallops  are  shucked  at  .sea.  Between  July  1st  and  August  1st.  the 
number  of  legally  harvested  shucked  scallops  declines  by  about 
one  third  because  of  increases  in  adductor  muscle  volume,  a  pro- 
cess observed  at  all  sites.  This  decline  is  less  pronounced  for  whole 
scallops. 

A  short  delay  in  the  harvest  season  would  result  in  fewer  scal- 
lops being  taken  for  harvest,  possibly  allowing  more  scallops  to 
survive  until  fall  spawning.  A  delay  in  the  harvest  season  would 
also  allow  a  more  simple  understanding  of  harvest,  because  most 
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areas  would  have  a  similar  number  of  scallops  being  harvested  by 
each  person  collecting  their  limit.  However,  natural  mortality  rates 
are  poorly  understood  in  Florida's  scallop  subpopulations.  and  a 
delayed  harvest  may  not  result  in  a  large  net  gain  in  the  size  of  the 
reproductive  population.  Estimates  of  instantaneous  daily  natural 
mortality  in  Florida  between  0.0!  (Greenawalt  2002)  and  0.014 
(Bolocna  1998)  indicate  that  there  vMuild  be  rouizhly  259^  fewer 


scallops  present  on  opening  day  if  it  were  moved  from  July  1st  to 
August  1st.  The  effect  of  delaying  the  fishing  season  would  then 
depend  on  whether  fishers  continued  to  collect  scallops  at  the  same 
rate  1  month  later  (potentially  \ery  deleterious)  or  if  fishing  mor- 
tality, as  a  percentage  of  the  population,  remained  steady  (little  net 
difference). 

Another  consideration  in  chances  of  the  harvest  season  is  that 
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Figure  7.  Recruitment  rates  and  adult  shell  heights  (mean  ±  SD)  of  scallops  from  three  Florida  subpopulations  of  bay  scallops,  Argopecten 
irradians. 


Florida's  scallops  begin  to  lose  muscle  mass  in  September,  as 
energy  is  transferred  to  the  gonad  (this  study;  Barber  &  Blake, 
1985).  A  delay  in  opening  the  harvest  season,  assuming  the  10-wk 
duration  was  maintained,  might  actually  cause  an  increased  harvest 
of  those  scallops  that  had  managed  to  survive  until  the  fall  spawn- 
ing season.  Smaller  adductor  meats  would  lead  to  increased  har- 
vest if  a  person  collected  the  one-pint  limit  of  meat,  hut  the  larger 
shells  present  in  the  fall  would  result  in  smaller  yield  for  a  person 
collecting  a  limit  of  two  gallons  of  whole  scallops.  A  reduction  in 
the  duration  of  the  harvest  season  would  probably  be  unappealing 
to  the  tourism  industry  and  recreational  fishers  unless  considerable 
gains  in  stability  of  the  population  were  realized.  An  analysis  of 
the  tradeoffs  between  biological  gain  and  potential  economic 


losses  resulting  from  changing  the  dates  of  the  harvest  season 
should  be  made  before  any  management  actions  are  proposed. 
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ABSTHACT  The  gametogenic  cycle  and  breeding  sea.son  of  the  calico  scallop,  ArgopecWii  i>ihhiis  was  e.xamined  in  Bermuda  using 
i|uantitali\e  and  qualitative  methods.  Gonadal  index  varied  seasonally,  a  rapid  increase  occurring  in  the  winter  months  from  January 
to  March,  and  reaching  ma.\imum  \alues  in  March  and  April.  Greatest  gonad  growth  and  spawning  were  associated  with  low  seawater 
temperature  and  low  food  levels.  Variations  in  muscle  indices  implied  a  partial  reliance  on  muscle  reserves  during  the  early  stages  of 
oogenesis.  The  later  stages  of  ovarian  growth  (vitellogenesis  and  oocyte  maturation)  seemed  to  .show  a  direct  dependence  on  food 
supply.  Histological  analysis  indicated  the  initiation  of  gamete  development  in  early  fall,  when  cell  differentiation  was  first  observed; 
oocyte  ripening  took  place  in  late  fall  and  early  winter,  reflected  in  increased  oocyte  diameters  and  gonadal  indices.  The  lack  of 
spawning  activity  during  the  hot  summer  months  was  seen  histologically  by  the  high  proportion  of  spent  cells  in  the  gonads  and  a 
reduction  in  oocyte  size,  resulting  in  a  minimal  gonadal  index.  Individuals  with  gonad  indices  above  2  and  mean  oocyte  diameters 
exceeding  50  ixm  were  induced  to  spawn  with  thermal  shocks,  exceeding  70%  response  rate  in  oocyte  release  in  all  trials.  The  present 
study  extends  our  limited  knowledge  of  the  reproductive  cycle  in  this  subtropical  scallop  while  providing  a  useful  index  to  evaluate 
spawning  readiness  in  cultured  hroodstock  for  routine  hatchery  purposes. 

KEY  WORDS:     gametogenesis.  scallops,  spawning,  reproduction,  subtropical,  Argopecten  gibbiis 


INTRODUCTION 

Calico  scallops.  .4)-,i,'(>/)fc7f/(  gil^bus.  are  largely  restricted  to  the 
stibteinperate  and  tropical  waters  of  western  North  Atlantic  with 
the  major  stocks  distributed  from  Cape  Hatteras,  North  Carolina  to 
the  northeastern  Gulf  of  Mexico  (Waller  1969);  calico  .scallops 
have  also  been  collected  from  the  Greater  Antilles,  Bermuda  and 
the  western  portions  of  the  Gulf  of  Mexico  (Waller  1969).  This 
species  supports  a  coinmercial  fishery  off  the  East  Coast  of  the 
United  States  (Blake  &  Moyer  1991).  and  its  large-scale  culture 
has  been  investigated  in  Bermuda  for  the  purpose  of  stock  en- 
hancement and  commercial  activity  since  1996  (Sarkis  et  al.  2003). 
Although  much  has  been  reported  in  the  literature  for  the  related 
bay  scallop  species.  Argopecten  irradians.  little  infonnation  is 
available  for  the  calico  scallop,  especially  for  those  inhabiting 
Bermuda  waters.  Data  available  from  the  commercial  fishery  in  the 
United  States  has  generated  infonnation  on  settlement,  abundance 
and  yield  based  on  field  studies  (Roe  et  al.  1971),  population 
assessments  (Cummins  1971)  and  spawning  periods  in  relation  to 
environmental  parameters  (Allen  1979,  Miller  et  al.  1981). 

Know  ledge  of  the  reproductive  cycle  is  necessary  for  restock- 
ing and/or  mariculture  purposes.  Moyer  and  Blake  (1986)  have 
assessed  the  reproductive  cycle  of  calico  scallops  in  Florida  using 
gonadal  indices.  However,  as  docuinented  in  Argopecten  irradi- 
ans. latitudinal  differences  occur  in  the  timing  of  gametogenesis 
and  reproduction;  in  general,  reproductive  events  occur  later  in  the 
year  and  at  higher  water  teiiipcratuies  in  more  southern  latitudes 
(Barber  &  Blake  1991). 

The  present  study  describes  the  gametogenic  cycle  of  Ar- 
gopecten gibints  inhabiting  Bermuda  waters.  Although  the  use  of 
gonadal  indices  is  a  simple,  fast  and  inexpensive  method,  which 
may  be  routinely  used  in  hatcheries,  verification  of  reproductive 
events  pertaining  to  gamete  development  is  obtained  by  histologi- 
cal techniques  (Couturier  &  Newkirk  1991 ).  In  the  present  study. 
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quantitative  (gonad  index!  and  qualitative  (histology)  methods 
were  used  to  assess  the  reproductive  status  of  calico  scallops.  This 
further  allowed  for  testing  the  validity  of  relying  on  gonadal  indi- 
ces for  controlled  spawning  induction  of  A.  gibbiis  in  the  hatchery. 

MATERIALS  AND  METHODS 

Calico  scallops  reared  in  suspended  cultures  in  Harrington 
Sound.  Bermuda  (32°N,  64°W)  were  collected  on  a  monthly  basis 
from  December  2000  to  December  2002.  Each  satnple  consisting 
of  30  scallops  >50  mm  in  shell  height  was  transported  in  water  to 
the  pilot  hatchery  at  the  Bermuda  Biological  Station  for  Research 
(BBSR)  and  maintained  in  an  open  filtered  seawater  system  for  a 
24-h  period,  allowing  for  gut  clearance.  Scallops  were  scrubbed 
of  epibiota  and  shell  height  and  length  measured  to  the  nearest 
0.1  mm,  with  vernier  calipers.  Scallops  were  blotted  dry  and  total 
wet  weight  was  determined  using  a  Sarlorius  balance  (to  nearest 
0.01  g). 

A  subsaniple  of  15  scallops  was  used  for  determination  of 
gonad  and  muscle  indices  on  a  monthly  basis  for  a  two-year  period 
from  December  2000  to  December  2002;  in  the  second  year  of 
sampling.  December  2001  to  December  2002,  a  second  monthly 
subsample  of  10  scallops  was  taken  simultaneously  for  histological 
analyses. 

Tissue  Indices 

Various  condition  indices  have  been  used  to  characterize  the 
apparent  "health"  of  bivalves.  Lucas  &  Beninger  (1985)  in  a  criti- 
cal review  of  several  of  these  indices,  concluded  that  the  dry  tissue 
weight:dry  shell  weight  ratio  gave  meaningful  information  about 
the  physiological  state  of  the  animal,  including  reproductive  ac- 
tivity. In  the  present  study,  gonad  and  inuscle  indices  were  calcu- 
lated separately;  the  former  reflecting  gonad  development,  and  the 
latter  as  an  indication  of  seasonal  metabolic  changes,  possibly 
associated  with  gametogenesis  (Sarkis  1993).  Gonads  and  adduc- 
tor muscles  were  dissected,  and  dried  to  constant  weight  in  an  oven 
at  80°C.  Tissue  indices  were  calculated  as  follows:  (Dry  weight  of 
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tissue/dry  empty  shell  weight)  x  100;  where  a  high  gonadal  index 
is  indicative  of  mature  gonads,  and  a  lower  index  reflects  the  onset 
of  gametogenesis  or  spent  gonads. 

Histology 

To  obtain  further  insight  into  oogenesis  and  oocyte  maturation, 
samples  of  gonads  were  dissected  monthly  and  prepared  for  his- 
tological analysis.  A  small  distal  portion  of  the  gonad  (5  mm  x  5 
mm)  was  fixed  in  Bouin's  fluid  for  48-72  h  and  stored  in  70% 
ethanol  until  sectioning  (Naidu  1970).  Fixed  ovarian  tissue 
samples  were  processed  for  histology  according  to  standard  meth- 
ods for  marine  bivalves  (Howard  et  al.  2004).  The  fixed  tissues 
were  dehydrated  through  an  ascending  alcohol  series,  embedded  in 
wax.  cut  to  3-(a.ni  sections  and  stained  with  hematoxylin  and  eosin. 

Thin  sections  were  examined  under  a  compound  microscope 
(xlOO  magnification)  for  developmental  puiposes  and  categorized 
into  6  stages  based  on  Naidu  (1970)  and  Couturier  and  Newkirk 
(1991)  as  follows — Stage  I:  undifferentiated,  follicular  structure  is 
indistinct,  and  no  sex  cell  primordial  .Stage  2:  differentiated,  oo- 
cyte development  commences,  primary  oogonia  are  visible,  sex 
cells  range  from  13-25  ptm  in  diameter;  Stage  3:  developing, 
mostly  previtellogenic  and  vitellogenic  oocytes,  follicle  lumen  is 
open  or  only  partially  occluded,  and  oocyte  diameter  ranges  from 
30-70  fj-m;  Stage  4:  ripe,  gonads  show  packed  follicles,  the  fol- 
licular lumen  is  occluded,  there  is  no  interfollicular  space  visible, 
and  oocytes  range  60-70  p,m  in  diameter;  Stage  5;  spawning,  the 
follicle  lumen  is  opening,  follicle  size  diminishing  and  ripe  oocytes 
range  60-70  fa.m;  Stage  6:  spent,  follicles  are  empty  and  frequently 
filled  with  hemocyte  aggregations  on  slide  preparations,  and  an 
occasional  atretic  oocyte  is  present. 

Each  scallop  was  categorized  according  to  one  of  the  previous 
gonad  development  stages,  and  the  frequency  (%)  of  each  stage 
detemiined  for  monthly  samples.  The  data  were  plotted  as  cumu- 
lative histograms  while  assessing  the  developmental  stage  of  each 
scallop  under  the  microscope,  the  diameters  of  10  oocytes  were 
measured  randomly  in  each  indi\  idual  using  an  ocular  micrometer. 
Photomicrographs  of  representati\e  developmental  stages  were 
obtained  under  xlOO  magnification  using  a  digital  photomicros- 
copy  setup  (see  Fig.  3  later). 

Spawiiiiia  Induction 

Results  from  spawning  induction,  performed  during  the  course 
of  four  years  of  hatchery  operation  (1996-1998.  2002).  are  pre- 
sented here  for  comparison  with  conclusions  drawn  from  in-depth 
histological  data  determined  within  the  scope  of  this  study.  Cul- 
tured adults  were  obtained  from  field  sites  during  winter/early 
spring  (December  to  April),  and  the  gonadal  index  calculated  as 
previously  described  on  a  subsample.  Spawning  induction  was 
attempted  on  30  scallops  by  standard  thermal  cycling  shocks 
(Sarkis  et  al.  2003.  Boutiie  et  al.  1989).  The  proportion  of  spawn- 
ing females  was  calculated  for  each  trial,  as  an  indication  of 
spawning  success.  Comparisons  were  made  between  the  percent- 
age response  and  histological  state. 

RESULTS 
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Figure  I.  .Seasonal  fjonada!  index  of  cultured  Argopecten  gibhus.  Data 
points  represent  mean  +  SD  {n  =  15). 


though  fluctuations  in  gonadal  indices  were  large,  especially  in  the 
first  year  of  sampling,  the  trend  was  for  maximum  values  of  the 
index  during  the  winter  months,  and  minimum  values  during  the 
summer  months.  There  was  a  slight  increase  in  gonadal  indices 
diu-mg  the  autumn  months  (September  to  December),  remaining 
relatively  low  until  December  (0.2-0.9).  Thereafter,  a  rapid  in- 
crease in  gonad  weight  occurred  in  the  winter  months,  from  Janu- 
ary to  March,  reaching  maximal  values  in  March  and  April. 

The  time  required  for  scallops  to  attain  maximum  gonad  index 
varied  slightly  from  year  to  year,  with  maximum  \alues  observed 
in  April  in  2001  (3.07  ±  1.18).  and  in  March  during  2002  (2.13  ± 
0.831.  Variation  in  gonad  condition  among  individual  scallops  was 
large  particulariy  throughout  the  spawning  season  trom  February 
to  May.  implying  perhaps  low  synchronicity  in  spawning  among 
conspeeifics.  Gonadal  indices  were  at  their  lowest  during  the  suin- 
mer  months  from  June  to  August,  ranging  from  0.12  (±0.38)  to 
0.17  (±0.12)  in  2001.  and  0.33  (±0.14)  to  0.41  (±0.12)  in  2002, 
representing  a  "rest"  period. 

The  trend  in  adductor  muscle  indices  was  not  as  distinct  as  that 
seen  for  gonadal  indices  and  seasonal  fluctuations  were  not  as 
wide,  although  they  were  apparent  (Fig.  2).  Maximum  values  were 
generally  recorded  at  the  end  of  the  summer  months  in  September, 
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Tissue  Indices 

Gonadal  and  inuscle  indices  for  the  calico  scallop  reared  in 
Bermuda  waters  are  shown  in  Figures  1  and  2.  respectively.  Al- 


Date  collected 
Figure  2.  Seasonal  variation  in  adductor  muscle  index  in  cultured 
Argopeclen  gilihus.  Data  points  represent  the  mean  +  SD  (;/  =  15). 
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re;iL-hHig  5.33  ±  (1.65  iii  2001  ;iiid  4.W  ±  0.92  in  2002.  These 
coincided  with  low  gonadal  indices  (compare  Figs.  I  and  2). 
Muscle  indices  decreased  throughout  the  autumn,  as  gonadal  in- 
dices started  to  increase.  As  gonadal  indices  peaked  froni  January 
to  April,  muscle  indices  remained  low.  fluctuating  between  3.01  ± 
0.47  and  4.06  ±  1.03  in  both  years  of  the  study.  Variations  among 
indi\  iduals  were  seen  on  a  monthly  basis,  as  for  gonadal  indices. 
In  summary,  gonadal  indices  indicated  large  seasonal  fluctua- 
tions with  the  occurrence  of  well-defined  peaks  of  gonadal  activity 
during  the  winter  months  (January  to  April),  and  a  period  of  in- 
activity during  the  summer  months.  Muscle  indices  showed,  to  a 
certain  extent,  inverse  seasonal  fluctuations  to  those  recorded  tor 
gonadal  indices. 

Histology 

Photomicrographs  of  ovarian  developmental  stages  are  shown 
in  Figure  3.  Each  stage  is  easily  identified  by  the  type  of  cells 


present  or  absent,  the  shape  of  the  follicles  containing  gametes, 
and  the  size  of  the  oocytes. 

The  first  appearance  of  cell  differentiation  was  observed  in 
September,  when  the  gonad  consisted  of  609r  developing  cells 
(Fig.  4).  The  first  appearance  of  ripe  oocytes  was  recorded  in 
December,  and  the  gonad  at  this  time  consisted  mainly  of  devel- 
oping and  ripe  cells  (909;  in  2001  and  lOO'/r  in  2002)  (Fig.  4). 
Oocyte  ripening  occurred  during  the  winter  months,  from  Decem- 
ber to  March,  as  the  proportion  of  ripe  cells  increased  to  80%.  90% 
and  70%  of  the  gonad  in  February.  March  and  April,  respectively 
(Fig.  4).  During  these  three  months,  the  gonad  samples  consisted 
of  I007f  ripe  and  spawning  individuals,  implying  a  readiness  to 
spawn.  Between  April  and  June,  the  proportion  of  spawning  and 
spent  individuals  increased,  indicating  the  end  of  spawning  activity 
(Fig.  4).  By  the  month  of  August.  100%-  of  the  scallops  seen  were 
spent  and  contained  no  gametes  (Fig.  4). 

Seasonal  variations  in  mean  oocyte  diameter  are  recorded  in 
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Figure  3.  Stages  of  ovarian  development  in  cultured  Argopccten  f;ihhiis  (xKIO  magnification).  A.  undifferentiated:  B,  differentiated;  C.  devel- 
oping: D.  ripe:  E.  spawning:  F.  spent. 
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Figure  4.  Qualitative  assessment  of  reproductive  patterns  in  the  ovar- 
ian portion  of  tlie  gonad  of  cultured  Argopeclen  gibbiis  from  Bermuda. 
II  =  lU  animals  per  sample  date. 

Figure  5.  Microscopic  ob.servalion  of  histological  sections  of  ova- 
ries revealed  that  oocyte  size  was  comparable  in  individuals  col- 
lected during  oocyte  ripening  in  the  winter,  from  December  to 
April,  ranging  from  .')3.7  |j,m  to  63.5  |xm.  The  dramatic  decrease  in 
oocyte  size  to  23.1  \xm  seen  from  April  to  June  coincided  with  the 
histological  evidence  of  spawning  and  the  lack  of  gametogenic 
activity  seen  during  the  hot  suninicr  months. 

Spawning  Induction 

Results  obtained  in  the  hatchery  from  spawning  induction  trials 
yielded  a  spawning  success  of  70%  to  W/r  of  the  females  induced 
(Fig.  6)  when  gonadal  indices  exceeded  2.  Such  indi\  iduals  gen- 
erally responded  to  the  thermal  treatment  and  released  gametes 
within  90  inin  of  stimulation  and  most  individuals  did  so  in  a 
synchronous  manner.  Attempts  to  spawn  individuals  with  gonadal 
indices  below  or  equal  to  2  resulted  in  variable  success  with  gen- 
erally fewer  than  40%  of  individuals  responding  to  the  thermal 
shock  (Fig.  6). 

DISCUSSION 

The  present  study  suggests  that  calico  scallops  in  Bermuda 
undergo  reproduction  mainly  from  December  to  April,  and  possi- 
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Figure  5.  Seasonal  vaiiation  in  nuan  oocUe  diameter  in  culture  ,4r- 
gopecten  gibbus.  Points  represent  the  mean  +  S.I).  (»  =  100). 
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Figure  6.  Relationship  between  gonadal  indices  (line,  mean  +  SI),  n  = 
15)  and  female  spawning  response  (bars,  % ,  ;i  =  3(1  on  each  attempt  I 
following  thermal  stimulation  of  calico  scallops  in  the  hatchery. 

biy  May.  Gamete  differentiation  and  de\elopment  began  in  Sep- 
tember, associated  v\  ith  a  mean  oocyte  size  of  <20  (j.m.  low  go- 
nadal indices  and  maximal  muscle  indices.  Oocyte  development 
occuiTed  throughout  the  fall,  coinciding  with  a  gradual  increase  in 
mean  oocyte  diameter  and  gonad  weight,  and  a  reduction  in  ad- 
ductor muscle  indices.  The  first  ripe  scallops  appeared  in  Decem- 
ber when  mean  oocyte  diameter  exceeded  50  p.m  and  gonadal 
index  approached  1.  Oocyte  ripening  continued  during  the  winter 
months,  associated  with  low  muscle  indices  and  a  rapid  increase  in 
gonad  weight  yielding  by  February  a  gonadal  index  close  to  or 
above  2  with  80%  of  the  scallops  classified  as  ripe  and  showing 
some  evidence  of  spawning  in  histological  sections.  The  spawning 
period  extended  into  March  and  April,  and  was  reflected  in  the 
responses  obtained  from  controlled  spawning  trials  at  the  BBSR 
hatchery,  where  induced  indi\iduals  released  gametes  between 
February  and  April.  Optimal  spawning  responses  were  obtained 
when  gonadal  index  was  above  2,  coinciding  with  histological 
analyses  showing  ovaries  with  high  percentage  of  ripe  oocytes 
(>70%  ).  After  the  spawning  period,  both  gonadal  index  and  oocyte 
diameters  declined  rapidly  in  late  spring/early  summer,  and  his- 
tology showed  increased  propoilions  of  spent  individuals.  By  Au- 
gust, gonads  consisted  of  spent  cells  only,  resulting  in  minimal 
gonadal  indices  and  coinciding  with  a  lack  of  spawning  activity 
during  the  summer  months. 

The  spawning  period  of  the  calico  scallop  in  Bermuda,  extend- 
ing over  the  winter  months,  is  associated  with  colder  water  tem- 
peratures and  lower  food  availability.  This  cycle  differs  from  that 
recorded  for  the  same  species  in  Florida  (Moyer  &  Blake  19S6). 
where  two  spawning  periods  are  observed,  the  first  in  late  spring 
(April  to  June),  and  the  second  in  the  autumn.  As  mentioned  pre- 
viously, latitudinal  differences  in  gametogenesis  have  been  re- 
corded within  a  species,  explained  in  part  by  spatial  differences  in 
enx'ironiiienlal  influences,  namely  those  of  food  and  temperature 
(Barber  &  Blake  1985.  MacDonald  &  Thompson  1988). 

Temperature  is  most  often  cited  as  influencing  bivalve  repro- 
duction and  triggering  spawning.  Gamete  maturation  for  Ar- 
gopecwn  Kihbiis  in  Bermuda  coincided  with  minimal  sea  surface 
temperatures  ranging  from  16^'C  to  18°C  (Doug  Connelly,  unpub- 
lished data).  Blake  &  Moyer  ( 1991 )  found  that  the  required  thresh- 
old temperature  for  gonad  development  and  ripening  for  the  same 
species  in  Florida  was  of  I9°C  to  20°C.  They  further  concluded 
that  temperatures  above  22°C  stopped  gonad  ripening  and  spawn- 
ing did  not  occur,  which  agrees  with  the  results  in  the  present  study 
where  spawning  terminated  in  late  spring  at  temperatures  above 
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21"C.  and  a  lack  of  gametogenic  activity  was  seen  during  the 
warmer  months  (July  and  August),  when  sea  surface  temperatures 
reached  a  maximum  (2y°C)  (Doug  Connelly,  unpublished).  How- 
ever, in  keeping  with  the  annual  variations  in  gonadal  indices 
reported  in  the  present  study.  Manuel  (2001  )  recorded  yearly  tluc- 
tuations  in  peak  spat  settlement  periods  in  the  field.  These  varia- 
tions may  be  as.sociated  with  changes  in  sea  surface  tempera- 
tures and  food  supply  between  years,  because  environmental 
characteristics  of  Bermuda's  inshore  waters,  habitat  to  these  scal- 
lop species,  have  been  known  to  be  wind-driven  and  hence  highly 
variable;  this  is  especially  apparent  in  the  liming  of  "bloom"  con- 
ditions, expressed  as  chlorophyll  a  {].9}  pig  chl  o.L"'),  occuixing 
during  late  fall  or  early  winter  (November  and  December)  (Doug 
Connelh,  unpublished).  The  trend  seen  in  the  muscle  index  points 
to  the  relationship  between  "bloom"  occurrences  and  gonadal  de- 
velopment in  the  early  stages  of  oogenesis,  and  it  implies  to  a 
certain  extent  a  direct  dependence  on  external  food  supply  for 
oocyte  ripening  during  periods  of  low  food  availability  in  late 
winter/early  spring  (0.42  |jLg  chl  o.L"')  (Doug  Connelly,  unpub- 
lished). Similar  conclusions  were  drawn  by  Manuel  (2001)  for 
another  scallop  species  inhabiting  Bermuda  waters,  Euvola 
(Pc'cteiij  zicziic. 

Thermostimulation  has  proven  efficient  and  rapid  for  inducing 
spawning  in  calico  scallops  in  Bermuda  with  a  mean  gonadal  index 
above  2,  compared  with  other  species  (Monsalvo-Spencer  et  al. 
lyyV).  To  date,  thermal  shock  seems  to  be  the  most  efficient 
method,  for  inducing  sperm  and  ova  release  in  hatchery  scallops 
(Monsalvo-Spencer  et  al.  1997).  and  this  is  especially  true  for 
pectinidae,  where  a  critical  temperature  range  or  minimum  thresh- 
old temperature  has  been  most  frequently  implicated  in  the  initia- 
tion of  .spawning  (Barber  &  Blake  1983,  Moyer  &  Blake  1986). 


However,  variable  responses  have  been  obtained  using  thermal 
shock  induction  in  Bermuda  with  scallops  ha\  ing  a  gt)nadal  index 
close  to  or  below  2.  This  points  to  the  influence  of  other  factors  in 
controlled  spawning  events,  perhaps  related  to  hatchery  procedures 
and/or  to  natural  spawning  cues.  For  example,  it  has  been  shown 
that  spawning  in  cultured  and  natural  populations  of  various  scal- 
lops does  not  appear  to  occur  until  the  majority  of  the  animals  in 
a  population  have  ripe  gonads,  normally  above  70'/f  or  more  of  the 
populations  (Lubet  et  al.  1991.  Couturier  1994,  Lohrmann  &  Von 
Brand  2005).  In  this  study,  fluctuations  seen  in  gonadal  index 
among  individuals  on  a  monthly  basis  indicate  a  heterogeneity 
within  the  sample,  and  should  be  given  closer  consideration  when 
mean  index  is  low;  it  may  well  be  that  sample  size  for  hatchery 
spawning  induction  needs  to  be  increased  at  this  time,  to  ensure  a 
larger  proportion  of  ripe  animals.  In  addition,  it  may  be  worthwhile 
investigating  the  influence  of  other  spawning  cues  on  calico  scal- 
lops in  Bermuda.  Several  of  these,  such  as  salinity,  lunar  phase, 
light,  dissolved  oxygen,  pH,  mechanical  shock  and  various  chemi- 
cals and  food  pulses  have  been  examined  for  other  pectinid  species 
through  correlation  with  field  observations  and  more  rigorous 
laboratory  experiments  (Gibbons  &  Castagna  1984,  StaiT  et  al. 
1990,  Velez  et  al.  1990.  Desrosiers  &  Dube  199.\  Jamaillo  et  al. 
1993.  Couturier  1994). 

In  conclusion,  it  seems  necessary  for  the  calico  scallop  to  ha\e 
a  mean  gonadal  index  value  >2  for  a  good  response  to  spawning 
induction  via  thermal  shocks.  It  can  be  further  added  that  the  use 
of  gonadal  indices  for  routine  hatchery  purposes  provides  a  good 
snapshot  of  the  reproductive  status.  However,  to  have  a  thorough 
understanding  of  gametogenic  events  in  a  specific  population  in 
relation  to  gonadal  indices,  histological  assessments  of  reproduc- 
tion in  scallops  is  wananted  in  a  first  instance. 
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ASSORTATIVE  FERTILIZATION  IN  CHIAMYS  FARRERI  AND  PATINOPECTEN  YESSOENSIS 
AND  ITS  IMPLICATION  IN  SCALLOP  HYBRIDIZATION 


ZHENGMING  LU,'"  AIGUO  YANG."  QINGYIN  WANG."*  ZHIHONG  LRI-  AND 
LIQING  ZHOII- 

'Ufe  Sciences  and  Tcchnoloiiy  Collci^c.  Ocean  University  ofCliina.  Qini^daii.  People's  Republic  of 
China.  266()(l.\-  -Key  Laboratory  for  Sustainable  Utilization  of  Marine  Fisheries  Resources.  Ministry  of 
Agriculture.  Yellow  Sea  Fisheries  Research  Institute.  Chinese  Academy  of  Fishery  Sciences. 
Qingdao.  People 's  Republic  of  China  266071 

ABSTRACT  Assortative  mating  and  reduced  hybrid  fitness  are  typically  invoked  to  explain  the  stability  of  hybrid  zones  and  the 
specification  of  two  closely  related  ta.xa.  Such  examples  of  mate  preferences  in  nature,  especially  for  broadcast  free-spawning  marine 
invertebrates,  and  the  understanding  of  the  underlying  mechanisms  responsible  for  this  positive  selection  are  still  lacking.  This  study 
documents  another  example  of  assortative  fertilization  by  genome  in  sini  hybridization  in  reciprocal  crosses  of  scallops  Clilamys  farreri 
and  Patiimpecten  yessoensis.  Females  produced  eggs  selected  sperm  nonrandomly  but  showed  significant  gamete  preference  of 
conspecitlcs  over  heterospecifics,  with  Chlamys  farrei  females  using  average  89.1%  of  conspecific  sperms  and  the  PaUnopccten 
yessoensis  using  average  94.3%  in  natural  spawning  conditions  (temperature  17°C.  salinity  .31 .5'^f).  This  conspecific  gamete  advantage 
may  be  related  to  the  coordinated  communication  between  interacting  gametes,  and  the  conspecific  bindin  genotype  selection  during 
the  communicational  process  may  also  be  involved.  Two  environmental  factors,  temperature  and  salinity  were  also  tested  to  deter- 
minate to  what  extent  they  affect  the  patterns  of  assortative  fertilization  between  these  two  species.  The  result  showed  that  temperature 
seemed  to  have  more  influence  on  assortative  fertilization  than  salinity  did.  At  the  temperatures  of  1 1°C,  I7°C.  22°C  and  26°C,  the 
average  conspecific  sperms  preference  of  Clilamys  farreri  eggs  was  80.0%.  89.1%.  95.1%  and  95.5%  respectively,  whereas  at  the 
salinity  of  24';fr.  289?,,  31..5";fr  and  35.5V,r.  the  average  mating  preference  was  97.2%.  91.2%.  89.1%  and  99.5%  respectively.  These 
results  may  have  some  bearings  on  the  condition  dependent  alteration  in  the  inter  gamete  recognition  system.  Alternatively,  it  may  be 
simply  the  byproduct  of  different  sperm  tolerance  ability  under  different  conditions.  The  implication  it  may  provide  to  hybrid 
production  was  also  discussed. 
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INTRODUCTION 

Many  theories  have  been  developed  to  interpret  the  formation 
of  reproductive  isolation  and  hence  the  speciation  process  between 
two  sympatric  closely  related  taxa  in  recently  years.  (Paliimbi  & 
Metz  1991.  Melz  et  al.  1994.  McCartney  et  al.  2000.  Knowlton 
1993.  Coyne  1992)  These  theories  generally  fall  into  two  catego- 
ries: pre-  and  post-zygotic  bairiers,  Pre-zygotic  barriers  include 
mechanisms  such  as  mate  choice,  genital  incompatibility,  spatial 
and  temporal  habitat  differences  and  gamete  incompatibility.  Post- 
zygotic  barriers,  on  the  other  hand,  include  mechanisms  such  as 
embryo  inviability  and  hybrid  sterility  (Dobzhansky  et  al.  1977. 
Templeton  1989.  Lessios  1998).  Whereas,  assortative  fertilization 
or  gamete  preference,  which  is  commonly  regarded  as  a  post- 
mating,  pre-zygotic  isolating  mechanism,  has  only  recently  come 
to  prominence  and  is  increasingly  accepted  as  another  important 
possible  barrier  to  hybridization  and  gene  flow  between  closely 
related  species  (Bierne  et  al.  2002.  Geyer  &  Palumbi  200.')). 

Assortative  fertilization  is  a  subtype  of  fertilization  barrier  that 
depends  upon  characteristics  of  the  female  and  male  such  that 
gametes  from  like  or  unlike  parents  have  a  greater  or  lesser  than 
random  chance  of  uniting  (Markow  1997).  Evidence  of  such  kind 
of  gamete  preference  has  been  recorded  in  many  tenestrial  species 
such  as  Drosoplula  (Chang  2004.  Markow  1997).  crickets  (How- 
ard &  Gregory  1993,  Howard  et  al.  2002)  and  flour  beetles  (Rob- 
inson et  al.  1994.  Wade  et  al.  1995).  These  studies  indicated  with- 
out exception  that  conspecific  sperm  precedence,  or  biased  use  of 
sperm  from  males  of  one  species  might  occur  when  a  female  was 
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exposed  to  sperm  from  males  o\  multiple  species.  Possible  mecha- 
nism underlying  was  also  highly  varied.  In  some  cases,  it  involves 
compatibility  of  genitalia  or  gamete  morphology.  For  example,  in 
Rhododendron,  overgrowth  or  undergrowth  of  heterospecific  pol- 
len tubes  yields  few  hybrid  embryos  (Williams  &  Rouse  1990).  In 
other  cases,  it  seetns  to  be  related  to  functional  or  physiological 
interactions  between  sperms  and  the  female  reproductive  tract 
(Markow  1997).  In  ladybird  beetles  heterospecific  sperm  are  in- 
activated in  storage  in  female  reproductive  tract  (Katakura  1986. 
1997).  In  Drosophilu  conspecific  sperm  just  incapacitates  or  dis- 
places heterospecific  sperm  during  the  storage.  But  for  the  broad- 
cast free-spawning  marine  invertebrate,  in  which  courtship  and 
other  complex  mating  behaviors  that  facilitate  mate  choice  are 
generally  non-existent,  the  opportunity  for  conspecific  sperm  pref- 
erence and  the  possible  mechanism  has  been  largely  ignored.  To 
dale,  only  few  marine  invertebrates  have  been  studied  for  such 
gamete  preference  (Bieme  et  al.  2002,  Palumbi  1999.  Geyer  & 
Palumbi  200.S,Yung  &  McCartney  1994).  and  the  possible  mecha- 
nism seemed  even  more  complicated  than  that  of  terrestrial  species 
because  of  the  smaller  arena,  the  surface  of  gametes  and  the  sea- 
water  between  them,  in  which  the  assortative  fertilization  could 
take  place.  Here  we  present  another  example  of  assortative  fertil- 
ization in  external  fertilization  species  of  marine  bivalves. 

Hybridization  between  scallops  Chlamys  farreri  and  Pali- 
nopecten  yessoensis,  both  of  which  are  economically  important 
shellfish  species  along  the  coast  of  China  and  Japan,  has  been 
intensively  studied  in  recent  years  with  the  aim  of  improving 
Chlamys  farreri  germ  quality  from  high  rate  of  mortality  and  dis- 
ease susceptibility  (Yang  el  al.  2004.  Zhou  et  al.  200.5 1.  No  ap- 
parent gametic  incompatibility  was  found  in  crosses  of  both  direc- 
tions between  these  two  species  either  in  small-scale  laboratory 
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experiment  or  in  larger  scale  breeding  program  (Yang  et  al.  2004). 
The  putative  hybrid  was  believed  to  be  able  to  live  successfully 
through  planktonic  larval  stages  and  grow  into  full  adults  with 
heterosis  in  growth  and  disease  resistance  (Yang  et  al.  2004),  but 
in  some  cases  of  hybridization,  contamination  was  detected  by 
genetic  examination  of  the  progeny  despite  much  care  being  taken 
in  the  hybridization  process  (Lii  et  al.  in  press).  The  same  phe- 
nomenon was  found  in  the  hybridization  of  many  oyster  species  of 
Crassostrea  (Allen  &  Gaffney  1993,  Allen  et  al.  199.3).  Sometimes 
the  contamination  rate  is  comparatively  high  given  the  fact  that  the 
concentration  of  contaminated  sperm  (if  exists)  was  much  lower 
than  that  of  heterspecific  sperm  added  in  hybridization.  We  suspect 
assortative  fertilization  may  be  responsible  for  this  problem.  So 
The  aim  of  this  study  was  to  investigate  ( 1 )  if  there  also  exists 
assortative  mating  phenomenon  between  species  of  scallops  as 
found  in  other  marine  invertebrates;  (2)  to  what  degree  the  pres- 
ence of  conspecific  sperms  affect  the  cross-fertilization  success  of 
interspecific  sperm  and  (3)  to  what  extent  this  assortative  fertil- 
ization can  be  affected  by  environmental  factors,  such  as  tempera- 
ture and  salinity,  so  that  measures  may  be  taken  to  improve  the 
scallop  hybridization  program. 

MATERIALS  AND  METHODS 

Scallops  and  (iumetes 

ChUiinys  fcineri  were  collected  from  the  Jiaonan  area  of 
Qingdao  and  Patinopecten  yessoeiisis  were  obtained  from  the 
Dalian  coast  of  Bohai  Sea  in  early  April  2005.  Both  species  were 
transported  to  the  laboratory  and  temperature  and  feeding  were 
adjusted  to  synchronize  maturation  among  species.  All  gametes 
were  obtained  by  induced  spawning  with  drying  and  thermal 
shock.  Oocytes  from  individual  females  were  gently  sieved  and 
placed  into  separate  beakers  after  the  quality  was  checked  by  light 
microscope  and  no  fertilization  was  confirmed,  counted  using  a 
Coulter  cell  counter  and  adjusted  to  1  x  10''  per  female.  Sperms 
from  individual  C.  farreri  and  P.  yessoeiisis  were  placed  into  sepa- 
rate beakers.  Same  treatment  was  conducted  and  adjusted  to  1  x 
lO'*  per  male. 

Experimental  Design 

Four  gamete  mixtures  were  produced  in  the  experiment:  A  mix 
of  oocytes  from  20  female  C.  farreri  with  a  finally  total  number  of 
2  X  10^,  a  mix  of  oocytes  from  20  female  P.  yessoeiisis  with  a 
finally  total  number  of  2  x  10^,  a  mix  of  spermatozoa  from  20  male 
C.  farreri  with  a  finally  total  number  of  8  x  10**  and  a  mix  of 
spermatozoa  from  20  male  P.  yessoensis  u  ith  a  finally  total  num- 
ber of  8  x  10*^.  All  the  mixtures  were  then  further  divided  into 
equal  amount  of  portions,  each  used  for  one  cross.  This  guarantees 
almost  equal  amount  of  gametes  used  in  each  cross  and  obtain  a 
40:1  spenn:  egg  ratio  for  the  fertilization.  The  six  crosses  were 
conducted  at  temperature  1 7"  and  salinity  3 1 .5%(  (natural  spawn- 
ing condition ):  C.  farreri  ( 9 )  x  C.  farreri  ( 6 );  C.  farreri  (  9 )  x  P. 
yessoensis  (6)\  P.  yessoensis  ('i)x  P.  yessoensis  (6);  P.  yessoen- 
sis ( 9 )  X  C.  farrerii  S ),  C.  farreri{  9 )  x  [P.  yessoensis  (6)  +  C. 
farreri  (.6)  ];  P.  yessoensis  (  9  )  x  [P.  yessoensis  (6)  +  C.  farreri 
{6 )].  The  first  four  crosses  were  used  as  positive  controls  and  the 
later  two  allowed  for  interspecies  spenn  competition  with  equal 
amount  of  sperm  from  both  species  added.  Another  six  sperm 
competition  crosses  were  conducted  the  same  way  with  the  C. 
farreri  (  9  )  x  |P.  yessoensis  (6  )  +  C.  farreri  ( S  )|  under  3  levels  of 


temperature  (11°C.  22°C  and  26°C)  at  the  salinity3l.5%,  and  3 
levels  of  salinity  (20%t.  28%oand  35.57fc)  at  the  temperature  17°C. 
The  temperature  was  maintained  by  using  a  bio-chemical  incuba- 
tor (LI5-2,  SHELLAB)  and  the  salinity  was  maintained  by  just 
adding  fresh  water  or  crude  salt.  All  the  crosses  were  performed  in 
four  replicates  and  conducted  simultaneously. 

Larval  Development  and  Genetic  Confirmation 

Fertilization  was  allowed  to  proceed  for  a  minimum  of  50  min 
in  each  cross  before  all  the  eggs  were  transferred  to  a  culture  tank 
with  a  density  of  30  eggs/mL.  Normal  culturing  procedure  was 
followed  afterwards.  Fertilization  success  was  determined  by  ex- 
amining at  least  200  oocytes  by  light  microscope  at  60-90  min 
post-insemiantion.  Two  replicate  subsamples  were  collected  from 
each  duplicate  of  the  crosses  for  each  sampling.  The  larvae  were 
collected  after  they  reached  early  trochophore  stage  and  the  hatch- 
ing rate  was  also  determined. 

The  metaphase  chromosome  was  prepared  following  the  pro- 
cedure described  by  Wang  et  al.  (1990).  In  brief,  the  embryos  were 
exposed  to  25'7f  sea  water  for  about  50  min  after  40  min  of  culture 
in  ().04'/f  colchicines  at  room  temperature,  then  they  were  fixed 
with  Camoy  fixatives  (ethanol:  glacial  acetic  acid  =  3:1),  and 
stored  at  -20°C  until  use.  The  fixed  embryos  were  dissociated  into 
fine  pieces  by  pipetting  in  50%  acetic  acid  in  a  1.5  mL  microcen- 
trifuge tube.  The  resultant  cell  suspension  was  dropped  onto  hot- 
dry  glass  slides  and  air-dried.  Chromosome  preparations  were  pre- 
served in  a  moist  chamber  unlil  use. 

The  GISH  (genome  //;  situ  hybridization)  procedure  followed 
the  protocol  described  by  Leitch  et  al.  ( 1994)  and  Takahashi  et  al. 
( 1997)  with  some  modifications.  Briefly,  chromosome  slides  were 
denatured  in  a  mixture  containing  75%  formaniide  and  2  x  SSC  for 
2-3  min  at  72°C,  dehydrated  through  an  ice-cold  ethanol  gradient 
(70%,  90%  and  100%).  5  min  each,  and  air-dried.  Genomic  probe 
mixture  was  denatured  for  5  min  at  80°C.  followed  by  immediately 
being  put  on  ice  for  at  least  10  min.  The  probe  hybridization  mix 
was  applied  to  the  slides  and  in  situ  hybridization  was  carried  out 
at  37°C  for  14-18  hr.  The  slides  were  washed  twice  in  2  x  SSC, 
and  50%  formamide  at  42''C  forlO  min.l  x  SSC  at  42°C  for  10  min 
and  finally  in  2  x  SSC  at  room  temperature  for  10  min  after  the 
hybridization.  Biotinylated  probes  were  detected  with  fluorescein 
isothiocyanate  conjugated  avidin  DCS  (FITC)  (VECTOR)  for  Ih 
at  37"C,  counterstained  with  Vectashield  mounting  medium  with 
propidium  iodide  (PI)  (VECTOR)  for  40  min  at  37°C.  Hybridiza- 
tion signals  were  detected  by  using  a  Nikon  E-800  microscope 
equipped  with  the  appropriate  filter  sets  for  FITC  and  PI. 

Statistical  Analysis 

The  percentage  of  hybrid  larvae  was  determined  by  counting 
the  hybrid  rate  in  at  least  200  metaphase  chromosomes  displayed 
by  GISH.  Two  replicate  subsamples  were  collected  from  each 
duplicate  of  the  crosses  for  each  sampling.  These  percentages  were 
compared  with  random  expectation  by  a  x"  test  of  the  observed 
number  of  hybrid  offspring  versus  the  number  expected,  if  sperm 
use  was  random.  The  expectations  were  based  on  the  measured 
concentrations  of  sperm  used  in  each  cross  and  the  average  larval 
hatching  rate  of  each  control.  It  was  calculated  as  EP  =  SI  x 
HI /(SI  +  S2)  X  H2,  where  SI  and  S2  are  the  respective  sperm 
concentrations,  and  HI  and  H2  are  the  respective  average  larvae 
hatching  rates.  Hybrid  probabilities  were  calculated  according  to 
Palumbi  (1999)  as  SR/{SR+\).  where  SR  =  (L1/L2)  x  (52/SI ).  LI 
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TABLE  1. 

The  mean  fertilization  rates  and  the  larvae  Matching  rates  (±SE|  in 
six  crosses  in  natural  spawnin;;  conditions  (temperature  17  C  and 
salinitv  3l.5'(rl.  C:  Chlaiiiys  farreri  and  I':  I'atmopecten  yessoensis 

ill  =  81 


Crosses  Fertilization  Rate     Larvae  Hate 


•hing  Rate 


c($)xC((J) 
C(9)xP((?) 
P  (  9  )  X  P  ( <? ) 
P(5)xC(d) 
C(?)x[P(d)  +  C((J)] 
P  ( 9 )  x  [P  ( L^ )  +  C  ( t5  )] 


96.5  ±  2.6 

95.3  ±  2.3 
98,0  ±  1.7 
96.2  ±  2.0 

97.4  ±  3.4 
94.0  +  3.1 


91.2  ±  1.9 
90.0  ±  1 .9 
92.0  ±  1.1 

89.5  ±  2.2 

90.6  ±2.5 
S7.0±  1.6 


and  Z.2  arc  the  numher  of  larvae  sired  by  heterospecil'ic  and  con- 
specific  males  and  SI  and  S2  are  the  respective  sperm  concentra- 
tions. The  percentage  of  hybrid  larvae  from  each  sperm  competi- 
tive cross  in  changed  conditions  was  also  compared  by  a  x"  test 
\\  ith  that  of  in  natural  spawning  conditions. 

RESULTS 

Fertilization  and  Genetic  Confiiinalion  in  Cnntnil  Criisses 

In  this  part,  four  independent  crosses  with  replicates  were  per- 
formed as  positive  control.  Almost  no  difference  in  fertilization 
and  the  larval  hatching  rates  was  found  among  the  crosses  of  C. 
farreri  (  9 )  x  C.  farreri  ( cJ );  C.  farreri  (  2  )  x  f .  yesonensis  (6):  P. 
xesonensis  (9)  x  P.  yesonensis  ( 6 )  and  P.  yesonensis  ( 9 )  x  C 
farreri  ( 6  ).  All  crosses  showed  high  levels  of  fertilization  rates 
and  larval  hatching  rates  (Table  I ).  This  is  in  agreement  with  what 
found  by  Yang  in  2004.  Genetic  confirmation  by  GISH  showed 
that  all  offspring  from  crosses  of  C.  farreri  (  9  )  x  P.  yessoensis  ( 6  ) 
and  P.  xcssiiensis  (  9  )  x  C  (3)  were  hybrid  (Fig.  lb).  No  evident 
gamete  incompatibility  was  found  in  these  two  species. 

Fertilization  and  Genetic  Confiniialiini  In  Sperm  Conipelitirc  Crosses 

High  fertilization  and  the  larval  hatching  rates  were  also  found 
in  the  two  crosses  of  C.  farreri  (  9  )  x  [P.  yesonensis  ( cJ )  -i-  C. 
farreri  (6)]  and  P.  yesonensis  (9)  x  [P.  yesonensis  (3)  +  C. 
farreri  (3)]  at  control  condition  (Table  I).  But  genetic  confirma- 
tion by  GISH  showed  that  the  hybrid  rates  of  the  offspring  from 
these  crosses  departed  significantly  from  equal  species  contribu- 


tion (P  <  0.()()5)  when  spenn  choice  was  available.  The  average 
hybrid  rates  were  found  to  be  10.9'/r  in  farreri  (  9 )  x  [P.  yesonensis 
(.3)  +  C.  farreri  {3)\  and  5.1%  in  P.  yesonensis  ( 9 )  x  [f .  yeso- 
nensis {3)  +  C.  farreri  (3)]  (Table  2.  Fig.  2).  The  expected  hybrid 
rates  based  on  the  measured  concentrations  of  sperm  used  in  each 
cross  and  the  mean  larval  hatching  rate  of  each  control  were  49.3% 
and  48.69r  respectively  if  the  sperm  use  was  random.  The  hybrid- 
ization probability  was  0.1  12  and  0.0.55  respectively.  Females  of 
both  C.  farreri  and  P.  yessoensis  showed  strong  biased  spenn  use 
when  their  oocytes  were  exposed  to  mixed  sperms  from  the  two 
species. 

Environmental  Effect  of  Assorlativv  Eerlilizatimi 

The  fertili/ation  and  larval  halching  rate  in  crosses  of  C.  farreri 
(  9  1  X  [P.  yesonensis  {3)  +  C.  farreri  (3)]  decreased  radically 
when  the  temperature  or  the  salinity  came  to  extreme  with  a  less 
than  60%  fertilization  rate  and  hatching  rate  was  found  at  salinity 
31.5%f  (the  data  not  shown).  The  hybrid  rate  in  crosses  of  C. 
farreri  {  9  )  x  [P.  yesonensis  (.3)  +  C.  farreri  ( 3  )]  decreased  sig- 
nificantly with  increasing  temperature  (Table  3.  Fig.  2).  At  the 
temperatures  of  1 1°C,  22°C  and  26 'C.  the  mean  hybrid  rates  were 
20.0%,  4.9%  and  4.5%  respectively.  The.se  departed  significantly 
from  the  mean  hybrid  rate  obtained  in  natural  spawning  condition 
(P  <  0.05).  The  salinity  also  showed  significant  impact  on  the 
assortative  fertilization  in  the  same  manner  with  the  mean  hybrid 
rates  of  3.8%,  8.8%'  and  0.5%^  at  the  salinity  of  24%r.  28%c  and 
35.5%o  (Table  3.  Fig.  2).  Temperature  seemed  to  have  more  influ- 
ence on  assortative  fertili/ation  than  salinity  did. 

DISCUSSION 

Assortative  fertilization  is  believed  to  be  a  very  important 
mechanism  in  explaining  barriers  to  gene  flow  and  hybridization 
between  many  sympatric  closely  related  species  (Bieme  et  al. 
2002).  However,  it  is  not  our  interest  in  this  study  to  investigate 
whether  it  is  also  important  in  the  speciation  or  the  reproductive 
isolation  between  Clilaniys  farreri  and  Palinopecten  yessoensis. 
Because  the  asynchronous  spawning,  which  alone  would  suffice  to 
prevent  any  form  of  hybridization  in  nature,  has  been  intensively 
developed  between  these  two  species.  The  peak  spawning  time  of 
C.  farreri  along  north  coast  of  China  was  from  early  May  to  mid 
June  at  water  temperature  of  16°  to  22°C  (Wang  et  al.  1993), 
whereas  P.  ves.uten.sis  spawned  in  a  colder  water  temperature  of 
8°C  to  8.5°C  commonly  from  late  March  to  mid  April  (Wang  et  al. 


a  b 

Figure  1,  The  representative  metaphase  chromosomes  of  hybrid  and  pure  species  larvae  connrmed  h\  CilSH  at  trochophore  stage:  a,  shows 
metaphase  chromosomes  of  hv  hrid  larv  ae  and  h.  sho«  s  metaphase  chromosomes  of  pure  species  larvae  of  Clilamys  farreri  by  biotinylated  probes 

of  Clilamys  farreri 
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TABLE  2. 

The  mean  hybrid  rate  (+SE)  of  sperm  competition  crosses  in  natural  spawning  conditions  (temperature  17  C  and  saMnitv  31.5';,).  The 

percentage  was  compared  with  random  expectation  by  a  x'  test  of  the  obser\ed  number  of  hybrid  offspring  versus  the  number  expected  if 

sperm  use  was  random.  Hybridization  probability  was  calculated  as  SR/(SR  +  1),  SR  is  the  average  proportion  of  hybrids  observed, 

corrected  for  differences  in  sperm  concentration,  in  =  8) 


Crosses 


Hybrid  Rate  <  % 


Hybrid  Rate  Expected 


Hybridization  Probabilitv 


X'  Test  (P) 


C(2)x  [P{6)  +  C(6n 
P(9)  X  [P((J)  +  C  (6)] 


10.9: 

5.7: 


1.6 
1.0 


48.6 
47.9 


0.112 
0.055 


P  <  0.005 
P  <  0.005 


1993).  Instead,  this  study  was  designed  to  test  whether  this  mating 
preference  also  e.\ists  in  C.  farreri  and  P.  yessoensis  and  how 
much  of  the  heterospecific  sperm  fertilization  success  was  influ- 
enced at  the  presence  of  conspecific  sperm. 

The  heterozygote  deficiency  obtained  in  these  sperm  competi- 
tion crosses  in  the  natural  spawning  condition  may  be  explained  by 
either  (1)  assortative  fertilization  (gamete  choice)  ;  (2)  diffei'ential 
fertilization  (feililization  failure)  or  abortion.  But  the  lack  of  het- 
erozygote deficiency  in  the  control  crosses  favors  the  assortative 
fertilization  hypothesis  because  differential  fertilization  or  abor- 
tion should  have  occurred  both  in  control  and  sperm  competition 
crosses.  Moreover,  abortion  percentages  seem  insufficient  to  pro- 
duce the  observed  heterozygote  deficiency  in  the  sperm  competi- 
tion crosses.  Indeed,  in  the  worst  case,  if  we  hypothesize  that  all 
the  aborted  embryos  in  our  crosses  were  hybrids,  then  the  hybrid 
rates  won't  reach  the  rate  of  expected  iP  <  0.05)  when  the  sperm 
use  was  random.  As.sortative  fertilization  must  therefore  have  oc- 
curred in  C.  farreri  and  P.  yesoiiensis  with  C.  farreri  eggs  using 
average  89.1%  of  conspecific  sperms  and  P.  yesonensis  eggs  using 
average  94.3%  of  conspecific  sperms  in  the  control  condition  (tem- 
perature 17°C  and  salinity  3l.59?c).  These  are  consistent  with  those 
of  other  marine  invertebrates,  which  have  recently  been  investi- 
gated. In  sea  urchins  of  Echinomelra  oblonga  and  E.  sp.C,  an 
average  of  87.8%  E.  sp.C  eggs  were  fertilized  by  conspecific 
sperms  when  exposed  to  equal  amount  sperm  of  both  species 
(Geyer  &  Palumbi  2005).  In  the  mussels  Mytiliis  edidis  and  M. 
galoprovincialis.  the  total  conspecific  sperm  use  of  both  females 
was  77%  when  all  four  gametes  were  mixed  together  (Bieme  et  al. 
2002).  Conspecific  sperm  precedence  in  free  spawning  inverte- 
brates shows  that  the  simple  surfaces  of  eggs  and  sperm  provide 
ample  opportunity  for  egg  choice  and  sperm  competition  even  in 
the  absence  of  intricate  behavior  or  complex  reproductive  mor- 
phologies. 

Mechanistically,  to  date,  only  few  attempts  were  made  to  in- 
vestigate the  mechanism  of  sperin  bia.sed  use  in  free-spawning 
invertebrates.  In  sea  urchins,  Metz  et  al.  ( 1994)  demonstrated  that 


the  specificity  of  fertilization  between  E.  oblonga  and  E.  mathaei 
is  controlled  by  the  interaction  of  the  sperm  protein  bindin  with  a 
receptor  on  the  egg  surface.  Palumbi  (1998,  1999)  further  eluci- 
dated that  different  bindin  alleles  confer  different  fertili/.ation 
propci'ties  in  free  spawning  sea  urchin  Ecluiuniierra  imithiiei.  and 
fertili/.ation  differences  reflect  male  bindin  genotype  and  are  under 
the  control  of  both  female  and  male  genotypes.  Unfortunately,  till 
now  no  detailed  compositional  or  functional  studies  on  sperm  pro- 
tein bindin  were  carried  out  in  scallops,  but  a  similar  cell-cell 
interaction  mechanism  may,  as  well,  be  functioning  in  the  assor- 
tatise  mating  system  in  CliUimys  farreri  and  Palinopecten  yes- 
soensi:  if  this  were  true,  then  the  fact  that  the  assortative  fertiliza- 
tion can  be  influenced  by  environmental  factors  may  provide  an- 
other clue  and  possibility  to  further  understanding  of  the 
mechanism  behind  the  mating  preference  system.  As  shown  in  this 
study,  the  mean  hybrid  rate  obtained  in  these  crosses  varied  from 
0.5%  to  20.0%  as  temperature  and  salinity  changed.  It  may  suggest 
that  the  egg-sperm  recognizing  system  may  be  slightly  disturbed 
when  fertilization  condition  changes.  What  event  may  take  place  in 
this  recognizing  system  when  the  environmental  factors  change 
and  what  elements  on  the  gamete  surface  may  be  involved  in  this 
process  are  now  of  great  interest  to  us.  But  alternatively,  it  may 
just  be  the  byproduct  of  different  sperm  tolerance  under  different 
conditions.  Because  the  different  sperm  tolerance  of  the  two  spe- 
cies may  influence  the  practical  relative  spenn  concentration  when 
the  sperm  competition  look  place.  Whatever  it  is,  assortative  fer- 
tilization seemed  to  occur  despite  the  temperature  and  salinity. 
Because  even  the  highest  mean  hybrid  rate  of  20.0%  at  the  tem- 
perature of  ll°C  was  still  likely  to  be  the  result  of  assortative 
fertilization  in  consideration  of  the  same  concentration  of  conspe- 
cific and  heterospecific  sperm  added.  Unfortunately,  as  no  control 
data  of  hatching  rate  was  available  in  each  cross  under  these 
changed  conditions,  we  can"t  speculate  further. 

Although  much  remains  unknown  about  the  underlying  mecha- 
nism of  assortative  mating  systein  until  now,  the  phenomenon 
itself  has  much  implication  for  our  practical  hybrid  production.  In 
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Figure  2.    The  mean  hybrid  rate  in  each  sperm  competition  cross  of  Chlamys  Farreri  (  V  )  x  [Palinopecten  yessoensis  ( J  )  +  Clilaniys  farreri  (6)] 
in  different  conditions  (h  =  8). 
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TABLE  3. 

Till'  imaii  li>l)rid  rate  (±SE)  of  sperm  competition  crosses  in 

different  conditions.  The  percentages  were  compared  «illi  random 

expectation  by  a  x"  t^st  of  the  observed  number  of  hybrid  offspring 

in  each  condition  versus  the  number  observed  in  natural  spawning 

condition  (/(  =  Si. 


Environmental  Factors 


Level  Set 


Hybrid  Rate  ( % ) 


Temperature 


Salinity 


1  1  c 

20.0  ±  3.2" 

17°C 

10.9  ±  1.6' 

22=C 

4.9  ±  1.1" 

26°C 

4.5  ±  0.9" 

24.0%6 

3.8  ±  1.3" 

28.0%o 

8.8  ±  1.7" 

31.5%c 

10.9  ±  1.6" 

35.5%c 

0.5  ±  0.9" 

''  Means  within  the  same  factor,  treatments  sharing  a  common  superscript 
letter  in  the  same  column  were  not  significantly  different  (P  >  0,05)  as 
determined  by  x"  test. 

the  hybridization  of  Chlamys  faireri  and  Patinopecten  yessoensis. 
especially  in  a  large  scale  breeding  program,  conspecific  sperm 
contamination  can  cause  problems  that  at't'ect  the  efficiency  ot 
hybridization.  The  contamination  can  come  from  many  sources 
such  as;  careless  handling  of  fishery  tools,  sperm  from  nattnal 
seawater  via  water  supply  system  and  a  small  proportion  of  her- 


maphroditic individuals  in  scallops.  In  some  cases,  the  heterspe- 
cific  sperm  was  added  prior  to  the  female  spawning  with  the  in- 
tention to  decrease  the  chance  of  self  fertilization.  But  it  comiin)tily 
results  in  little  amelioration.  From  the  present  study,  we  know  that 
the  preaddition  of  heterspecific  sperm  before  spawning  won"t  nec- 
essarily decrease  the  self  fertilization  rate  because  of  the  con.spe- 
cific  sperm  precedence.  .So  more  care,  such  as  parent  scallops 
selection  or  more  careful  handling  of  fishery  tools,  should  be  taken 
prior  to  or  during  the  hybridization  to  minimize  the  sperm  con- 
tamination. Another  implication  we  can  get  from  the  study  is  that, 
because  environmental  factors  can  affect  the  assortative  fertiliza- 
tion in  the  cotnpetitive  fertilization  system,  some  measurements, 
such  as  fertilization  at  lower  temperatures,  fertilization  in  a  opti- 
mum water  salinity  and  pH  value  can  be  taken  to  increase  the 
hybrid  rate  in  hybridization,  if  contamination  cannot  be  avoided. 
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GENOTYPE-DEPENDENT  SURVIVAL,  GROWTH,  AND  PRODUCTION  IN  CULTURED  BLUE 
MUSSELS,  MYTILUS  SPP.:  RESULTS  OF  A  RECIPROCAL  SEED  TRANSFER  EXPERIMENT 


R.  W.  PENNEY,*  M.  J.  HART  AND  N.  D.  TEMPLEMAN 

Dcpanmciu  of  Fisheries  and  Oceans.  Science  Branch.  P.  O.  Box  5667.  St.  John's.  Newfoundland. 
Canada.  AlC  5X1 

ABSTK.ACT  A  reciprocal  mussel  seed  transfer  experiment  was  conducted  involviiig  two  farm  sites  (Charles  Arm  and  Thwart  Island) 
whose  seedstocks  differed  significantly  in  their  respective  compositions  of  Myiilus  edulis  L..  M.  trosxulus  Gould  and  hybrids. 
Electrophoretic  variation  at  the  niannose  phosphate  isomerase  (Mjii)  enzyme  locus  was  used  to  classify  the  two  species  and  their 
hybrids.  Survival  and  growth  in  shell  length,  wet  weight,  shell  weight  and  tiesh  weight  were  monitored  over  a  14-mo  period.  Both  stock 
groups  originating  from  Thwart  Island  seed  (TI  reared  on  its  native  site  and  the  transferred  Tl-X  stock)  and  the  transferred  stock  group 
originating  from  Charies  Arm  seed  (CA-.X)  showed  no  evidence  of  genotype-dependent  variability  in  survival  whereas,  in  the  Charies 
Arm  seed  reared  on  its  native  site  (CA).  the  proportion  of  M.  edulis  declined  in  relation  to  M.  trussidiis.  There  was  no  evidence  of  either 
a  survival  advantage  or  disadvantage  in  hybrids.  After  14  mo.  both  transferred  stocks  (CA-X  and  TF-X)  had  comparatively  higher 
trequencies  of  M.  edulis  and  hybrids  and  lower  frequencies  of  M.  irossidus  than  did  their  respective  nontransferred  stocks  (CA  and  TI) 
indicating  a  significant  genotype  x  site  interaction  effect  on  survival.  Significant  species,  stock,  stock  x  time,  species  x  time  and  stock 
X  species  x  time  effects  on  shell  length,  wet  weight,  shell  weight  and  flesh  weight  occurred.  Intrastock  growth  rates  of  M  irossulus 
were  lower  than  M.  edulis  and  hybrids  for  shell  length  (3  of  4  stocks),  and  for  the  3  weight  variables,  wet  weight,  shell  weight  and 
flesh  weight  (4  of  4  stocks).  These  results  support  the  conclusion  that  growth  is  genotype-dependent  in  rope-cultured  mussel  popu- 
lations and  that  these  differences  in  weight  growth  favoring  M.  edulis  are  maintained  when  such  stocks  are  transferred  to  other  sites. 
Mussel  biomass  (kg  nr' )  was  similar  for  the  CA,  CA-X  and  TI-X  stock  groups  and  lower  for  the  TI  stock  group.  Rates  of  production 
(wet  weight)  over  the  14-mo  growout  period  were  similar  for  the  CA.  CA-X  and  TI  stock  groups  and  significantlv  higher  for  the  TI-X 
stock  group.  In  both  stock  groups  originating  from  Thwart  Island  seed  (TI  reared  on  its  native  site  and  the  transfeiTed  TI-X  stock),  the 
intrastock  rates  of  production  of  M.  edulis  and  hybrids  were  significantly  greater  than  sympatric  M.  trossulus.  However,  in  the 
transferred  Charles  Arm  stock  (CA-X),  the  rates  of  production  were  similar  in  M.  edulis  and  M.  trossulus  and  significantly  greater  in 
hybrids.  In  the  Charles  Arm  stock  reared  on  its  native  site  (CA),  the  rate  of  production  of  M.  trossulus  was  significantly  greater  than 
either  M.  edulis  or  hybrids.  We  conclude  M.  edulis  and  hybrids  have  intrinsically  greater  rates  of  weight  growth,  but  not  necessarily 
length  growth,  than  does  M.  trossulus.  Neither  M.  edulis  nor  M.  irossulus  nor  hybrids  have  consistently  greater  rates  of  survival  or 
production  in  suspended  rope  culture.  These  results  are  discussed  in  the  context  of  a  directed  seed-stocking  program  involving  the 
transfer  of  M.  edulis  seedstocks  to  sites  whose  native  stocks  have  a  high  M.  trossulus  component  as  a  means  to  enhance  commercial 
mussel  production  within  the  M.  ediilis-M.  irossulus  hybridization  zone  in  Atlantic  Canada. 

KEY  WORDS:     Myiilus.  genotype-dependent,  reciprocal  transfer,  survival,  growth,  production 


INTRODUCTION 

Two  inytilid  mussel  species.  Mxtiliis  edulis  and  M.  trossulus. 
are  endemic  to  northenstern  North  America.  They  are  sympatric 
throughout  a  broad  overlapping  distributional  zone  extending  from 
Newfoundland  through  the  Gulf  of  St.  Lawrence,  along  the  Atlan- 
tic coast  of  Nova  Scotia  and  into  the  northeastern  United  States 
(McDonald  el  al.  IWl.  Mallet  &  Carver  1992,  Bates  &  Innes 
1993,  Penney  &i  Hart  1999,  Rawson  et  al.  2001 ).  Localized  mussel 
populations  are  typically  composed  of  mixtures  of  the  two  species, 
often  varying  widely  in  relative  frequency  between  adjacent  sites 
in  close  proximity  to  each  other  (Mallet  &  Carver  1992,  Bates  & 
Innes  1995,  Penney  &  Hart  1999).  Indeed,  nearby  sites  often  dis- 
play intersite  genetic  heterogeneity  on  a  magnitude  scale  compa- 
rable to  sites  much  farther  apail  (Penney  &  Hart  1999),  The  two 
species  also  readily  hybridize  (Saavedra  et  al.  1996.  Comesafia  et 
al.  1999,  Penney  &  Hart  2002a,  Penney  el  al.  2002)  forming  a 
highly  diverse,  genetically  heterogeneous  hybridization  zone. 

Survival  is  genotype-dependent  in  rope-cultured  populations  on 
farm  sites  within  the  hybridization  zone  (Penney  &  Hart  2002a). 
Thus,  temporal  genetic  heterogeneity  is  likely  a  significant  con- 
tributing factor  to  the  extensive  genetic  population  structuring 
found  throughout  the  hybridization  zone  (Penney  &  Hart  1999). 
Furthermore,  growth  in  shell  lenath,  wet  weight,  shell  weight  and 
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flesh  weight  are  also  genotype-dependent  with  growth  rates  for 
these  weight  variables  being  greater  in  M.  edulis  than  M.  trossulus. 
whereas  growth  rates  in  hybrids  are  typically  intermediate  between 
the  two  (Penney  et  al.  2002).  Thus,  genotype-dependent  processes 
may  be  a  significant  contributory  factor  influencing  production 
variability  among  mussel  farms  (Penney  &  Hart  2()()2a).  Currently, 
many  mussel  farms  within  the  hybrid  zone,  pailicularly  sites  in 
Newfoundland,  use  seed  collected  from  their  native  sites  with  little 
regard  or  knowledge  of  their  species  composition.  Because  the 
relative  species  composition  of  the  native  seedstocks  at  these  sites 
may  differ  dramatically  (Penney  &  Hart  1999),  this  practice  may 
contribute  to  the  highly  variable  intersite  growth  and  production 
indices  throughout  the  industry.  A  recommendation  has  been  made 
that  growout  of  transplanted  seed  derived  from  unispecific  or  high- 
ratio  M.  edulis  stocks  should  increase  farm  site  production  and 
reduce  intersite  variability  in  comparison  with  the  use  of  seed 
collected  on-site  from  indigenous  mixed-species  stocks  (Penney  et 
al.  2002).  The  greatest  improvement  in  production  would  be  an- 
ticipated at  sites  whose  native  seedstocks  are  primarily  M.  trossu- 
lus. 

However,  this  recommendation  has  been  advanced  as  a  result 
of  work  carried  out  with  indigenous  seedstocks  reared  on  their 
native  sites.  As  Penney  et  al.  (2002)  pointed  out,  concern  exists 
that  our  present  state  of  knowledge  of  relationships  among  genetic 
heterogeneity,  environmental  variability  and  the  intrinsic  range  of 
adaptive  physiological  flexibility  in  mussels  (Hawkins  &  Bayne 
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1992)  is  inadequate  to  reliably  predict  the  subsequent  production 
performance  of  transplanted  seedstocks.  Yet.  achieving  predictable 
results  from  intersite  seed  transfers  is  key  to  successful  implemen- 
tation of  a  directed  seed  transplantation  program  by  industry  to 
increase  commercial  production.  Implicit  in  the  above  recommen- 
dation are  the  assumptions  that  (a)  mussel  performance  indices, 
which  control  production  (e.g..  survival  and  growth)  are  signifi- 
cantly controlled  by  stock  genetics  and  thus  are  predictable  when 
transfened  among  sites  and  (b)  the  range  of  natural  intersite  en- 
vironmental variability  over  geographic  scales  wherein  intersite 
stock  transfers  are  practically  feasible  to  industry  does  not  exceed 
the  intrinsic  scope  of  adaptive  tlexibility  within  tiiussel  popula- 
tions. 

In  the  various  mussel  species  being  commercially  cultivated, 
production  indices  are  affected  by  variable  growth  and  survival, 
both  of  which  are  known  to  be  significantly  influenced  by  stock- 
related  factors  (i.e.,  genetic  variability;  Fuentes  et  al.  1992.  Stirling 
&  Okumus  1995.  Mallet  &  Carver  1995,  Myrand  &  Gaudreault 
1995  and  site-related  environmental  variability;  Dickie  et  al.  1984. 
Mallet  &  Carver  1989,  Mallet  et  al.  1987).  However,  supporting 
evidence  is  somewhat  equivocal  concerning  the  comparative  sur- 
vival and  growth  of  mussel  stocks  when  transplanted  versus  when 
reared  indigenously.  There  is  some  supporting  evidence  that  inter- 
stock  mortality  differences  are  maintained  when  mussel  stocks  are 
transferred  to  new  sites  (Mallet  et  al.  1990,  Myrand  &  Gaudreault 
1995)  suggesting  that  among-site  survival  variation  is  more  inllu- 
enced  by  stock  genetics  than  environmental  factors.  In  a  series  of 
experimental  stock  transfers  in  Nova  Scotia,  Mallet  et  al.  (1990) 
noted  survival  rates  in  .several  stocks  were  unaffected  by  transfer 
leading  to  their  conclusion  that  these  stocks  seemed  insensitive  to 
the  environmental  gradient.  However,  Dickie  et  al.  ( 1984).  Mallet 
et  al.  (1987)  and  Mallet  &  Carver  (1989)  concluded  variation  in 
mussel  growth  rates  were  mainly  attributable  to  site-related  envi- 
ronmental effects  rather  than  stock  (genetic)  effects. 

On  a  practical  level,  the  mussel  culture  industry  based  in  Prince 
Edward  Island  has  successfully  transplanted  mussel  seed  from  des- 
ignated seed  production  sites  to  other  growout  sites  over  geo- 
graphic scales  of  several  kilometers.  However,  in  Prince  Edward 
Island,  both  the  donor  and  recipient  sites  have  indigenous  mussel 
stocks  that  are  virtually  unispecific  M.  eclulis  (Mallet  &  Carver 
1999).  Similarly,  for  other  mussel  species  and  locations  worldwide 
where  commercial  industry  routinely  transfers  seedstocks  success- 
fully, (e.g.,  M.  i^aUopmvimialis)  in  Spain  (Fuentes  et  al.  I W4)  and 
Perna  canallcnlatiis  in  New  Zealand  (Alfaro  &  Jeffs  200.^).  these 
are  areas  with  relatively  low  interstock  genetic  diversity.  However, 
within  the  Atlantic  Canadian  hybrid  zone,  it  has  previously  been 
observed  that  pure  M.  eclulis  stocks  transfen'ed  from  different  lo- 
cations can  vary  substantially  in  terms  of  tissue  and  shell  growth. 
mortality  and  production  (Mallet  &  Carver  1999).  Past  stock  trans- 
fers involving  more  genetically  heterogeneous  seed  populations 
have  sometimes  yielded  unexpected  growth  and  mortality  patterns 
(Mallet  &  Carver  1989;  Johannes.son  et  al.  1990,  Kautsky  et  al. 
1990),  which  would  be  highly  undesirable  in  a  commercial  con- 
text. Mallet  and  Carver  ( 1999)  have  noted  that  transferred  pure  M. 
ediilis  stocks  may  not  necessarily  outperform  a  local  mixed- 
species  stock  suggesting  the  possibility  of  significant  localized 
adaptations  in  resident  stocks.  Interpretation  of  these  sometimes 
contticling  results  has  been  complicated  by  inadequate  knowledge 
of  stock  genetic  composition  leading  to  concern  regarding  the 
predictability  of  subsequent  survival  and  growth  indices  in  trans- 
planted seedstocks.  This  is  especially  so  when  the  candidate  seed- 


stock  for  transplanting  is  genetically  quite  different  trom  the  in- 
digenous stock  (e.g..  a  unispecific  M.  eclulis  seedstock  when  trans- 
planted to  a  predominately  M.  trossulus  site).  Because  high-ratio 
A'/,  trossulus  populations  are  very  common  in  most  areas  outside 
the  general  vicinity  of  Prince  Edward  Island,  this  concern  is  of 
significant  importance  to  further  industry  development  in  the  At- 
lantic Canadian  hybrid  zone. 

In  this  study,  we  attempt  to  address  this  issue.  We  have  con- 
ducted a  reciprocal  transfer  experiment  involving  two  genetically 
heterogeneous  seedstocks,  one  a  high  ratio  M.  eclulis  stock  and  the 
other  a  relatively  higher  ratio  M.  trossulus  stock  from  within  the 
M.  edulis-M.  trossulus  hybridization  zone  in  Notre  Dame  Bay, 
Newfoundland.  A  suitable  unispecific  M.  eclulis  stock  was  unavail- 
able for  intersite  transfers  within  our  geographic  area  under  current 
seedstock  transfer  regulations,  so  we  had  to  content  ourselves  with 
a  known  local  high-ratio  M.  eclulis  stock.  We  compare  the  growth, 
survival  and  production  patterns  of  each  stock  and  of  the  M.  eclulis, 
M.  trossulus.  and  hybrid  constituents  within  each  of  the  resulting 
four  stocks  (tv\o  reared  indigenously,  two  reciprocally  transferred) 
over  a  14-nio  period  of  rope  culture  at  two  farm  sites.  Specifically, 
we  test  the  hypothesis  that  growth,  survival  and  production  rates  of 
M.  eclulis  and  possibly  hybrids  as  well  are  intrinsically  higher  than 
sympatric  M.  trossulus  and  that  these  intrastock  differences  are 
maintained  when  slocks  are  transplanted  to  other  sites.  The  results 
are  used  to  determine  whether  the  substitution  of  indigenous  M. 
trossulus  seedstocks  through  intersite  transfer  of  predominately  M. 
eclulis  seedstock  for  growout  can  be  supported  as  a  viable  approach 
to  enhance  commercial  farm  production. 

METHODS 

Previously,  mussel  populations  at  two  farm  sites  in  Notre  Dame 
Bay  (Charles  Arm  and  Thwart  Island),  Newfoundland,  were  iden- 
tified as  predominately  M.  eclulis  and  M.  trossulus  respectively 
(Penney  &  Hart  2002a).  In  August  2000.  a  reciprocal  transfer 
experiment  was  set  up  involving  seed  collected  on  ropes  sus- 
pended subtidally  at  both  sites.  Four  seed  groups  were  monitored 
for  survival  and  growth  over  a  14-mo  period:  Charles  Arm  seed 
kept  at  Charles  Arm  (CA).  Charles  Arm  seed  transferred  to  Thwart 
Island  (CA-X),  Thwart  Island  seed  kept  at  Thwart  Island  (TI).  and 
Thwart  Island  seed  transferred  to  Charles  Arm  (TI-X).  Seed  mus- 
sels from  each  stock  were  mechanically  de-clumped  to  ensure 
randomi/ation  and  then  sleeved  in  standard  commercial  plastic 
mesh  using  current  industry  husbandry  practices  for  rope  culture  of 
blue  mussels.  Seed  mussel  sleeves  from  each  donor  stock  were 
then  either  placed  in  the  water  at  Charles  Arm  or  transferred  to 
Thwart  Island.  Each  sleeve  was  1  m  in  length  and  was  vertically 
suspended  at  0.5  m  intervals  from  horizontal  mainline  ropes  with 
flotation  sufficient  to  ensure  stable  suspension  at  depths  of  ap- 
proximately 4-6  m. 

Three  replicate  sleeves  were  taken  from  each  donor  seed  stock 
for  laboratory  analysis  at  the  time  of  sleeving.  On  subsequent 
sample  dates  (November  2000,  May  2001  and  October  2001), 
three  replicate  sleeves  were  retrieved  from  each  of  the  four  stock 
groups  on  their  respective  farm  sites.  All  the  mus.sels  were  re- 
moved from  measured  sections  of  each  sleeve  and  counted.  On 
each  sample  date,  one  hundred  individuals  were  randomly  .selected 
from  each  sleeve  per  stock  group  and  measured  for  shell  length, 
drained  wet  weight,  shell  weight  and  tlesh  weight  (total  of  300 
from  each  site  x  group  combination).  Shell  length  was  measured 
with  digital  callipers  (Mitutoyo.  .Aurora,  IL,  USA).  Wet  weights 
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were  obtained  after  opening  the  shell  \al\es  and  allow  nig  the  shell 
cavity  to  drain  on  paper  lowel.  Hepatopanereas  tissue  was  excised 
from  each  selected  mussel,  lyophilized  and  stored  at  5"C  for  later 
allozyme  analysis.  The  remaining  soft  tissues  were  then  removed 
and  shell  weights  were  obtained  after  drying  overnight.  Flesh 
weights  were  calculated  by  difference  between  wet  weight  and  dry 
shell  weight. 

For  allozyme  analysis  of  mannose  phosphate  isomerase  (Mpi. 
EC  5.3.1 .8).  a  small  amount  of  freeze-dried  material  was  ground  to 
a  fine  powder  with  0.5  M  Tris  HCL  pH  8.0  buffer  containing  20'/f 
glycerol  and  0.2%  NAD.  Subsequent  electrophoresis  and  staining 
on  cellulose  acetate  plates  followed  the  general  procedure  of  He- 
bert  and  Beaton  (1989)  for  the  mannose  phosphate  isomera.se  lo- 
cus, although  a  constant  current  of  2  niA  per  plate  was  used  during 
the  electrophoretic  runs.  Allele  nomenclature  is  similar  to  that  used 
by  previous  authors  (Koehn  et  a).  1984,  McDonald  &  Koehn 
1988).  Individual  mussels  were  classified  as  M.  edulis.  M.  irossii- 
liis  or  their  hybrids  based  on  their  Mpi  electrophoretic  patterns 
according  to  previously  published  references  for  North  American 
populations  (Varvio  et  al.  1988.  McDonald  et  al.  1991). 

Survival  over  time  was  calculated  as  the  difference  in  mean 
number  of  mussels  sleeve"'  on  each  sample  dale  compared  with  the 
initial  sample  at  the  time  of  sleeving.  In  this  context,  changes  in 
survival  do  not  distinguish  between  changes  caused  by  mortality 
versus  dropoff  from  the  culture  gear.  Rate  of  production  was  de- 
fined as  the  rate  of  change  in  wet  weight  between  the  initial  and 
final  sleeve  weights  where  initial  and  final  sleeve  weights  were 
calculated  as  the  mean  individual  mussel  wet  weight  multiplied  by 
the  number  of  mussels  present.  Rate  of  production  was  then  cal- 
culated from  the  formula:  Production  =  (final  wet  weight-initial 
wet  weighti/initial  wet  weight.  All  subsequent  statistical  analyses 
were  run  with  the  SAS  software  system  (SAS  Institute  Inc.  1988). 
Interstock  and  intergenotype  differences  in  initial  frequency  dis- 
tributions and  survival  were  compared  with  the  chi-square  statistic. 
ANOVA  were  used  to  compare  interstock  and  intergenotype  dif- 
ferences in  initial  size  of  seed  mussels  and  production  over  time. 
Tukey  tests  were  applied  to  determine  which  comparisons  were 
statistically  significant.  ANCOVA  I  homogeneity  of  slopes  mod- 
els) were  used  to  compare  interstock  and  intergenotype  differences 
in  erowth. 


RESULTS 


Siinival 


In  August  2000,  mussel  seed  from  the  two  donor  sites,  Charles 
Arm  (CA)  and  Thwart  Island  (TI),  were  sleeved  volumetrically 
after  de-clumping  to  ensure  randomization  of  all  stock.  The  initial 
seed  sleeving  density  was  2.44  I  m~'  and  2.47  I  m"'  for  CA  and  TI 
seedstocks  respectively.  These  differences  were  not  significant 
(Student's  /-test,  P  >  0.05).  The  frequency  distribution  of  M.  edu- 
lis, M.  Irossuliis  and  their  hybrids  differed  significantly  in  the  two 
seedstocks  at  the  time  of  sleeving.  The  initial  CA  seedstock  was 
comprised  of  76.2Vf  M.  cdidis.  1.4%  M.  rnixsidits  and  16.4%  hy- 
brids. In  comparison,  the  initial  TI  seedstock  was  54.7%  M.  edulis. 
26.7%  M.  trossulus  and  18.6%  hybrids  (x",  P  <  0.001)  (Fig.  I). 
Over  the  14-mo  growout  period,  genotype-dependent  survival  pat- 
terns became  evident  in  the  CA  stock  but  not  in  the  CA-X.  TI  or 
Tl-X  stocks  (Fig.  2).  In  the  CA  stock,  the  frequencies  of  M.  edulis 
and  hybrids  declined  to  65.9%  and  14.7%  respectively,  whereas 
the  frequency  of  M  trossulus  increased  to  19.4%  (x~-  f  <  0.001 ). 
After  14  mo,  the  frequencies  of  A-/,  edulis.  M.  trossulus  and  their 


hybrids  were  70.2%,  20.4%  and  9.4%  in  the  CA-X  stock;  48.3%, 
35.0%  and  16.7%  in  the  TI  stock  and  57.5%,  23.1%,  and  19.4%  in 
the  TI-X  stock  respectively.  However,  these  frequency  changes  of 
Mytilus  genotypes  over  the  14-mo  growout  period  in  the  CA-X,  TI 
and  TI-X  stocks  were  not  significant  compared  with  their  respec- 
tive initial  Charles  Arm  or  Thwart  Island  seedstock  (x~,  P  >  0.05). 
Mean  survi\al  over  the  14-mo  growout  period  was  significantly 
lower  in  the  transferred  Thwart  Island  stock  (TI-X,  32.6%)  than  for 
either  of  the  stocks  derived  from  Charies  Arm  seed  (nontransferred 
CA,  43.7%:  transferred  CA-X,  46.8%)  or  the  nontransferred  stock 
from  Thwart  island  seed  (TI,  48.1%)  (Fig.  2).  Interstock  differ- 
ences in  mean  survival  were  not  significant  among  the  CA.  CA-X 
and  TI  stocks  (ANOVA,  P  >  0.05).  Comparison  of  the  genotypic 
frequency  distributions  of  the  CA  versus  CA-X  stocks  and  the  TI 
versus  TI-X  stocks  after  14  mo  gave  evidence  of  a  significant  site 
effect  on  the  survival  of  the  respective  Mytilus  genotypes.  After  14 
mo,  the  genotypic  frequency  distributions  of  the  CA  and  CA-X 
stocks  had  significantly  diverged  from  each  other  (x",  P  <  0.001 ) 
and  the  TI  and  TI-X  stocks  were  also  significantly  different  (x",  P 
<  0.006).  In  both  cases,  the  transferred  stocks  (CA-X  and  TI-X) 
had  comparatively  higher  frequencies  of  M.  edulis  and  hybrids  and 
lower  frequencies  of  M.  trossulus  than  did  their  respective  non- 
transfeiTed  stocks  (CA  and  TI).  This  provides  evidence  of  a  sig- 
nificant site  X  genotype  interaction  effect  on  survival  among  the 
three  Mytilus  genotypes. 

Growth 

When  sleeved  in  August  2000.  mean  shell  lenglh,  v\et  weight, 
shell  weight  and  tlesh  weight  of  seedstocks  from  both  donor  sites 
differed  significantly  iTukey,  P  <  0.05)  (Table  1 1.  For  all  four 
variables,  CA  seed  mussels  were  larger  than  the  TI  mussels. 
Within  the  CA  seedstock,  there  was  no  evidence  of  species-related 
differences  in  either  of  the  four  variables.  However,  within  the  TI 
seedstock,  M.  trossulus  mussels  were  significantly  larger  than  M. 
edulis  and  hybrids  in  terms  of  shell  length,  wet  weight  and  tlesh 
weight,  but  interspecies  differences  in  shell  weight  were  not  sig- 
nificantly different. 

Variability  in  all  4  growth  variables  (shell  length,  wet  weight, 
shell  weight  and  flesh  weight)  were  all  significantly  related  to 
species,  stock  and  growout  time  (ANOVA,  Table  2).  The  interac- 
tion effects  of  species  x  time  and  stock  x  lime  were  also  significant 
for  all  four  variables,  whereas  the  interaction  effect  of  stock  x 
species  x  time  was  significant  for  the  three  weight  variables  but 
not  shell  length.  The  interaction  term,  species  x  stock,  was  not 
significant  for  any  of  the  four  variables.  The  goodness  of  fit  (R~) 
ranged  from  0.66-0.72  for  the  four  models. 

Analysis  of  variance  homogeneity  of  slopes  models  revealed 
that,  over  the  14-mo  growout  period,  the  two  stocks  raised  at  the 
Charles  Arm  site  (CA  and  TI-X)  consistently  grew  faster  than  did 
the  two  stocks  reared  at  Thwart  Island  (TI  and  CA-X)  (Fig.  3).  At 
Charies  Arm,  the  shell  length  slope  for  the  transferred  TI-X  was 
significantly  greater  than  the  slope  of  the  indigenous  CA  stock  but 
slopes  for  all  three  weight  variables  were  not  significantly  different 
between  the  two  stocks.  At  Thwart  Island,  slopes  for  the  trans- 
ferred CA  stock  and  the  indigenous  TI  stock  were  not  significantly 
different  for  shell  length  but,  for  all  three  weight  variables,  the 
respective  slope  for  the  CA-X  stock  was  significantly  greater  Ihan 
the  TI  stock. 

Analysis  of  variance  homogeneity  of  slopes  models  were  sub- 
sequently used  to  elucidate  the  interaction  effects  involving  spe- 
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Figure  1.  Mean  species  composition  of  each  of  the  four  stocli  groups  (percent  M.  ediilis.  M.  trossulus,  and  their  h>bridsl  on  four  sampling  dates 
during  the  14-mo  growout  period  determined  from  three  replicate  sleeves  on  each  sample  date. 


cies  within  stocks  over  the  14-mo  growout  period.  For  shell  length, 
within-stock  model  slopes  for  M.  trossulus  were  significantly 
lower  than  both  M.  edulls  and  hybrids  for  all  but  the  CA-X  stock 
(Fig.  4).  A  consistent  within-stock  interspecific  pattern  emerged 
for  all  three  weight  variables.  In  each  case,  within-stock  model 
slopes  for  wet  weight  (Fig.  5),  shell  weight  (Fig.  6)  and  flesh 
weight  (Fig.  7),  were  significantly  lower  for  M.  trossulus  than  for 
M.  edulls  and  hybrids.  For  all  four  variables,  slopes  of  M.  edulls 
and  hybrids  were  not  significantly  different  from  each  other. 


Production 

After  14  months,  the  mussel  biomass  (mean  wet  weight  x  num- 
ber of  survivors)  of  the  CA  CA-X  and  TI-X  sleeves  ranged  from 
4.26—4.49  kg  m"'  but  were  not  significantly  different  (Table  3). 

TABLE  1. 

Initial  size  comparison  of  mussel  seed  from  the  two  donor  sites 

(Charles  Arm,  CA  and  Thwart  Island,  TI)  at  the  time  of  sleeving: 

(a)  full  stock  basis,  and  (h)  and  (c)  by  species  within  site.  Numbers 

with  different  superscripts  are  significantly  different  within  columns 

for  each  of  (al,  (bl  and  (c),  P  <  (1.(15  (Tukey  multiple  range  test). 

Variable 


Stock 


Shell 
Length 


Wet 
Weight 


Shell 
Weight 


Flesh 
Weight 


October 
2001 


Figure  2.  Comparative  survival  of  the  four  slock  groups  over  the 
14-mo  growout  period.  Plotted  points  are  means  ±2  SE  of  counts  on 
three  replicate  sleeves  on  each  sample  date. 
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TABLE  2. 

Analysis  of  variance  (ANOVA)  test  results  for  species  i.\l.  ediilis.  Iiyhrid.  and  M.  Iriissiihis]  and  stock  (CA,  CA-X,  Tl.  and  TI-X)  variation 
over  tlie  14-month  nrowoul  period  for  sliell  length,  wet  Height,  shell  ^ei^ht,  and  llesh  weight. 


F  Value 

Variable 

Species 

Stock 

Time 

Sp.  X  Timet 

Sp 

X  Stk.t 

Stk.  X  Timet 

Stk. 

X  Sp.  X  Timet 

R- 

Shellen 

7.76** 

60.58*** 

5403.99*** 

25.81*** 

1.32 

19.92*** 

1.99 

0.69 

Wetwgt 

4.79** 

15.42*** 

5257.92*** 

64.28*** 

0.96 

75.71*** 

5.68*** 

0.70 

Shellwgt 

3.24* 

11,08*** 

.5479.08*** 

93.39*** 

0.74 

96.29*** 

8.46*** 

0.72 

Fleshwgt 

5.65** 

17.71*** 

4470.41*** 

38.21*** 

1.17 

53.53*** 

3.45** 

0.66 

Numbers  without  superscript  are  not  significantly  different.  P  >  O.O.i; 


■P  <  0.0001; 


*P  <  0.01;  '  P  <  0.05.  tsp.  =  species,  stk  =  stock,  etc. 


Mean  mussel  biomass  of  the  Tl  stock  group  was  significantly 
lower  than  either  of  the  other  three  stock  groups.  The  rate  of 
production,  defined  as  the  increase  in  mussel  wet  weight  m"'  of 
sleeve,  was  not  significantly  different  among  the  CA,  CA-X  and  Tl 
stock  groups  but  was  significantly  greater  in  the  Tl-X  stock  group 
(Table  3).  Within  both  stock  groups  originating  from  the  Thwart 
Island  seedstock  (Tl  and  Tl-X),  M.  ediilis  and  hybrids  had  signifi- 
cantly greater  production  rates  than  M.  tntssiihis.  However,  in  the 
CA-X  stock  group,  hybrids  had  a  higher  rate  of  production  than 
either  of  the  other  two  species.  In  the  CA  stock  group,  M.  trossiiln.s 


had  a  significantly  higher  rate  of  production  than  either  M.  cdulis 
or  hybrids.  Thus,  neither  M.  edutis  nor  M,  trossulus  nor  their 
hybrids  consistently  exhibit  greater  rates  of  production  within  all 
stock  groups, 

DISCUSSION 

Whether  being  considered  from  an  individual  farm  or  industry- 
wide perspective,  the  connnercial  industry  objective  is  to  maxi- 
mize on-site  production,  while  reducing  production  variability 
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Figure  3.  Comparative  intersite  growth  in  shell  length,  wet  weight,  shell  weight,  and  llesh  weight  of  each  of  the  four  stock  groups  over  the  14-mo 
growout  period.  Lines  are  fitted  to  the  respective  linear  regression  equaticms  for  each  stock  group  over  time.  Different  superscripts  denote 
statistical  significance  between  slopes  (AN()\  A  homogeneity  of  slopes  model.  P  <  IU)5) 
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Figure  4.  Comparative  intrastock  gniHlh  in  shell  length  of  V/.  ediilis.  M.  trossulus.  and  their  hybrids  over  the  14  mo  growout  period  for  each 
of  the  four  stock  groups.  Lines  are  fitted  to  the  respective  linear  regression  equations  of  shell  length  o\er  time  for  each  stock  group.  Different 
superscripts  denote  statistical  significance  between  slopes  ( ANOVA  homogeneity  of  slopes  model.  P  <  0.05). 


within  and  among  farm  sites.  Genetic  heterogeneity  within  and 
among  sites  can  be  a  highly  significant  source  of  phenotypic  vari- 
ability in  survival,  growth  and  shell  morphology  (Penney  &  Han 
1999;  Penney  &  Hart  2002a.  Penney  et  al.  2002),  all  of  which 
affect  commercial  industry  production.  At  sites  within  mussel  hy- 
brid zones,  genetic  heterogeneity  and  phenotypic  variability  are 
both  typically  much  greater  than  in  areas  occupied  by  single  spe- 
cies (Gardner  1996).  Because  M.  ediilis  exhibits  faster  growth  in 
comparison  with  M.  trnssiihis  (Penney  et  al.  2002),  it  has  been 
recommended  that  commercial  production  indices  within  the  hy- 
brid zone  may  be  improved  and  intrasite  and  intersite  variability 
reduced  if  industry  were  to  convert  to  use  of  seed  from  unispecific 
or  at  least  high-ratio  M.  ediilis  seedstock(s)  replacing  their  present 
practice  of  seed  collection  from  a  multitude  of  sites,  which  often 
vary  widely  in  species  proportions  (Penney  et  al.  2002).  This 
would  be  especially  beneficial  at  sites  whose  native  mussel  popu- 
lations are  predominately  M.  imssidiis. 

Commercial  success  of  such  a  proposition  depends  on  the  rela- 
tively greater  growth  performance  of  M  ediilis  versus  M.  tnissidiis 
when  stocks  are  grown  on  their  native  sites  (Penney  et  al.  2002) 
being  maintained  when  transplanted  and  for  this  growth  differen- 
tial to  translate  into  increased  production  at  the  recipient  site.  The 
present  work  tests  this  propiisitioii   by  assessing  the  relative 


growth,  survival  and  production  dynamics  of  syinpatric  cohorts  of 
these  two  species  and  their  hybrids  in  a  reciprocal  transplant  ex- 
periment. With  respect  to  survival,  we  confirm  eariier  observations 
(Mallet  &  Carver  1995;  Penney  &  Hart  2002a)  that  genotype- 
dependent  survival  patterns  occur  among  the  various  Mytiliis  geno- 
types in  rope-cultured  mussel  populations  within  the  Atlantic  Ca- 
nadian hybrid  zone.  However,  these  patterns  do  not  consistently 
favor  sur\  ival  of  either  M.  edidis  or  M.  trossulus  or  their  hybrids 
at  all  sites.  In  other  words,  survival  is  influenced  by  a  significant 
stock  X  site  interaction  effect.  It  is  also  interesting  to  note  that 
genotype-dependent  selection  favoring  M.  trossulus  occurred  in 
the  Charles  Arm  stock  reared  on  its  native  site.  However,  in  a 
similar  growout  experiment  involving  an  earlier  year  class  of 
Charles  Arm  seed  grown  at  the  same  site  (Penney  &  Hart  2002a), 
there  was  no  evidence  of  any  selective  survival  pattern  at  the  Mpi 
locus  although  overall  survival  of  that  Charles  Arm  year  class  was 
lower  than  the  Thwart  Island  stock  at  that  time.  We  infer  from 
these  results  that  genotype-dependent  survival  patterns  are  also 
temporally  variable  among  year  classes  within  the  same  stock, 
possibly  indicative  of  a  genotype-dependent  interaction  with 
changing  environmental  conditions.  Thus,  in  a  commercial  con- 
text, year-class  to  year-class  survival  patterns  within  rope-cultured 
mussel  populations  are  cun'ently  somewhat  unpredictable.  Because 
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Figure  5.  Comparative  intrastock  groHth  in  «et  weight  MM.  ediilis.  M.  trossulus.  and  their  hybrids  o\er  the  14  mo  grovvout  period  for  each  of 
the  four  stock  groups.  IJnes  are  fitted  to  the  respective  linear  regression  equations  of  wet  weight  over  time  for  each  stock  group.  Different 
superscripts  denote  statistical  significance  between  slopes  (ANOVA  homogeneity  of  slopes  model.  P  <  0.051. 


variuble  survival  patlcriis  nia\  sliongly  affect  production  rales,  this 
has  important  consequences  for  mussel  aquaculture  development 
within  the  hybrid  zone. 

The  present  results  support  earlier  observations  (Penney  et  al. 
2002)  that  growth  rates  in  wet  weight,  shell  weight  and  flesh 
weight,  but  not  necessarily  growth  in  shell  length,  are  typically 
greater  in  M.  eihiUs  and  hybrids  than  in  M.  rnissuhis.  We  funher 
conclude  these  genotype-dependent  differences  are  maintained 
when  stocks  are  transplanted  to  other  sites.  But,  the  intrinsically 
greater  weight  growth  rates  of  M.  edulis  and  hybrids  do  not  nec- 
essarily translate  into  greater  production  performance  in  compari- 
son w  ith  M.  trossulus.  Our  analysis  of  production  performance  did 
not  find  either  M.  edulis  or  M.  trossulus.  or  their  hybrids  consis- 
tently had  comparatively  higher  rates  of  production  in  all  cases.  M. 
edulis  and  hybrid  production  rates  were  higher  than  M.  trossulus  in 
two  of  four  slocl\  groups,  M.  edulis  and  M.  trossulus  production 
rates  were  similar  in  a  third  group,  and  the  M.  trossulus  production 
rate  was  greater  than  either  of  M.  edulis  or  hybrids  in  the  fourth 
group.  The  lower  rates  of  production  of  M.  edulis  within  the  two 
stock  groups  originating  from  the  Charles  Arm  seedstock  (CA  and 
CA-X)  and  the  relatively  high  production  rate  of  M.  trossulus 
within  the  CA  stock  group  was  largely  because  of  the  relatively 
lower  survival  of  M.  edulis  within  these  two  groups  and  to  the 


relatively  greater  survival  of  A7.  trossulus  in  the  CA  stock  group. 
The  greater  wet  weight  of  the  Charles  Arm  seed  compared  with 
Thwart  Island  seed  at  the  time  of  sleeving  also  may  have  played  a 
part  in  the  comparatively  lower  production  rates  of  their  respective 
stock  groups.  Thus,  we  conclude  our  results  do  not  support  the 
proposition  that  M.  edulis  has  intrinsically  higher  rates  of  produc- 
tion than  M.  trossulus.  Therefore,  a  directed  seed  transfer  program 
transplanting  M.  edulis  stocks  to  sites  whose  native  seedstocks  are 
mostly  M.  trossulus  will  not  necessarily  result  in  increased  rates  of 
production  on  such  mussel  farms. 

Lower  survival  rates  of  the  M.  edulis  cohort  compared  with  A/. 
trossulus  in  mixed-species  stocks  has  previously  been  reported 
from  Lunenberg  Bay  in  Nova  Scotia  (Mallet  &  Carver  1995). 
However,  the  relatively  poor  survival  of  M.  edulis  w  ithin  stocks 
originating  froin  Charles  Arm  seed  is  inexplicable  at  this  point. 
This  is  especially  so  in  light  of  the  fact  there  was  no  evidence  of 
genotype-dependent  selection  at  the  Mpi  locus  in  a  previous  year 
class  reared  from  seed  to  harvest  size  at  Charles  Arm  using  iden- 
tical husbandry  techniques  and  mussels  of  approximately  the  same 
age  (Penney  &  Hart  2002a).  M.  edulis  and  M.  trossulus  are  known 
to  differ  in  their  relative  tolerance  to  temperature  and  salinity 
variations,  with  M.  trossulus  considered  to  be  adapted  to  relatively 
colder,  lower  or  more  variable  salinity  environments  (Vainolii  & 
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Figure  6.  Comparative  intrastock  growth  in  shell  weight  of  M.  edulis.  M.  trossulus.  and  their  hybrids  over  the  14  mo  growout  period  for  each 
of  the  four  stock  groups.  Lines  are  fitted  to  the  respective  linear  regression  equations  of  shell  weight  over  time  for  each  stock  group.  Different 
superscripts  denote  statistical  significance  between  slopes  (ANOV A  honiogeneitv  of  slopes  model,  P  <  0.05). 


Hvilson  1991,  Mallet  &  Carver  1995,  Rawson  et  al.  20U1 ).  How- 
ever, it  should  be  emphasized  at  this  point  that,  although  the  trans- 
fer of  stocks  across  large  environmental  gradients  is  known  to  have 
potentially  significant  deleterious  effects  on  mussel  survival 
(Theisen  1978.  Kautsky  et  al.  1990,  Johannesson  et  al.  1990).  the 
two  sites  used  in  the  present  work  are  both  located  in  the  same  bay 
and  subjected  to  similar  thermal  and  salinity  regimes.  Thus,  no 
obvious  strong  environmental  gradient  exists  between  the  Thwart 
Island  and  Charles  Arm  sites,  which  might  offer  a  likely  explana- 
tion for  the  results  of  the  present  study. 

Genotype-dependent  mortality  has  previously  been  reported  in 
mixed  M.  edulis-M.  trossulus  stocks  (Pedersen  et  al.  2000)  and 
temporal  and/or  stock-related  variability  in  its  expression  may  be 
commonplace  within  Atlantic  Canadian  mussel  stocks.  This  is  evi- 
denced by  a  reciprocal  seed  transfer  experiment  by  Myrand  and 
Gaudreault  (1993)  who  found  that  four  mussel  stocks  originating 
from  nearby  sites  in  the  Magdalen  Islands  differed  dramatically  in 
resistance  to  summer  mortality  despite  all  being  predominately  M. 
edulis  (Tremblay  et  al.  1998).  In  a  subsequent  transfer  experiment, 
it  was  noted  the  resistant  stock  suffered  a  significant  decrease  in 
degree  of  heterozygosity  when  transferred  to  other  nearby  sites 
leading  to  the  hypothesis  that  more  heterozygous  individuals  mi- 
grate to  the  outer  regions  of  sleeves  faster  than  more  homozygous 


individuals  where  they  are  more  prone  to  drop-off  caused  by  tur- 
bulence (Tremblay  et  al.  1998).  However.  Penney  and  Hart 
(2()02a)  evaluated  multilocus  heterozygosity  at  five  of  the  same 
loci  used  by  Tremblay  et  al.  (1998)  and  found  no  evidence  of 
temporal  changes  in  heterozygosity  in  rope-cultured  populations  of 
either  the  Charles  Arm  or  Thwart  Island  stocks.  Thus,  similar 
heterozygosity-fitness  relationships  in  the  Charles  Arm  stock  ap- 
pear an  unlikely  explanation  for  the  relatively  poor  survival  of  the 
M.  edulis  component  at  Charles  Arm. 

Clearly,  some  factor  other  than  simply  genotypic  variability  at 
the  Mpi  locus  results  in  significant  intrastock  and  temporal  sur- 
vival variability  in  mixed  M.  edulis-M.  trossulus  stocks,  although 
that  unknown  factor  does  seem  linked  to  allelic  variability  at  the 
Mpi  locus.  Allelic  variability  at  several  allo/yme  loci  are  known  to 
be  correlated  with  Mpi  allelic  variability  in  North  American  mus- 
sels (Varvio  et  al.  1988.  McDonald  et  al.  1991)  including  native 
stocks  at  the  two  sites  used  in  the  present  work  (Penney  &  Hart 
1999).  Genotype-dependent  selection  at  one  such  locus.  Cpi.  fa- 
voring survival  of  electrophoretically  slower  alleles  has  previously 
been  noted  in  rope-cultured  mussels  from  both  Charles  Arm  and 
Thwart  Island  (Penney  &  Hart  2002a).  Based  on  experimental 
work  showing  the  enzyme  products  of  different  Gpi  alleles  had 
different  thermal  optima  (Hoffman  1984.  Hall  1985),  Penney  and 
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Figure  7.  Comparative  intrastock  uroMlli  in  flesh  weight  of  A/,  edulis.  M.  trossulus.  and  their  hybrids  o\er  the  14  mo  jjrowout  period  for  each 
of  the  four  stocli  groups.  Lines  are  fitted  to  the  respective  hnear  regression  equations  of  flesh  weight  over  time  for  each  stock  group.  Different 
superscripts  denote  statistical  significance  between  slopes  (ANOVA  homogeneity  of  slopes  model,  P  <  0.05). 


Hart  (2002a)  advanced  the  hypothesis  that  suspended  mussel  cul- 
ture may  selectively  favor  individuals  with  electrophoretically 
slower  Cpi  alleles,  whereas  individuals  with  electrophoretically 
faster  alleles  would  have  an  advantage  in  intertidal  shore  popula- 
tions exposed  to  high  air  temperatures  during  emersion. 

Electrophoretically  slower  Cpi  alleles  are  associated  more  with 
M.  trossulus  than  with  M.  edulis  (Varvio  et  al.  1988.  McDonald  et 
al.  1991.  Penney  &  Hart  1999).  and  the  incidence  of  electropho- 


retically faster  alleles  is  higher  in  the  native  Charles  Arm  stock 
than  in  Thwart  Island  stock.  This  could  offer  a  potential  physi- 
ological explanation  for  the  relatively  lower  survival  of  the  stocks 
originating  from  Charles  Arm  seed.  While  purely  speculative,  the 
hypothesis  that  slower  Gpi  electromorphs  may  be  favored  in  sub- 
tidal  conditions  is  indirectly  supported  by  comparison  of  Mytilus 
Gpi  electromorphs  with  those  of  the  horse  mussel.  Modiolus 
iiutdiolus.  The  natural  spatial  distribution  of  the  latter  is  suhtidal 


TABLE  3. 

Initial  sleeve  weight  (mean  wet  weight  x  number  '  of  sleevel,  final  mussel  biomass  after  14  months  growout  (mean  wet  weight  x  number"' 

surviving),  and  rate  of  production  ((final  weight  -  initial  wcighD/initial  weight)  of  .1/.  edulis.  M.  trossulus.  hybrids,  and  all  species  combined 

in  each  of  transferred  and  non-transferred  stock  groups.  Numbers  with  letter  and  numeric  superscripts  are  significant  for  each  variable 

across  rows  or  down  columns  respectively  (Tukey,  P  <  0.05). 
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(Minor  1950)  and  hence  subjected  to  a  colder,  relatively  narrow 
range  of  water  temperatures  than  the  typically  intertidal  distribu- 
tion of  North  American  mytilid  populations.  Whether  coincidence 
or  not.  all  1 1  electromorphs  identified  at  the  Gpi  locus  in  New- 
foundland populations  of  M.  modiolus  are  electrophoretical- 
ly  slower  than  those  of  neighboring  in\tilids  (Penney  &  Hart 
2002b). 

In  summary,  the  present  work  supports  the  conclusion  that  the 
relatively  faster  rates  of  weight  growth  in  rope-cultured  M.  edulis 
and  hybrids  compared  with  M.  trossulus  exhibited  on  their  native 
sites  are  maintained  when  transferred  to  other  sites,  at  least  insofar 
as  the  donor  and  recipient  sites  are  not  substantially  different  in 
environmental  conditions.  However,  the  relative  survival  of  the 
two  species  and  hybrids  and  hence  their  relative  production  per- 
formance do  not  appear  predictable  based  on  their  Mpi  genotype 
alone.  This  conclusion  is  consistent  with  that  of  Mallet  and  Carver 
(1999)  who  observed  that  several  pure  M.  edulis  stocks  from 
Prince  Edward  Island,  New  Brunswick  and  Nova  Scotia  when 


transferred  to  a  site  whose  native  population  was  primarily  M. 
trossidiis  did  not  consistently  outperform  the  local  mixed-species 
stock.  Therefore,  selection  of  high  performance  seedstocks  appro- 
priate for  widespread  use  by  industry  remains  problematic  and  a 
need  exists  to  conduct  test  transfers  of  each  stock  individually  or, 
alternatively,  greater  understanding  of  the  causal  mechanisms  of 
variable  survival  in  mixed-species  populations  is  required.  How- 
ever, because  the  greater  shell  weight  of  M.  edulis  may  translate 
into  lower  levels  of  shell  breakage  during  processing  (Mallet  & 
Carver  1995).  selection  of  M.  edidis  stocks  over  local  M.  trossulus 
or  mixed-species  stocks  for  commercial  growout  appears  likely  to 
be  a  better  alternative. 
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ABSTRACT  Although  ihe  greatest  global  diversity  of  freshwater  mussels  (-300  species)  resides  in  the  United  States,  the  superfamily 
Unionoidea  is  also  the  most  imperiled  taxon  of  animals  in  the  nation.  Thirty-five  species  are  considered  extinct.  70  species  are  listed 
as  endangered  or  threatened,  and  appro.ximately  100  more  are  species  of  conservation  concern.  To  prevent  additional  species  losses, 
biologists  have  developed  methods  for  propagating  juvenile  mussels  for  release  into  the  wild  to  restore  or  augment  populations.  Since 
1997.  mussel  propagation  facilities  in  the  United  States  have  released  over  I  million  juveniles  of  more  than  a  dozen  imperiled  species, 
and  survival  of  these  juveniles  in  the  wild  has  been  documented.  With  the  expectation  of  continued  growth  of  these  programs,  agencies 
and  facilities  involved  with  mussel  propagation  must  seriously  consider  the  genetic  implications  of  releasing  captive-reared  progeny. 
We  propose  10  guidelines  to  help  maintain  the  genetic  resources  of  cultured  and  wild  populations.  Preservation  of  genetic  diversity 
will  require  robust  genetic  analysis  of  source  populations  to  define  conservation  units  for  valid  species,  subspecies,  and  unique 
populations.  Hatchery  protocols  must  be  implemented  that  minimize  risks  of  artificial  selection  and  other  genetic  hazards  affecting 
adaptive  traits  of  progeny  subsequently  released  to  the  wild.  We  advocate  a  pragmatic,  adaptive  approach  to  species  recovery  that 
incorporates  the  principles  of  conservation  genetics  into  breeding  programs,  and  prioritizes  the  immediate  demographic  needs  of 
critically  endangered  mussel  species. 

KEY  WORDS:     freshwater  mussels,  genetic  guidelines,  conservation  units,  artificial  propagation,  imperiled  species. 


INTRODUCTION 

North  Ameiica  contains  the  greatest  diversity  of  freshwater 
mussels  in  the  world,  approximately  300  species.  However,  the 
superfamily  Unionoidea  is  the  most  imperiled  group  of  animals  in 
the  United  States,  with  213  species  (72%)  considered  endangered, 
threatened,  or  of  special  concern  (Williams  et  al.  1993.  Neves 
1999).  Already,  approximately  35  species,  or  12%  of  the  Noilh 
American  mussel  fauna,  have  become  extinct  in  the  last  100  y 
(Neves  et  al.  1997).  an  extinction  rate  comparable  to  estimated 
faunal  losses  in  tropical  rainforests  (Ricciardi  &  Rasmussen  199Q). 
For  example,  the  Tennessee  River  basin  historically  was  home  to 
102  species  of  mussels,  and  hence  is  the  putative  center  of  mussel 
diversity  in  North  America  (Parmalee  &  Bogan  1998).  Of  those 
original  102  species.  12  are  extinct,  26  are  listed  as  endangered 
under  the  Endangered  Species  Act.  20  are  extirpated  froin  the 
basin,  and  only  about  30  species  have  stable  populations  (Parmalee 
&  Bogan  1998).  Most  of  the  endangerment  is  caused  by  habitat 
loss  and  degradation  caused  by  dams,  sedimentation,  water  pollu- 
tion, dredging  and  other  anthropogenic  factors  (Neves  et  al.  1997. 
Neves  I999|.  Without  immediate  efforts  to  recover  the  70  feder- 
ally listed  and  numerous  other  imperiled  species  in  United  States 
watersheds,  the  extinction  of  additional  species  is  likely.  With  this 
goal  in  mind,  a  committee  of  experts  prepared  a  National  Strategy 
for  the  Conservation  of  Native  Freshwater  Mussels  to  coordinate  a 
nationwide  conservation  program  (National  Native  Mussel  Con- 
servation Committee.  1998).  This  document  elaborates  on  the  ge- 
netic concerns  expressed  in  the  national  strategy. 

Propagation  and  culture  of  endangered  tnussel  species  typically 
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is  recommended  in  recovery  plans  (e.g..  US  Fish  and  Wildlife 
Service  (USFWS)  2004).  to  augment  population  sizes  and  to  re- 
introduce species  to  sites  within  their  historical  ranges.  A  joint 
policy  concerning  controlled  propagation  was  adopted  by  USFWS 
and  the  National  Marine  Fisheries  Service  (NMFS)  to  provide 
guidance  and  consistency  for  implementation  of  species  recovery 
activities  involving  captive  propagation  (USFWS  and  NMFS. 
2000).  This  policy  recognizes  controlled  propagation  as  a  useful 
tool  for  establishing  new,  self-sustaining  populations:  for  supple- 
menting or  enhancing  wild  populations;  and  for  holding  offspring 
of  listed  species  for  part  of  their  development  if  suitable  natural 
conditions  do  not  exist  (USFWS  and  NMFS.  2000).  Over  the  last 
10  y,  propagation  technology  has  been  developed  at  the  Freshwater 
Mollusk  Conservation  Center  at  Virginia  Polytechnic  Institute  and 
State  University  (Virginia  Tech)  and  at  other  facilities  in  the 
United  States  to  produce  endangered  juvenile  mussels  for  this 
purpose  (Neves  2004).  Currently,  15  federal  and  state  facilities 
propagate  freshwater  mussels  in  the  Southeast  and  Midwest:  Ala- 
bama Department  of  Conservation  and  Natural  Resources,  Ken- 
tucky Departtnent  of  Fish  and  Wildlife  Resources.  Maminoth  Cave 
National  Park  (Kentucky).  University  of  Minnesota.  North  Caro- 
lina State  University.  Ohio  State  University.  Southeast  Aquarium 
Research  Institute  (Georgia),  Southwest  Missouri  State  University 
(SWMSU).  Tennessee  Tech  University.  USFWS  Genoa  National 
Fish  Hatchery  (Wisconsin).  USFWS  Mammoth  Springs  National 
Fish  Hatchery  (Arkansas).  USFWS  Wami  Springs  National  Fish 
Hatchery  (Georgia),  USFWS  White  Sulphur  Springs  National  Fish 
Hatchery  (West  Virginia),  Virginia  Department  of  Game  and  In- 
land Fisheries,  and  Virginia  Tech  University.  These  facilities  have 
conducted  critical  life  history  studies  on  freshwater  mussels  (e.g., 
Jones  &  Neves  2002;  Neves  2004)  and.  during  the  past  several 
years,  have  released  over  I  million  juveniles  of  more  than  a  dozen 
endangered  species  into  rivers  throughout  the  eastern  United 
States.  Survival  of  laboratory-reared  juveniles  1-3  y  of  age  after 
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release  already  has  been  documented.  For  example,  researchers  at 
SWMSU  produced  thousands  of  juvenile  Neosho  mucket.  Lamp- 
silis  rafinesqiieana  (Frierson.  1927).  and  reintroduced  them  in 
2000  into  historical  habitat  in  the  Fall  and  Verdigris  rivers.  Kansas. 
Biologists  recovered  28  juveniles  of  this  species  at  release  sites  in 
2002  (C.  Bamhart,  SWMU,  pers.  comm.  2003).  The  endangered 
Higgin's-eye  pearlymussel.  LampsiUs  lii^giiisi  (I.  Lea  1857).  and 
endangered  oyster  mussel.  Epiohlasina  capsaeformis  (I.  Lea. 
1834),  have  been  propagated,  outplanted.  and  recovered  at  release 
sites  in  the  upper  Mississippi  River,  Wisconsin,  and  Clinch  River. 
Tennessee,  respectively  (R.  Gordon,  USFWS.  Genoa  National 
Fish  Hatchery,  pers.  comm.  2002,  Jones  &  Neves,  unpubl.  data. 
2004).  Therefore,  propagation  of  mussels  offers  state  and  federal 
hatcheries  an  opportunity  to  expand  their  mission  and  assume  an 
important  role  in  conservation  of  biological  diversity  in  the  United 
States. 

Federal  and  state  biologists  are  optimistic  about  using  propa- 
gation technology  as  a  recovery  tool  for  endangered  mussels,  and 
as  mitigation  for  mussel  populations  killed  by  toxic  spills  or  other 
anthropogenic  impacts.  However,  as  these  programs  mature  and 
become  more  successful,  the  genetic  implications  of  releasing  cap- 
tive-reared progeny  to  natal  or  other  rivers  must  be  considered. 
Propagation  programs  will  be  challenged  to  increase  population 
sizes,  whereas  simultaneously  trying  to  avoid  negative  conse- 
quences of  altering  the  genetic  resources  of  populations  (Miller  & 
Kapuscinski  2003).  Because  little  is  known  about  conservation 
genetics  of  mussels,  researchers  and  natural  resource  managers 
will  have  to  apply  the  science  developed  by  professionals  involved 
in  conservation  genetics  of  fishes,  marine  bivalves,  and  other  or- 
ganisms {Lannan  1980a.  Lannan  l9S0b.  Meffe  1986.  Gaffney  et 
al.  1993,  Waples  1999,  Hallcrman  2003). 

In  this  paper,  we  discuss  application  of  the  principles  of  con- 
servation genetics  to  protect  genetic  resources  of  mussel  popula- 
tions. Our  intent  is  to  identify  and  justify  basic,  practical,  genetic 
guidelines  for  their  captive  propagation.  Readers  should  be  aware 
that  the  current  state-of-knowledge  concerning  mussel  propagation 
technology  is  still  in  its  infancy.  Hence,  some  of  the  population 
genetic  concerns  presented  are  based  upon  theoretical  principles. 
Key  biological  information  often  is  lacking  for  mussels  (e.g., 
population  genetic  structure,  degree  and  distribution  of  adaptive 
genetic  variation,  numbers  of  juveniles  needed  to  demographically 
boost  and  effectively  restore  populations,  robust  estimates  of  ju- 
venile mortality  in  the  laboratory  and  field,  and  effective  and  mini- 
mal viable  population  sizes).  Therefore,  questions  concerning  ef- 
fects of  artificial  propagation  technology  on  variation  of  adaptive 
genetic  traits  (e.g.,  life  history  traits)  are  yet  unanswered.  Propa- 
gation programs  must  take  an  adaptive  approach  to  management  of 
mussel  resources,  one  that  readily  learns  from  results  and  applies 
best  available  science  to  conservation  goals.  Ten  guidelines  are 
discussed  in  this  paper  and  are  primarily  aimed  at  avoiding  genetic 
hazards  associated  with  implementation  of  hatchery  supplementa- 
tion programs  (Table  I ).  The  intent  of  this  paper  is  to  remind 
mussel  culturists  of  basic  genetic  guidelines  and  protocols  to  help 
protect  genetic  resources  of  propagated  mussel  species.  We  antic- 
ipate that  as  propagation  technology  advances,  more  sophisticated 
genetic  management  guidelines  and  plans  will  be  needed  to  advise 
hatchery  managers. 

Life  History  of  FrcsliMalcr  Muxscis 

Development  of  conservation  strategies  unique  to  mussels  must 
be  grounded  in  an  understanding  of  their  life  histories,  population 


genetic  structure  and  population  dynamics.  Mussels  are  suspen- 
sion-feeders that  live  most  of  their  lives  embedded  in  the  gravel, 
sand  or  mud  substrates  in  rivers  or  lakes.  They  are  generally  long- 
lived  animals  that  exhibit  slow  to  moderate  population  recruitment 
rates.  Many  species  commonly  live  for  more  than  20  y,  with  some 
living  more  than  150  y  (Ziuganov  et  al.  1998).  Eggs  of  female 
mussels  are  fertilized  internally  by  sperm  released  by  males  into 
the  water  and  taken  in  by  females  during  siphoning.  The  sexes  are 
separate  in  most  species,  but  some  species  are  hermaphrodites  (van 
der  Schalie  1966,  1970).  The  embryos  then  develop  in  the  gills  of 
the  female  until  becoming  mature  parasitic  larvae  (glochidia). 
Once  the  glochidia  are  mature,  the  female  releases  them  into  the 
water,  where  they  must  attach  and  encyst  on  the  gills,  fins  or 
epidermis  of  a  suitable  host  fish  for  metamorphosis  to  the  juvenile 
stage.  Glochidia  of  most  mussel  species  require  specific  fish  hosts 
to  transform  into  juveniles  and  disperse  into  new  habitats.  To 
maximize  attachment  of  glochidia  to  host  fish,  some  mussel  spe- 
cies produce  glochidia  in  packets  (conglutinates)  or  have  mantle- 
tissue  modified  into  the  shape  of  lures  that  closely  resemble  prey 
items  (Fig.  1).  Female  mantle  tissue  and  conglutinates  can  mimic 
insect  larvae  and  pupae,  leeches,  tlatworms.  and  even  other  tlsh, 
all  of  which  seem  to  attract  host  fish  closer  for  possible  infestation 
by  glochidia  (Parmalee  &  Bogan  1998).  Metamorphosis  typically 
requires  2-3  wk.  depending  on  seasonal  water  temperatures.  Once 
this  parasitic  transformation  is  complete,  juveniles  excyst  and  drop 
from  the  fish  host  to  begin  their  lives  on  the  bottom  of  a  river  or 
lake.  The  juvenile  must  settle  into  suitable  substrate  to  have  a  high 
likelihood  of  survival. 

Basic  life  history  data,  estiinates  of  population  size,  and  assess- 
ments of  population  genetic  structure  are  lacking  or  sparse  for 
many  endangered  mussel  species.  However,  this  information  is 
critical  for  making  sound  management  decisions  during  captive 
propagation  of  species.  Thus,  it  is  imperafive  that  natural  resource 
managers  and  administrators  recognize  that  meeting  many  of  the 
guidelines  discussed  in  this  paper  will  require  that  studies  be  con- 
ducted to  assess  population  size,  population  genetic  structure  and 
life  history  parameters  prior  to  implementation  of  propagation  ac- 
tivifies  for  some  species,  especially  when  multiple  populations  of 
a  species  exist  and  augmentation  is  an  intended  recovery  strategy. 
In  the  remainder  of  the  paper,  we  discuss  the  genetic  issues  that 
should  be  of  concern  to  mussel  culturists,  each  followed  by  its 
recommended  guideline. 

Addressing  Causes  of  Decline  and  Extinction 

The  decline  of  mussel  species  throughout  North  America  in  the 
2()th  century  is  attributed  to  degradation  of  habitat  from  various 
factors,  including  channelization,  damming,  mining,  pollution, 
residential  development,  silting  of  rivers,  and  more  recently,  com- 
petition with  the  exotic  zebra  mussel  Dreissena  polymorpha  (Pal- 
las 1771 ).  Dams  change  the  flow,  temperature  and  dissolved  oxy- 
gen regimes  of  free-tlowing  rivers,  such  that  the  reproductive  cycle 
of  freshwater  mussels  is  disrupted;  gametogenesis  is  inhibited  and 
fish  hosts  that  prefer  shallow,  free-flowing  river  habitat  are  extir- 
pated from  impounded  reaches.  Thus,  dams  prevent  or  inhibit  dis- 
persal of  mussels,  limiting  their  ability  to  recolonize  historic  habi- 
tats and  sustain  natal  ranges.  Pollution  and  siltation  of  rivers  de- 
grades benthic  habitats  and  interferes  with  osmoregulation,  feeding 
and  survival  of  adults  and  juveniles.  Zebra  mussels  attach  to  the 
shells  of  native  mussels  and  directly  interfere  with  feeding,  respi- 
ration and  reproduction,  causing  a  decline  in  physiological  condi- 
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TABLE  1. 
Summary  and  justification  tVir  the  10  genetic  guidelines  recommended  in  this  paper  for  captive  propagation  of  freshwater  mussels. 


Summary 


Justification 


Guideline  1: 


Guideline  2: 


Guideline  3: 


Guideline  4: 


Guideline  5: 


Guideline  6: 


Guideline  7: 


Guideline  8: 


Guideline  9: 


Guideline  10: 


Threats  to  population  persistence  should  be  identified  and,  when 
feasible,  corrected  prior  to  implementing  captive  propagation 
for  a  species. 

Each  mussel  species  targeted  for  recovery  using  propagation 
technology  should  have  a  recovery  plan  that  defines:  ( 1 ) 
necessity  of  genetic  characterization  of  remaining  populations; 
(2)  number  of  populations  to  be  augmented  or  reintroduced  to 
effectively  recover  the  species;  (3)  appropriate  locations  for 
relea.se  of  juvenile  mussels;  (4)  number  of  juveniles  to  be 
released  per  year  at  a  site;  (5)  number  of  gravid  females  to  be 
collected  per  year  for  broodstock  and  (6)  Held  and  laboratory 
protocols  to  minimize  genetic  risks  incurred  by  recovery 
activities. 

Collection  of  gravid  female  mussels  for  an  augnienlalion  ideally 
should  come  from  the  natal  ri\er.  or  from  the  closest 
genetically  similar  viable  population,  and  that  for  restoring 
species  into  historical  ri\er  habitat  from  the  closest  adjacent 
river  system. 

Establish  an  appropriate  number  of  gravid  females  to  be 
collected  each  year  for  propagation  from  a  small  population, 
as  well  as  protocols  to  monitor  survival  and  recruitment  of 
artificially  propagated  juveniles. 

Maintain  the  largest  possible  genetically  effective  population  size 
(N,.)  of  propagated  |u\enile  mussels  by  collecting  an 
appropriate  number  of  adult  females  each  year  to  use  as 
broodstock,  and  when  feasible,  rotate  broodstock  periodically. 

To  avoid  declines  in  population  fitness  due  to  outbreeding 
depression,  populations  that  qualify  as  evolutionarily 
significant  units  (ESUs),  subspecies,  or  closely  related  species 
should  not  be  mixed. 

Reduce  domestication  selection  during  propagation  and  culture 
of  juvenile  mussels  by  mimicking  natural  life  history 
processes,  such  as  tlsh  hosts,  diet,  temperature  regimes,  and 
habitat  of  a  targeted  species  as  closely  as  possible  in  the 
hatchery. 

Protocols  are  needed  to  prevent  mixing  of  species  or  other 
management  units  through  inad\ertent  exchanges  of  juveniles 
on  laboratory  equipment, 

Relea.se  an  appropriate  number  of  juvenile  mussels  from  an 
appropriate  number  of  parents  at  release  sites  to  maximize 
effective  population  size  (A',,),  and  at  an  early  life  stage  to 
maximize  survival  in  the  wild,  and  to  minimize  the  effects  of 
domestication  selection. 

Monitoring,  evaluation,  and  database  management  should  be 
regarded  as  an  integral  part  of  any  augmentation  or  restoration 
program,  followed  as  appropriate  with  modification  of 
program  goals  and  operations  procedures  to  promote  program 
effectiveness. 


Increases  availability  of  suitable  habitat  for  population  restoration 


Promotes  implementation  of  hatchery  activities  using  approved 
plans  designed  to  protect  genetic  resources  of  populations 


Maintains  within-  and  aniong-population  genetic  variation 


Minimizes  over-collection  of  broodstock  from  small  populations 


Maintains  vvilhin-population  genetic  variation 


Maintains  among-population  genetic  variation 


Increases  progeny  fitness  and  survival  when  released  to  the  wild 


Maintains  among  population  genetic  variation 


Maintains  within  population  genetic  \anation  and  reduces 
domestication  selection 


Promotes  program  effectiveness  and  adaptive  management 


tioii  and  eveiittiul  death  (Haag  et  al.  1993,  Neves  1999),  Both 
habit;il  deL'r;idation  and  nonindigenous  species  accelerate  native 
mussel  population  declines  by  negatively  affecting  vital  rates,  no- 
tably reproduction,  recruitment,  survival  and  dispersal.  Identifying 
threats  to  population  persistence  in  species  targeted  for  recovery  is 
an  important  step  in  determining  the  feasibility  and  necessity  of 
captive  propagation.  Only  when  the  causes  of  decline  are  identified 
and  corrected  can  conservationists  effectively  implement  augmen- 
tations and  reintroductions  to  remedy  small  population  problems 
(Caughley  1994)  and  re-establish  populations  within  historical 
ranges.  Hence,  propagation  programs  should  be  viewed  as  a  re- 


covery tool  that  is  integrated  within  larger  ecosystem  management 
programs  of  habitat  protection  and  restoration.  Propagation  of  en- 
dangered mussel  species  is  a  supplement  rather  than  a  substitute 
for  addressing  factors  responsible  for  population  declines. 

Guideline  1:  Threats  to  population  persistence  should  be  iden- 
tified and,  when  feasible,  corrected  prior  to  implementing  captive 
propagation  for  a  species. 

Propagation  and  Recovery  Goals 

Because  species  conservation  units  are  identified  by  genetic 
studies,  the  focus  of  recovery  efforts  for  some  species  will  shift  to 
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Figure  1.  { A  &  B)  Phenotypicallv  variable  mantle  displays  of  the  wavv-rayed  lampniussel  iMinpsilis  fasciola  niiinic  prey  ol  predatory  fish  hosts, 
(C)  Cnnglutinates  of  kidneyshell  Ptychuhrnnchus  fascinhiris  miniir  the  larval  stage  of  blacktiies  iSimuliidael  to  attraet  darter  hosts,  and  ID) 
Conglutinates  of  tinted  kidneyshell  I'tychobraiichus  suhleiilum  mimic  the  pupal  stage  of  blackflies  (length  of  conglutinates  is  3-5  mm).  Photo- 
graphs by  Jess  Jones, 


implementation  of  a  captive  propagation  program.  Hatcheries  will 
be  used  to  produce  and  release  sufficient  numbers  of  juvenile 
mussels  of  suitable  physiological  and  genetic  quality  to  alle\iate 
the  immediate  threat  of  extinction  for  an  endangered  mussel  spe- 
cies, and  to  demographically  boost  a  population  to  the  point  where 
it  is  self-sustaining.  Species  should  be  prioritized  for  recovery 
based  on  their  risk  of  extinction  using  analytic  tools  such  as  popu- 
lation viability  analysis  (PVA)  (Beissinger  &  McCullough  2002). 
Accomplishing  these  goals  will  require  lestoration,  augmentation 
and  protection  of  viable  populations  of  targeted  species  and  their 
habitats,  and  continued  research  into  their  life  history  and  popu- 
lation dynamics.  Restoration  is  the  re-establishment  of  populations 
into  historical  habitats  from  which  the  species  has  been  extirpated, 
whereas  aiigmenlatioii  is  the  rehabilitation  of  demographically  de- 
pressed populations  with  translocated  adults  or  hatchery-reared 
progeny.  To  achieve  these  goals,  propagation  programs  will  need 
to  adopt  straightforward  guidelines  to  help  protect  genetic  re- 
sources of  species  prior  to  initiating  captive  propagation  activities. 
Criteria  for  down-listing  endangered  species  to  threatened  and 
ultimately  to  recovered  status  are  stated  in  federal  recovery  plans 
(e.g.,  USFWS  1984.  2004)  and  are  useful  for  developing  propa- 
gation goals.  These  plans  provide  basic  biological  information 
pertinent  to  the  recovery  of  a  species.  In  addition  to  biological 
requirements,  recovery  plans  typically  require  the  existence  of  3-6 


(e.g..  6  for  Epioblasina  capsaeformis).  and  sometimes  more,  dis- 
tinct viable  populations  of  a  species  for  down-li.sting  from  endan- 
gered to  threatened  (USI^WS.  2004).  Plans  define  a  viable  popu- 
lation as  a  wild,  naturally  reproducing  population  that  is  large 
enough  to  maintain  sufficient  genetic  variation  to  enable  the  spe- 
cies to  adapt  and  respond  to  natural  habitat  changes  without  further 
intervention  (USFWS  2004).  Populations  are  considered  distinct 
when  they  are  sufficiently  separated  such  that  a  single  mortality 
event  would  not  eliminate  or  reduce  more  than  one  population. 

Guideline  2:  Each  mussel  species  targeted  for  recovery  using 
propagation  technology  should  have  a  recovery  plan  that  defines: 

( 1 )  necessity  of  genetic  characterization  of  remaining  populations: 

(2)  number  of  populations  to  be  augmented  or  reintroduced  to 
effectively  recover  the  species;  (3)  appropriate  locations  for  re- 
lease of  juvenile  mussels;  (4)  number  of  juveniles  to  be  released 
per  year  at  each  site;  (5)  number  of  gravid  females  to  be  collected 
per  year  for  broodstock  and  (6)  field  and  laboratory  protocols  to 
minimize  genetic  risks  incurred  by  recovery  activities. 

Genetic  Hazards  and  Risks 

Hatchery  and  field  activities  associated  with  captive  propaga- 
tion programs  pose  genetic  hazards  for  a  targeted  population.  A 
hazard  is  an  adverse  genetic  consequence  of  hatchery  activities  on 
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a  population,  and  a  risk  is  the  probabilit\  that  a  hazard  v\  ill  ocLur 
(Busack  &  Currens  1945).  Four  types  of  genetic  hazards  have  been 
identified:  (1)  extinction:  (2)  loss  of  within-population  genetic 
variation;  (3)  loss  of  between-population  genetic  variation  and  (4) 
domestication  selection  (Busack  &  Currens  1995).  The  risk  is 
generally  low  for  causing  the  extinction  of  a  species  (Type  1 
Hazard)  by  recovery  activities  of  a  hatchery  program;  however,  the 
over-collection  of  bloodstock  warrants  further  consideration,  to  be 
discussed  in  the  next  section.  The  loss  of  within-population  genetic 
variation  (Type  2  Hazard)  is  generally  caused  by  propagation  of 
progeny  from  a  limited  number  of  parental  broodstock.  Loss  of 
within-population  genetic  variation  is  accelerated  when  only  a  few 
adults  are  used  as  broodstock  to  produce  progeny  for  release  back 
into  the  natal  population  or  when  there  is  high  variance  of  repro- 
ductive success  among  breeders  (Hallerman  2003).  The  loss  of 
between-population  variation  (Type  3  Hazard)  is  caused  when  ge- 
netic distinctiveness  is  reduced  or  lost  because  of  mixing  popula- 
tions that  otherwise  would  not  interbreed  naturally  through  migra- 
tion. Because  scientists  are  still  uncertain  of  the  effects  of  losing 
genetic  variation  on  mussel  population  fitness,  cognizant  hatchery 
personnel  should  attempt  to  minimize  human-caused  losses  of  ge- 
netic variation  (Hard  1995,  Waples  1999).  Domestication  selection 
(Type  4  Hazard)  is  the  consequence  of  any  change  in  the  selection 
regimen  experienced  by  a  cultured  population,  relative  to  what  it 
would  have  experienced  in  the  wild  (Waples  1999).  Hatcheries  can 
alter  selection  regimes  in  several  ways  (discussed  in  detail  later). 
Therefore,  personnel  involved  with  the  design  and  implementation 
of  hatchery  supplementation  programs  need  to  recognize  genetic 
hazards  and  understand  how  to  avoid  or  minimize  risks  associated 
with  propagation  activities  of  targeted  species,  as  discussed  in  the 
sections  that  follow. 

Selection  of  Broodstock  Source  Popii Unions 

Gravid  female  mussels  typically  are  collected  directly  from 
their  natal  river  for  use  as  hatchery  broodstock.  Populations  in 
close  proximity  to  one  another  within  a  river  basin  are  typically 
best  suited  for  use  as  broodstock  to  restore  or  augment  adjacent 
populations  with  propagated  juveniles.  Hence  when  possible,  col- 
lection of  gravid  females  for  augmenting  a  population  should  come 
from  the  natal  river.  Restoration  of  a  species  into  an  historical 
stream  of  occurrence  should  use  broodstock  from  the  closest  ad- 
jacent watershed  based  on  stream  distance  and  with  the  most  simi- 
lar genetic  and  ecological  characteristics.  Source  populations 
should  be  similar  to  the  recipient  population  based  on:  ( I )  genetic 
lineage;  (2)  life  history  patterns;  (3)  ecology  of  the  originating 
environment  and  (4)  physiographic  division  (Miller  &  Kapuscinski 
2003).  In  regards  to  the  last  factor,  the  close  proximity  of  popu- 
lations does  not  preclude  the  need  for  genetic  analysis,  especially 
for  mussel  species  that  have  limited  dispersal  capabilities  and  oc- 
cur in  smaller  headwater  streams,  such  as  some  Epioblasma  and 
Pleurohenui  spp.  that  use  darters  and  minnows  as  hosts.  Fine-scale 
geographic  patterns  of  genetic  variation  may  exist  for  these  spe- 
cies. In  such  cases,  the  desire  to  preserve  native  population  genetic 
structure  (to  avoid  Type  3  Hazard)  must  be  carefully  balanced  with 
the  need  to  augment  the  population  with  progeny  from  a  popula- 
tion in  another  stream.  Further,  viable  populations  of  many  endan- 
gered species  are  few,  and  some  species  are  reduced  to  a  single 
population.  In  these  cases,  the  need  for  among-population  genetic 
analysis  will  be  limited  or  not  necessary,  and  selection  of  source 
populations  for  translocation  or  captive  propagation  generally  can 
be  based  on  geography  alone  or  criteria  to  prevent  extinction. 


Guideline  .■<:  Collection  of  gravid  female  mussels  for  an  aug- 
mentation ideally  should  come  from  the  natal  river,  or  from  the 
closest  genetically  similar  viable  population,  for  restoring  species 
into  an  historical  river,  from  the  closest  adjacent  river  system. 

Collection  of  an  excessive  number  of  adult  female  mussels  for 
broodstock  from  a  population  can  effectively  "mine"  natural  popu- 
lations by  remo\ing  reproductive  individuals  from  their  source 
population  and  potentially  contribute  to  decline  (Type  I  Hazard. 
Miller  &  Kapuscinski  2003).  This  can  happen  when  the  survival  of 
hatchery-reared  progeny  is  less  than  survival  of  those  produced 
naturally.  For  critically  endangered  species  comprised  of  a  single 
small  population,  it  may  be  necessary  to  establish  a  maximum 
number  of  females  to  be  collected  each  year  for  use  as  broodstock. 
This  practice  can  help  prevent  over-collection  of  gravid  females 
from  a  population  and  allow  for  some  level  of  annual  /;;  situ 
reproduction  to  occur.  For  example,  the  population  of  endangered 
tan  riffleshell  Epioblasma  florentina  walkeri  (Wilson  &  Clark 
1914)  in  the  Clinch  River  watershed  occurs  only  in  a  1.200  m 
reach  of  a  tributary  stream.  The  population  size  has  been  estimated 
at  n  =  2,000  (Rogers  et  al.  2001 ).  However,  based  on  field  ob- 
servations of  the  number  of  gravid  females  releasing  glochidia 
each  year  in  the  spring  (J.  Jones,  unpublished  data),  the  actual 
number  of  breeding  females  is  much  smaller.  In  such  cases,  es- 
tablishing an  appropriate  number  of  gravid  females  to  be  collected 
each  year  for  broodstock  from  a  small  population  is  a  prudent 
measure  to  ensure  continuation  of  annual  in  situ  population  repro- 
duction. In  addition,  it  is  important  to  monitor  the  success  of 
propagation  efforts,  to  determine  whether  recruitment  of  hatchery- 
reared  juveniles  exceeds  that  of  naturally  produced  juveniles,  and 
that  artificial  propagation  truly  contributes  to  an  increase  of  the 
targeted  population. 

Guideline  4:  Establish  an  appropriate  number  of  gravid  females 
to  be  collected  each  year  for  propagation  from  a  small  population 
as  well  as  protocols  to  monitor  survival  and  recruitment  of  artifi- 
cially propagated  juveniles. 

Maintaining  Genetic  Resources  of  Cultured  Mussel  Species 

The  American  conservationist  Aldo  Leopold  ( 1949)  once  stated 
that  the  art  of  successful  tinkering  requires  that  we  first  save  all  of 
the  parts.  Leopold's  advice  certainly  is  applicable  to  conservation 
of  genetic  resources  of  propagated  species;  however,  heeding  this 
advice  will  require  that  culturists  have  detailed  knowledge  of  the 
genetic  composition  of  populations  and  an  understanding  of  the 
effective  population  size  (A'^)  needed  to  maintain  appropriate  lev- 
els of  genetic  diversity.  Genetic  studies  will  be  needed  to  elucidate 
the  genetic  structure  of  populations,  especially  to  determine  the 
presence  and  proportions  of  rare  alleles  in  populations.  Once  this 
information  is  available,  an  appropriate  broodstock  effective  popu- 
lation size  (NJ  can  be  determined  to  maintain  genetic  variation. 

The  effective  population  size  (N^.)  is  defined  as:  the  size  of  an 
idealized  population  that  would  lose  genetic  diversity  at  the  same 
rate  as  the  actual  population  under  consideration  (Kimura  1983). 
An  idealized  population  assumes:  (I)  no  migration;  (2)  distinct, 
nonoverlapping  generations;  (3)  number  of  breeding  adults  is  the 
same  in  all  generations  and  (4)  all  individuals  are  potential  breed- 
ers (Kimura  19S3).  Furthermore,  it  is  assumed  that  all  individuals 
in  an  idealized  population  randomly  mate,  and  the  population  is 
closed  in  all  succeeding  generations;  other  simplifying  conditions 
exist  as  well  for  an  idealized  population.  Obviously,  riverine  popu- 
lations of  mussels  do  not  meet  these  conditions,  but  the  behavior 
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of  how  genes  are  transmitted  from  generation  to  generation  in  an 
idealized  population  provides  useful  theoretical  predictions  about 
how  real  populations  can  lose  genetic  diversity.  For  example,  it  a 
real  population  loses  genetic  diversity  at  the  same  rate  as  an  ide- 
alized population  of  100,  then  the  A',,  of  the  real  population  is  100. 
even  if  it  contains  1.000  individuals  (Frankham  et  al.  2002).  For 
many  wild  populations,  the  estimated  ratio  of  effective  population 
size  to  census  population  size  (/Vy/V, )  is  appro.ximately  10% 
(Frankham  et  al.  2002).  Hence,  the  actual  number  of  breeding 
adults  in  a  natural  or  captive  population  contributing  their  off- 
spring to  the  next  generation  is  considerably  less  than  the  census 
size  of  a  wild  or  broodstock  population. 

Populations  of  imperiled  mussel  species  often  are  small  and 
susceptible  to  loss  of  genetic  variation  through  ecological,  demo- 
graphic and  anthropogenic  factors,  to  include  artificial  propaga- 
tion. Furthermore,  once  these  populations  become  small,  genetic 
variation  typically  is  further  eroded  by  nonselective  forces,  such  as 
inbreeding  and  genetic  drift.  Random  genetic  drift  occurs  at  a  rate 
inversely  proportional  to  the  genetically  effective  population  size 
(N  )  (Kimura  &  Crow  1963).  Importantly,  loss  of  within- 
population  genetic  variation  (Type  2  Hazard)  can  result  in  a  re- 
duced capacity  of  populations  to  adapt  to  changing  environments, 
which  is  manifested  as  a  decrease  in  fitness  of  individuals  within 
a  population  (Meffe  1986).  Because  management  for  a  large  N^  is 
necessary  to  avoid  inbreeding  and  loss  of  genetic  variation,  what, 
then,  are  guidelines  that  mussel  culturists  and  biologists  can  follow 
to  accomplish  these  goals?  Popular  management  guidelines — such 
as  the  "50/500  rule,"  which  recommends  an  N^.  of  50  to  prevent 
inbreeding  depression  and  5(30  to  prevent  long-term  erosion  of 
genetic  variability  by  genetic  drift  (Frankel  &  Soule  1981) — are 
helpful  but  often  impractical  for  critically  endangered  mussel  spe- 
cies. Therefore,  a  long-term  strategy  is  needed  to  increase  /V,.  over 
many  year-classes,  especially  for  small  populations.  In  addition, 
because  little  is  known  of  mussel  reproductive  biology  (i.e..  fer- 
tilization success  rates)  equal  .sex  ratios  may  have  to  be  assumed. 
For  example,  if  10  gravid  females  are  collected  as  broodstock.  it 
might  be  assumed  that  each  female  was  fertilized  by  one  male,  and 
therefore.  A',,  =  20.  However,  it  is  likely  that  N,,  is  much  lower  in 
natural  populations  of  some  species  because  of  hermaphroditic 
reproduction  and  low  fertilization  success  between  males  and  fe- 
males. A  target  sample  of  20-25  randomly  collected  animals  can 
contain  -98%  of  the  expected  heterozygosity  of  a  wild  population 
(Lacy  1994),  and  could  be  achieved  for  even  small  populations 
over  1-5  y.  Accordingly,  multiple  gravid  female  mussels  should  be 
collected  annually  from  various  sites  to  represent  a  range  of  river 
locations,  habitats  and  subpopulations  within  the  source  popula- 
tion. Larger  {n  >  5.000)  populations  of  an  endangered  mussel 
species  are  likely  to  contain  considerably  higher  amounts  of  ge- 
netic variation;  therefore,  collection  of  a  greater  number  of  gravid 
females  per  year  is  necessary  to  increase  A^,.  and  genetic  diversity 
of  propagated  cohorts  over  time.  Other  researchers  have  recom- 
mended collecting  a  minimum  of  50-200  individuals  to  serve  as 
broodstock  (Ryman  &  Stahl  1980.  Allendorf  &  Ryman  1987). 
Such  a  strategy  helps  ensure  that  any  rare  alleles  (e.g.,  those  at  a 
frequency  of  <5%)  occurring  in  a  population  are  adequately  rep- 
resented in  the  broodstock  and  subsequent  progeny.  Thus,  for 
larger  populations  where  collection  of  gravid  females  can  easily  be 
accomplished,  it  is  recommended  that  >50  individuals  be  targeted 
over  time  to  augment  or  re-establish  populations.  All  females 
should  be  tagged  prior  to  their  release  back  to  the  river  or  if  held 
in  a  hatchery  as  captive  broodstock.  This  will  prevent  excessive 


use  and  over-representation  of  the  genomes  of  a  limited  number  of 
females  (see  discussion  of  Ryman  &  Laikre  [1991]  effect  below). 
In  addition,  tagged  mussels  can  be  tracked  in  the  field  and  hatchery 
for  survival  and  subsequent  gravidity.  In  the  future,  factorial  mat- 
ing designs  (in  which  males  and/or  females  are  mated  with  mul- 
tiple members  of  the  other  sex)  might  be  used  to  increase  geneti- 
cally effective  population  size  of  hatchery-produced  progeny. 
Thus,  with  time,  we  hope  to  gain  the  ability  to  implement  direct 
matings  and  thereby  minimize  loss  of  within-population  variation. 

Guideline  5:  Maintain  the  largest  possible  genetically  effective 
population  size  (N^.)  of  propagated  juvenile  mussels  by  collecting 
an  appropriate  number  of  adult  females  each  year  to  use  as  brood- 
stock and.  when  feasible,  rotate  broodstock  periodically. 

Because  the  effect  of  loss  of  genetic  diversity  in  mussel  popu- 
lations is  unknown,  management  of  effective  population  size  and 
genetic  variation  for  mussel  species  should  be  a  primary  concern  to 
biologists  and  culturists.  However,  technical  constraints  confront- 
ing propagation  of  some  endangered  inussel  species  dictate  that 
these  genetic  concerns  will  be  difficult  to  accommodate  initially. 
Some  species  are  now  sufficiently  rare,  that  obtaining  even  a  few 
gravid  females  per  year  for  propagation  is  difficult  (Rogers  et  al. 
2001.  Jones  et  al.  2004).  The  high  fecundity  and  output  of 
glochidia  by  individual  females  provides  an  opportunity  to  pro- 
duce many  more  juveniles  than  would  have  survived  in  nature; 
such  recovery  opportunities  should  be  exploited  to  alleviate  de- 
mographic and  environmental  threats  to  persistence  of  small  popu- 
lations. Thus,  in  the  initial  stages  of  recovery  for  some  endangered 
mussel  species,  increasing  population  density  to  alleviate  imme- 
diate threats  to  population  persistence  will  have  to  be  weighed 
against  managing  for  increasing  genetically  effective  population 
size  and  genetic  diversity.  Clearly,  there  is  a  need  to  balance  our 
capacity  to  produce  and  release  numerous  progeny  while  trying  to 
maintain  genetic  diversity  of  populations  (Type  2  and  3  Hazards). 

Outbreeding  Depression 

Outbreeding  depression  is  a  decrease  in  fitness  of  progeny  upon 
breakup  of  coadapted  gene  complexes  resulting  from  mating  of 
distantly  related  individuals  (Dobzhansky  1937).  Although  un- 
tested in  freshwater  mussels,  outbreeding  depression  has  posed  a 
threat  to  population  viability  in  some  species  of  marine  bivalve 
mollusks  (Lannan  1980a,  Lannan  1980b,  Gaffney  et  al.  1993. 
Boudry  et  al.  2002).  We  hypothesize  that  mussel  species  and  popu- 
lations that  have  limited  dispersal  capabilities  and  that  are  subject 
to  local  environmental  selection  pressures  may  have  developed 
coadapted  gene  complexes  for  adaptation  to  such  environments,  to 
include  local  host  fish  communities.  For  example,  recent  research 
on  fish  host  specificity  has  demonstrated  that  glochidia  obtained 
from  allopatric  mussel  populations  can  exhibit  significant  among- 
population  variation  in  transformation  success  when  exposed  to 
local  fish  host  communities  (Rogers  et  al.  2001,  Eckert  2003,  Jones 
et  al.  2006).  Other  factors,  such  as  differences  in  various  life 
history  parameters  (e.g.,  spawning  seasonality),  population  demo- 
graphic parameters,  physiological  response  to  water  quality  (e.g.. 
differences  in  local  geochemistry)  and  other  potentially  adaptive 
traits  should  be  assessed  by  biologists.  Thus,  we  suspect  that  some 
populations  of  freshwater  mussels  may  be  vulnerable  to  outbreed- 
ing depression,  and  mixing  distinct  populations  may  disrupt  ge- 
netic adaptation  to  local  environmental  conditions. 

Guideline  6:  To  avoid  declines  in  population  fitness  caused  by 
outbreeding  depression,  allopatric  populations  that  qualify  as  evo- 
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lutionarily  sigiiificaiU  Linils  (ESUs).  subspecies,  or  closely  related 
species  should  nol  be  mixed. 

Domesticatiuii  Selection 

Domestication  selection  (Type  4  Hazard)  causes  genetic 
changes  in  captive-held  populations.  In  the  captive  rearing  envi- 
ronment, artificial  selective  forces  can  replace  those  of  natural 
selection.  Domestication  selection  occurs  because  a  different  set  of 
progeny  survive  in  the  hatchery  than  would  have  survived  in  the 
wild.  Genetic  changes  can  affect  morphological,  physiological,  or 
behavioral  traits  and  lead  to  decreased  performance  and  survi\al  of 
captive-reared  progeny  in  natural  environments.  Because  mussel 
propagation  is  still  in  its  infancy,  domestication  selection  has  not 
been  documented  in  the  rearing  of  a  mussel  species;  however,  it 
has  in  the  rearing  of  fishes  (Miller  &  Kapuscinski  2003)  and  ma- 
rine bivalves  in  hatcheries  (see  annotated  bibliography  by  Moore 
&  Seeb  2001).  For  example,  many  salmon  hatcheries  producing 
fish  to  augment  wild  populations  are  careful  to  collect  breeders 
from  different  time-periods  through  the  spawning  run  of  a  particu- 
lar stock.  This  field-collection  practice  allows  genetic  representa- 
tion of  breeders  that  collectively  spawn  from  early  to  late  in  the 
run.  Similar  practices  may  be  necessary  for  some  species  of  mus- 
sels to  prevent  artificial  selection.  For  example,  females  of  the 
endangered  oyster  mussel  Epioblasma  capsaefoniiis  in  the  Clinch 
River.  Tennessee,  typically  begin  displaying  their  mantle-pad  lure 
and  releasing  glochidia  to  host  fish  in  April  and  continue  into  June 
(Jones  et  al.  2005).  Some  individual  females  display  early  in  the 
spring,  whereas  others  display  much  later.  These  differences  in  the 
timing  of  release  of  glochidia  by  E.  capsaeformis  may  be  geneti- 
cally controlled  and  suggest  that  gravid  females  should  be  col- 
lected at  different  times  throughout  the  glochidial  release  period. 
If,  for  example,  time  of  glochidial  release  is  under  genetic  control, 
then  excessive  propagation  and  release  of  juvenile  mussels  from 
females  collected  in  the  early  spring  could  shift  forward  the 
glochidial  release  period  of  a  targeted  population  relative  to  that  of 
the  wild  population. 

Research  is  needed  to  determine  how  domestication  selection 
could  alter  the  genetics  of  captive-reared  juvenile  mussels  through 
stages  in  the  propagation  process,  including  investigation  of  the 
following:  ( I )  most  appropriate  time  of  year  to  remove  glochidia 
from  the  female  mussel  to  maximize  maturity  of  glochidia  (Jones 
et  al.  2005);  (2)  use  of  marginally-suited  host  fish  for  transforming 
glochidia  to  the  juvenile  stage;  (3)  appropriate  diet,  optimum  sub- 
stratum, exposure  to  disease  and  rearing  temperatures  and  (4) 
length  of  culture  period  in  captivity  before  release  to  the  wild.  To 
minimize  domestication  selection,  we  must  clearly  understand 
natural  regimes  and  requirements  for  fish  host  usage,  grow-out 
temperature,  substrates,  growth  rates,  light  regimen,  diet  and  size 
of  juveniles  at  release  relative  to  naturally-produced  juveniles, 
thereby  mimicking  the  ecology  and  habitat  of  a  species  as  closely 
as  possible  throughout  the  propagation  process  (Maynard  et  al. 
1995,  Flagg  &  Nash  1999). 

Guideline  7:  Reduce  domestication  selection  during  propaga- 
tion and  culture  of  juvenile  mussels  by  mimicking  natural  life 
history  processes,  such  as  fish  hosts,  diet,  temperature  regimes, 
and  habitat  of  a  targeted  species  as  closely  as  possible  in  the 
hatchery. 

iMhoraliiry  Protocols  to  Prevent  Mixing  of  Mussel  Species 

The  establishment  of  laboratory  protocols  to  prevent  the  inad- 
vertent mixing  of  species  or  other  management  units  is  important 


to  protect  the  integrity  of  genetic  resources.  Most  propagation 
facilities  rearing  juvenile  mussels  for  augmentation  or  restoration 
are  cultivating  multiple  species  and  populations  from  different 
drainages.  For  exainple,  at  the  Freshwater  Mollusk  Conservation 
Center  at  Virginia  Tech  University,  juveniles  of  (j-9  endangered 
mussel  species  are  produced  each  year,  representing  species  from 
several  major  river  drainages.  In  these  situations,  separate  tank 
systems  are  required  for  holding  host  fish  and  for  grow-out  of 
juveniles  from  different  drainages.  Because  juvenile  mussels  are 
small  (-200-1,000  |xm)  for  the  first  60  days  of  life  and  can  easily 
attach  to  laboratory  equipment  used  for  handling  juveniles,  such  as 
sieves,  siphons  and  Petri  dishes,  these  items  also  should  be  kept 
separate  for  each  lot  and  disinfected  regularly.  All  hatchery  per- 
sonnel should  be  trained  in  field  and  laboratory  protocols  to  reduce 
the  risk  of  unintentional  mixing  of  cultured  populations. 

Guideline  8:  Protocols  to  prevent  mixing  of  species  or  other 
management  units  through  inadvertent  exchanges  of  juveniles  on 
laboratory  equipment  are  needed  to  protect  genetic  resources  of 
freshwater  mussel  populations. 

Release  of  Propagated  Juveniles 

A  suite  of  factors  should  be  considered  before  juvenile  mussels 
are  released  to  the  wild.  Such  planning  is  especially  important  for 
critically  endangered  populations  with  small  effective  population 
sizes  lA'^,).  Small  populations  (e.g.,  ii  =  500-1.000  and  A'^,  <  50- 
100)  warrant  special  attention  if  they  serve  as  a  source  for  aug- 
mentation or  reintroduction.  First,  production  and  release  of  thou- 
sands of  juveniles  from  a  small  number  of  adult  females  into  a 
small  {n  <  1,000)  recipient  population  can  significantly  decrease 
A'^.,  because  of  unequal  contributions  of  progeny  from  only  a  few 
progenitors  (Ryman  &  Laikre  1991 ).  Therefore,  a  target  number  of 
offspring  should  be  established  for  release  into  a  small  population 
prior  to  augmentation.  Excess  progeny  could  be  released  at  adja- 
cent shoals  or  at  other  acceptable  sites.  Second,  selection  of  suit- 
able release  sites  should  be  based  on  at  least  the  following  criteria: 
( I )  biological  requirements  of  the  species,  such  as  presence  of  fish 
hosts;  (2)  habitat  quality  and  (3)  thorough  assessment  of  localized 
and  upstream  threats  to  release  sites.  Third,  juveniles  should  be 
released  at  the  earliest  life-stage  possible  that  will  maximize  sur- 
vival in  the  wild.  There  is  a  trade-off  between  how  long  juveniles 
are  reared  in  the  hatchery,  to  increase  survival  rate  relative  to 
juveniles  reared  naturally  and  continued  exposure  to  the  hatchery 
environment  and  the  associated  extent  of  domestication  selection 
(Miller  &  Kapuscinski  2003).  Exposure  to  natural  environmental 
patterns  and  selective  forces  at  an  early  life  stage  inay  prove  most 
beneficial  to  ensure  fitness  in  the  wild  of  hatchery-reared  juveniles. 
Fourth,  juveniles  should  be  released  under  moderate-to-low  flow 
conditions  to  allow  settlement  at  the  selected  site  on  the  river 
bottom,  and  at  the  appropriate  time  of  year  (spring-summer).  Fifth, 
release  methods  and  sites  should  be  selected  to  increase  the  range 
and  connectivity  of  localized  dames  and  populations.  For  example, 
juveniles  could  be  released  at  suitable  sites  between  known  loca- 
tions of  upstream  and  downstream  deines.  Sixth,  as  propagation 
technology  improves  and  juveniles  are  grown  to  larger  sizes,  ju- 
veniles should  be  marked  with  a  tag  or  chemical  stain  to  facilitate 
monitoring  efforts  (see  Eads  &  Layzer  2002). 

The  possibility  of  releasing  host  fish  infested  with  glochidia 
would  allow  natural  dispersal  and  colonization  of  habitats  other- 
wise excluded  by  only  releasing  hatchery-reared  juveniles,  spread 
risk  of  mortality  at  localized  stream  reaches,  and  mav  minimize 
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future  inbreeding.  However,  this  priietice  risl<s  loss  of  juveniles 
after  settlement  into  unfavorable  areas,  and  makes  monitormg  ot 
survival  success  difficult.  Under  some  circumstances,  such  as  in 
small  streams,  this  strategy  may  be  more  effective  than  site  spe- 
cific releases  of  cultured  juveniles. 

Guideline  9:  Release  an  appropriate  nimiber  of  juvenile  mus- 
sels from  an  appropriate  number  of  parents  at  release  sites  to 
maximize  effective  population  size  (N,,).  and  at  an  early  life  stage 
to  maximize  survival  in  the  wild,  and  to  minimize  the  effects  of 
domesdcation  selection. 

Monitoring  and  Adaptive  Management 

Captive  propagation  of  mussels  is  a  new  recovery  option,  and 
is  as  much  an  art  as  a  well-established  science  at  this  time.  Success 
must  be  measured  not  in  terms  of  how  many  juveniles  are  out- 
planted,  but  rather  in  terms  of  how  many  juveniles  recruited  into  or 
established  a  spawning  population.  Furthermore,  data  on  ( 1 )  num- 
ber of  gravid  females  used  to  produce  juveniles;  (2)  locations 
where  females  were  collected;  (3)  number  of  juveniles  released  per 
site  and  river  location;  (4)  juvenile  characteristics  (e.g..  age,  size 
and  condition)  and  (5)  river  conditions  at  the  time  of  release, 
should  be  recorded  and  submitted  to  the  responsible  natural  re- 
source agency.  Standard  data  sheets  should  be  prepared  and  used 
for  all  releases.  It  is  critical  that  protocols  to  monitor  survival  and 
recruitment  of  artificially  propagated  juveniles  are  established  and 
implemented,  and  project  data  are  collected  in  an  appropriate 
agency  database.  Ultimately,  success  will  be  measured  in  terms  of 
the  establishment  of  self-sustaining  populations.  Hence,  monitor- 
ing should  be  regarded  as  an  integral  part  of  any  captive  propa- 
gation and  release  program. 

Because  of  the  inany  unknowns  in  mussel  biology  and  uncer- 
tainties in  long-term  effects,  hatchery  programs  inay  be  experi- 
mental in  nature,  but  should  be  integrated  into  an  adaptive  man- 
agement program,  with  careful  attention  to  monitoring  and  re- 
evaluation  of  goals  and  protocols.  Under  the  adaptive  management 
paradigm,  results  of  monitoring  are  used,  as  appropriate,  to  modify 
management  goals  and  operations  procedures  so  that,  over  time, 
learning  occurs  and  the  overall  program  becomes  more  effective 


(Holling  I97S).  Adaptive  management  has  proven  useful  for  man- 
agement of  Pacific  salmonids  (Hilborn  &  Winton  1993.  Walters  et 
al.  1993),  and  we  acknowledge  that  it  is  essential  for  captive 
propagation  and  outplanting  of  imperiled  mollusks. 

Guideline  10:  Monitoring,  evaluation,  and  database  manage- 
ment should  be  regarded  as  an  integral  part  of  any  augmentation  or 
restoration  program,  followed  as  appropriate  with  modification  of 
prograin  goals  and  operations  procedures  to  promote  program  ef- 
fectiveness. 

Concluding  Kiinarks 

We  advocate  application  of  the  principles  of  conservation  ge- 
netics to  species  recovery  efforts  for  freshwater  mussels.  However, 
these  principles  should  be  recognized  as  guidelines,  and  not  as 
goals  per  se  (Neves  et  al.  1997).  Propagation  technology  and  tech- 
niques will  continue  to  develop  as  a  recovery  tool  for  a  greater 
suite  of  species,  and  to  hopefully  prevent  further  extirpations  and 
extinctions.  Propagation  may  effectively  alleviate  problems  asso- 
ciated with  small  populations,  and  has  the  potential  to  re-establish 
populations  extirpated  by  known  and  ameliorated  causes.  Al- 
though propagation  offers  a  wealth  of  benefits  for  conservation 
and  restoration,  managers  of  propagation  facilities  must  recognize 
how  each  stage  in  the  propagation  process  can  affect  the  genetic 
integrity  of  mus.sel  populations  targeted  for  recovery.  A  conserva- 
tion program  of  sound  aquaculture  practices,  knowledge  of  the 
faunal  group  and  application  of  conservation  genetic  principles 
will  provide  the  tools  needed  to  recover  and  restore  species  now 
threatened  with  extinction. 
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ACOUSTIC  DETERRENTS  DO  NOT  REDUCE  BLACK  DRUM  PREDATION  ON  OYSTERS 
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ABSTRACT  We  studied  the  elTectiveness  of  acoustic  deterrents  in  Imiiting  prcdalion  on  Louisiana  oyster  leases  by  black  drum 
Pogonias  cromis.  Three  acoustic  deterrents  were  used:  (1)  natural  or  synthesized  alarm  sounds:  (2)  synthesized,  low  frequency  sound 
played  over  short  time  intervals  and  (3)  mechanically  produced  sound.  Fish  locations  were  monitored  in  all  approaches  and  feeding 
rates  on  oysters  were  recorded  in  approaches  1  and  3.  Experiments  in  salt-water  ponds  indicated  that  alarm  calls  from  males,  or 
synthesized  tapes  (approach  1 )  did  not  depress  fish  feeding  rales  or  cause  fish  to  avoid  transducers,  in  comparison  with  controls.  Lower 
frequencies  (<20  Hz.  approach  2)  displaced  fish  8  m  further  from  transducers  (about  20^7,  of  the  distance  possible)  relative  to  controls. 
Finally,  a  solar-powered  hammer  (approach  3)  was  designed  as  a  more  logistically  feasible  deterrent.  Fish  were  weakly  attracted 
(although  control  and  experimental  locations  differed  by  only  59h.  Because  acoustic  deterrents  were  either  ineffective  at  displacing  fish 
or  lowering  feeding  rates  on  oysters,  or  required  considerable  electrical  power  to  displace  fish,  we  conclude  thai  they  are  not  practical 
to  control  losses  of  oysters  on  leases  to  black  drum. 

KEY  WORDS:     black  drum,  sound  deterrents,  oysters 


INTRODUCTION 

The  black  drum.  Pogoiiias  cnimis  (Linnaeus.  1766).  is  a  sig- 
nificant predator  of  oysters  in  the  northern  Gulf  of  Mexico  (Cave 
1978.  Sutter  et  aL  1986.  Dugas  1986).  Mortality  rates  are  low  in 
intertidal  oyster  beds  because  of  aerial  exposure  and  the  aggre- 
gated growth  form,  but  commercial,  subtidal  oyster  leases  often 
experience  high  mortality.  Oyster  mortality  is  especially  high  after 
small.  iiidi\idual  "seed"  oysters  are  bedded  in  the  lall,  or  when 
black  drum  return  to  estuarine  waters  in  the  spring  after  breeding 
in  coastal  passes.  In  a  survey  of  lease  holders  in  Louisiana 
(LADWF  2000).  5%%  reported  black  drum  caused  losses  to  pro- 
duction. With  powerful  pharytigeal  teeth,  black  drum  crush  and  eat 
30  oysters  per  night,  and  black  drum  >70  cm  in  length  can  feed  on 
oysters  75  mm  in  length  (Cave  1978).  Our  earlier  work  indicated 
mortality  rates  as  high  as  907f  on  experimental  leases,  and  that 
scent  deterrents  (e.g..  from  dead  con-specifics)  were  not  effective 
(Brown  et  al..  2003). 

Some  evidence  suggested  that  acoustic  deterrents  might  be  et- 
fective.  Black  drum  are  vocal  (as  are  other  Sciaenid  fishes)  and 
emit  low  frequency  "drumming"  sounds,  which  may  attract  fe- 
males or  act  as  alarm  calls.  These  sounds  can  be  heard  by  humans 
both  in  air  and  water  and  are  produced  by  muscular  contractions 
against  an  inflated  swim  bladder  that  acts  as  a  resonator  (Smith 
1905).  Black  drum  detect  frequencies  ranging  from  <I00-X00  Hz 
and  are  most  sensitive  to  frequencies  <500  Hz  (Ramcharitar  & 
Popper  2004). 

Acoustic  cues  can  also  alter  fish  distributions  and  feeding  rates 
in  other  fish.  Haymes  and  Patrick  ( 1986)  excluded  alewives  from 
water  intakes  using  low-frequency  sounds.  Ross  and  Dunning 
(1996)  used  190  dB  high  frequency  (122-128  kHz)  broad-based 
sound,  and  reduced  alewife  abundance  by  5\%  at  power  plant 
intakes  in  Lake  Ontario.  Knudsen  et  al.  (1994)  found  that  salmon 
(whose  hearing  range  extends  from  5-150  Hz),  avoid  low  fre- 
quency infra-sound  (10  Hz)  but  not  high  frequency  sounds  (150 
Hz),  and  argued  that  low  frequency  sounds  mimic  the  swimming 
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of  predators.  Maes  et  al.  (2004)  used  multiple  sounds  in  a  fre- 
quency range  of  20-600  Hz  to  decrease  fish  abundance  at  an 
estuarine  power  plant  by  60%. 

Our  research  objective  was  to  determine  if  acoustic  deterrents 
either  reduced  the  feeding  rates  of  black  drum  on  seeded  oysters, 
or  caused  them  to  avoid  oyster  leases.  Three  general  types  of 
acoustic  deterrents  were  used:  (1)  natural  or  synthesized  alarm 
sounds;  (2)  synthesized  low  frequency  sound  played  over  short 
time  intervals  and  (3)  mechanically  produced  sound.  Fish  locations 
were  monitored  in  all  approaches  and  feeding  rates  on  oysters  were 
recorded  in  approaches  1  and  3. 

MATERIALS  AND  METHODS 

Experiments  were  conducted  in  four  0. 1  ha  saltwater  ponds  at 
the  Lyie  St.  Amant  Marine  Laboratory  on  Grand  Terre  Island 
(29.3°N  89.99°W)  operated  by  the  Louisiana  Department  of  Wild- 
life and  Fisheries.  Ponds  contained  pumped-in  Barataria  Bay  sea 
water  (over  the  experimental  interval,  mean  temperature  was  23.4 
±  0.6°C  [±SE],  salinity  20.6  ±  0.4  PSU,  and  dissolved  oxygen  8.3 
±  0.4  mg/L)  and  had  removable  stand  pipes  to  aid  in  draining 
ponds  to  recapture  fish.  However,  pumps  were  not  run  during 
experiments  to  eliminate  masking  of  experimental  sounds.  The 
ponds  were  large  enough  (25  m  x  40  m  x  1  m  deep)  so  that  sound 
would  attenuate  with  distance  (see  later  in  discussion)  and  reflec- 
tions would  be  minimized,  allowing  drum  to  find  areas  with  low 
sound.  Although  low  frequency  sounds  attenuate  rapidly  in  shal- 
low water  over  soft  sediments  ( Rogers  &  Cox  1988).  oyster  leases 
are  typically  seeded  under  such  conditions,  and  the  ponds  thus 
;iccurately  model  similar  conditions  on  oyster  leases. 

In  March  2001.  using  contiguous  30.000  L  concrete  raceways 
at  the  laboratory,  we  played  back  tapes  with  pure  sinusoidal  wave 
forms  at  various  frequencies  and  observed  individual  black  drum. 
Frequencies  from  10  Hz  to  100  Hz  caused  fish  to  move  to  the 
opposite  end  of  the  tank.  Howe\er.  there  was  considerable  "cross- 
talk" (sound  transfer  among  the  concrete  tanks)  along  with  stand- 
ing waves  that  complicated  determining  the  strength  of  acoustic 
signals. 

Similar  studies  however  indicated  a  clear  gradient  in  sound 
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Figure  1.  Plot  of  sound  volume  delected  against  distance  from  the 
transducer  at  two  frequencies  in  the  experimental  ponds. 

intensity  along  tiie  IcnL'tli  of  the  0.1  liu  ponds,  similar  levels  on 
each  side,  and  little  cross  talk  among  ponds  (Fig.  1).  An  Argotech 
model  210  underwater  transducer  (positioned  at  the  center  of  one 
end  of  the  pond)  produced  a  pure  tone  of  164  dB  |jiPa/@  I  m  at  a 
frequency  of  100  or  300  Hz.  Sound  levels  were  measured  with  a 
"Dolphin  Ear"  DPlOO-6  hydrophone  (frequency  response  7  Hz  to 
22  KHz)  and  decibel  meter  at  each  corner  near  the  transducer 
(~12..'i  m  distant),  halfway  down  each  side  (-23.5  m),  and  at  the 
center(~40  m)  and  each  comer  (-42  m)  of  the  opposite  end.  At  100 
Hz.  transmission  loss  was  approximately  90%  at  12.5  m,  97%  at 
23.3  m.  and  99%  at  40-42  m.  At  300  Hz.  loss  was  96.4%  at  12.5 
m,  95%  at  23.5  m.  and  99.2%  at  40-42  m.  Little  variation  in  signal 
strength  occurred  across  the  pond  at  any  distance,  and  signals  were 
not  detected  in  adjacent  ponds,  indicating  no  cross  talk. 

For  approach  1.  experiments  were  conducted  from  January  to 
April  2002.  Two  Argotech  model  210  underwater  single-neoprene 
membrane  transducers,  at  the  center  of  one  end  of  each  experi- 
mental pond,  were  powered  by  a  200  W  Peavy  CS800X  amplifier, 
connected  to  a  cassette  recorder.  Two  continuous-loop  tapes  were 
supplied  by  Argotech.  The  first  was  alarm  "drumming'"  by  a  male 
in  the  raceways,  edited  to  remove  splashes,  and  with  bandwidth 
limited  to  4  KHz  (frequency  peaks  were  at  37.  70.  146.  210  and 
300  Hz,  Fig.  2).  The  second  was  a  synthesized  recording  predicted 
to  produce  avoidance  based  on  previous  work  by  Argotech  (Fig.  3. 
with  peaks  at  20,  40,  60  and  267  Hz). 

Transducers  were  switched  weekly,  so  treatment  ponds  wei-e 
controls  and  the  previous  controls  were  treatments,  to  minimize 
pond-specific  differences  in  fish  feeding  rates  or  habituation.  After 
four  weeks,  the  sound  was  changed  to  the  synthesized  tape  (and  all 
fish  replaced)  and  another  four,  weeklong  experiments  were  run  in 
the  same  pattern. 

Each  pond  had  5  black  drum,  with  a  mean  total  length  of  82.4 
±  1 .6  cm  (SE)  and  weight  of  9.9  ±  0.  4  Kg  .  Fish  were  collected  by 
trot  line  or  rod  and  reel  in  nearby  {<2  Km)  Barataria  Pass,  and  were 
held  in  raceways.  Five  fish  were  used  to  facilitate  tracking  (see 
below).  Actual  school  size  has  yet  to  be  studied  in  Black  Drum,  but 
we  have  observed  them  in  both  small  (-5)  and  larger  groups  in 
Barataria  Bay  (K.  Brown,  pers.  obs.). 

To  study  feeding.  50  oysters  of  vulnerable  size  (50-150  g  total 
wet  weight.  5-10  cm  shell  length.  Brown  et  al.  2003)  were  placed 
in  each  of  six  Nestier  trays  (0.67  m"  bottom  area  mesh  trays  w  ith 
0.1  m  high  walls).  Three  trays  were  along  the  short  edge  of  each 
pond,  with  the  transducer  at  the  center  of  the  trays  on  one  end.  No 
other  food  was  provided.  Experiments  lasted  three  days;  oysters 
were  replaced  daily  to  determine  feeding  rates,  and  trays  were  then 
removed  for  three  days  to  starve  fish  before  the  next  experiment. 
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Figure  2.  .\  frefpiency  domain  plot  (top)  and  time  domain  plot  (bot- 
tom) of  an  alarm  call  recorded  from  a  male  black  drum  in  the  3tl,0l»0 
L  raceways.  Frequency  peaks  are  indicated  in  the  text. 

Feeding  rates  were  analyzed  in  a  l-way  analysis  of  covariance, 
with  time  since  the  start  of  the  experiments  as  a  covariate  to 
control  for  seasonal  effects. 

To  follow  movement,  fish  were  tagged  with  numbered  "spa- 
ghetti" tags  inserted  below  the  soft  dorsal  fin  and  attached  to 
individually  colored  small  (-2  x  7  cm)  styrofoam  floats  by  200 
pound  test,  monofilament  line.  Because  the  floats  were  small,  and 
black  drum  are  relatively  large  fish,  they  did  not  impair  movement 
or  grouping  patterns.  Locations  (to  the  nearest  0.5  m)  were  re- 
corded hoiuly  from  1  ():()()- 16:00  on  a  grid  laid  out  in  the  ponds, 
and  distances  from  the  transducer  digitized.  The  hourly  mean  dis- 
tance of  the  five  fish  from  the  transducer  (or  the  same  location  in 
the  control  ponds)  was  analyzed  in  a  l-way  repeated  measures 
analysis  of  variance,  contrasting  the  controls  and  two  recorded 
sounds.  The  repeated  measure  was  hour  of  day- 

The  second  approach  involved  broadcasting  pure  tones  at  fre- 
quencies of  10,  15.  20.  25.  30.  40.  50  and  60  Hz  in  a  single  pond. 
The  same  amplifier  powered  a  single,  larger  Argotech  model  220 
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Figure  3.  Frequency  domain  plot  of  the  synthetic  tape  produced  by 
Argotech  and  used  in  approach  I. 
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twin-neoprene  membrane  transducer  at  the  center  of  one  end.  Al- 
though lower-frequency  sounds  attenuate  rapidly  in  shallow,  soft- 
bottomed  environments  (see  earlier  discussion),  and  we  did  not 
explicitly  measure  attenuation  in  this  experiment,  signals  carried 
far  enough  to  displace  fish  (see  results),  and  were  thus  apparently 
audible.  Following  Maes  et  al.  (2004).  we  contrasted  fish  positions 
during  sound-on  and  sound-off  periods.  Each  experiment  had  a 
five-minute  interval  with  sound,  and  five  minutes  without.  In  this 
experiment.  4  tagged  fish  were  used,  and  we  used  similar  methods 
to  record  the  positions  of  the  tagged  fish  (mean  length  =  94.7  ± 
23  cm,  mean  weight  =  13.0  ±  0.9  KG)  each  minute.  The  amplifier 
was  then  turned  off  for  five  minutes  before  the  next  frequency  was 
tested.  The  experiment  was  repeated  the  ne.xt  day,  so  that  10  rep- 
licate observations  were  recorded  for  each  frequency  and  its  cor- 
responding control  period.  The  locations  of  the  four  fish  relative  to 
the  transducer  at  each  minute  interval  were  analyzed  in  a  2-way 
analysis  of  variance  (sound  on  or  off  versus  frequency).  Experi- 
ments were  conducted  from  December  6  to  8,  2002. 

For  the  final  approach,  we  collaborated  with  biological  engi- 
neers at  Louisiana  State  University's  Department  of  Biological 
Engineering  to  produce  a  mechanical,  sound-producing  device. 
The  rationale  was  2-fold.  First,  the  underwater  transducers  re- 
quired considerable  power,  and  were  prone  to  leaks.  Second,  strik- 
ing a  metal  oil  drum  with  a  wooden  stick  near  the  pond  edge 
caused  fish  to  rapidly  move  away.  The  device  (Fig.  4)  consisted  of 
two  35  gallon,  sealed  steel  drums  that  provided  buoyancy.  One 
drum  had  an  internal  electric  motor  (Fig.  4.  inset)  activating  a 
spring-loaded  hammer.  Both  the  time  between  impacts  and  the 
number  of  impacts  per  application  were  adjusted  several  times 
during  the  experiment  by  a  dial  on  the  top  of  the  apparatus  to  limit 
habituation.  The  motor  was  powered  by  a  12-V  automotive  battery 
charged  by  a  solar  cell  suspended  above  the  drums. 

The  experiment  was  conducted  in  one  experimental  and  one 
control  pond.  Four  tagged  fish  (mean  length  =  86.4  ±  1.8  cm. 
mean  weight  =  10.3  ±  0.3  KG)  were  used  in  this  final  experiment 
in  each  pond.  The  apparatus  could  not  be  easily  transfeiTed  among 
ponds,  so  experimental  and  control  ponds  were  not  reversed.  Each 
experiment  lasted  two  days.  On  the  first  evening,  six  trays  filled 
with  30  oysters  were  added,  and  tagged  fish  locations  determined 


Figure  4.  Solar-powtred,  sound  producinj;  niiclianism.  (,\)  .Automo- 
tive battery  powerin;;  electric  motor,  (B)  .Solar  cell  charj-inj;  automo- 
tive battery,  (C)  Sealed  55  gallon  barrel,  (D)  inside  barrel  showing 
electric  motor  and  hammer. 


for  six  hours  the  next  day.  In  earlier  experiments,  hourly  locations 
were  a  "snapshot",  as  fish  moved  constantly.  We  therefore  noted 
average  fish  locations  for  the  first  10  minutes  of  each  hour  in  this 
experiment.  A  repeated  measures  analysis  of  variance  indicated  no 
repeated  measures  effect  (P  =  0.13).  so  all  60  observations  (6  h  x 
10  observations)  were  used  as  replicates  in  a  I -way  analysis  of 
covariance.  The  experiment  was  repeated  five  limes  during  April 
to  May  2003.  Number  of  days  since  the  start  of  the  tlrst  experiment 
was  the  covariate. 

RESULTS 

For  the  initial  approach,  feeding  rates  were  not  depressed  by 


alarm  sounds  (F2 


=    0.7.  P 


0.52),  in  comparison  with 


the  synthetic  sounds  or  the  control  (Fig.  3).  On  average,  fish  ex- 
posed to  alarm  sounds  consuined  499^  of  the  oysters  provided 
daily,  in  comparison  with  67%  with  synthetic  tapes,  and  61%  in 
controls.  The  covariate  was  significant  (F,  ,c,  =  22.6.  P<0.0001) 
because  feeding  increased  with  warmer  temperatures  or  acclima- 
tion of  fish. 

Hour  of  observation  did  not  affect   fish   location  (Wilk's 


0.83.  F,,. 


1.5.  P  =  0.19),  nor  was  there  a  treatment 


effect  (F351  =  0.4,  P  =  0.7).  There  was  an  interaction  (Wilk's 
k  =  0.63,  Pt2M2  =  --0.  P  =  0.04),  although  inspection  of  the 
pattern  of  treatments  across  hours  (Fig.  6)  revealed  no  obvious 
trends. 

In  the  second  approach  with  lower-frequency  sound,  frequency 
was  not  significant  (F^  i,,  =  0.7,  P  =  0.69),  but  there  was  a 
difference  in  location  between  when  the  transducer  was  on  and  off 
(F|  ,.;o  =  116.6,  P  <  0.0001),  and  an  interaction  between  fre- 
quency and  sound  activation  (Fjj  ,5,  =  5.7,  P  <  0.0001). 
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Figure  5.  Mean  feeding  rates  on  oysters  (±  SK)  from  the  initial  trans- 
ducer experiment  (approach  I).  Drum  =  average  for  alarm  sound, 
Synthetic  =  a>erage  for  synthesized  sound,  and  Control  =  a>eragc 
without  sound. 
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Figure  6.  Average  locations  (distance  from  transducer,  ±  SEl  of  fish  in 
the  initial  transducer  experiment,  as  a  function  of  treatment  and  hour 
of  the  day. 
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Figure  8.  Distance  of  fish  from  the  transducer  (±  SE)  versus  sound 
frequency.  Experimental  =  sound  on.  Control  =  sound  off. 


Fish  averaged  1 7  m  from  the  transducer  when  it  was  inactive, 
versus  23.1  m  when  it  was  broadcasting.  For  example,  at  \5  H/ 
(Fig.  7).  fish  moved  from  less  than  10  m  to  over  3.^  m  away  from 
the  transducer  within  3  min.  and  returned  to  within  15  m  after  the 
transducer  was  switched  off.  The  small  standard  errors  in  the  fig- 
ure reflect  the  close  spatial  clustering  of  the  fish.  The  interaction 
occurred  because  experimental  and  control  fish  locations  con- 
verged at  frequencies  >20  Hz  (Fig.  8).  Comparisons  of  locations 
with  Tukey  a  posteriori  tests  indicated  fish  were  further  away  from 
transducers  at  20  Hz.  and  closer  at  50  Hz,  with  the  distances  in  all 
other  treatments  overlapping.  However,  eight  of  the  nine  highest 
displacements  occun-ed  when  the  transducer  was  on,  again  sug- 
gesting the  fish  were  avoiding  the  lower  frequency  sounds. 

For  the  final  approach  with  the  mechanical  device,  there  was  a 
difference  in  fish  location  between  the  experimental  and  control 
ponds  (F,  3c,f,  =  8.5.  P  <  0.01).  However,  the  trend  was  opposite 
of  that  predicted,  with  fish  on  average  19.2  m  away  in  the  control 
pond,  versus  17  m  in  the  experimental  pond  (Fig.  9).  There  was 
also  a  difference  in  feeding  rates  (F,  .^  =  24.6,  P  <  0.0001)  with 
rates  in  the  control  pond  only  2'7r  of  those  in  the  experimental  pond 
(Fig.  9).  The  covariate  did  not  have  a  significant  effect  (F,  ,,,  = 
0.7.  P  =  0.42). 

DISCUSSION 

The  first  approach  suggested  that  there  was  little  effect  of 
male  alarm  sounds  either  in  depressing  feeding,  or  in  displacing 
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Figure  7.  Distance  of  fish  (±  SE)  from  the  transducer  in  the  15  Hz 
experiment  (approach  2l.  The  Box  represents  the  period  when  the 
signal  was  sviitched  on. 


black  drum  from  the  sound  source.  Although  there  were  no  sig- 
nificant main  effects  on  fish  location,  variation  among  the  treat- 
ments at  different  times  of  day  caused  a  significant  statistical  in- 
teraction. 

The  second  approach  did  indicate  displacement  offish  from  the 
transducer  over  the  short  term  at  lower  frequencies.  However,  the 
electrical  power  necessary  to  propagate  these  low  frequency 
sounds  underwater  makes  this  approach  logistically  impractical  as 
a  deterrent  in  field  applications  (see  discussion  below).  Underwa- 
ter transducers  were  also  prone  to  leaks  and  malfunctions,  and  had 
to  be  replaced  on  several  occasions  by  Argotech  during  the  ex- 
periments. 

The  results  of  the  first  two  approaches  must  be  interpreted 
carefully.  Again,  low  frequency  sound  attenuates  rapidly  in  shal- 
low, soft-bottomed  environments  (Rogers  &  Cox  1988),  possibly 
limiting  fish  responses.  However,  the  initially  measured  sound 
field,  although  indicating  considerable  signal  loss  across  the  pond, 
also  indicated  a  sound  volume  at  the  opposite  end  that  was  still 
above  the  threshold  of  black  drum  at  100  Hz,  about  90  dB  re  1  |xPa 
(Ramcharitar  &  Popper  2004).  Second,  fish  were  evidently  able  to 
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hear  the  low  frequency  sounds,  because  they  were  displaced.  Fi- 
nally, regardless  of  the  mechanism  (whether  fish  ignored  the 
sounds  or  could  not  discern  them),  the  first  two  approaches  were 
either  not  effective  (approach  1 )  or  practical  (approach  2).  negating 
their  use  in  management.  We  are  confident  similar  results  would 
occur  on  oyster  leases,  because  the  ponds  again  had  similar  depth 
and  sediment  type. 

The  last  approach,  a  solar-powered  hammer,  was  more  cost 
effective  but  weakly  attracted  fish.  However,  the  average  distances 
differed  by  only  2  m.  only  59c  of  the  distance  available.  The  higher 
feeding  rates  in  the  experimental  pond  must  also  be  interpreted 
carefully,  because  the  apparatus  could  not  be  moved  between 
ponds.  The  experimental  fish  may  have  been  more  accustomed  to 
feeding  on  oysters,  similar  to  differences  in  feeding  between  in- 
dividual groups  of  fish  used  in  past  experiments  (Brown  et  al. 
2003). 

We  conclude  that  the  acoustic  deterrents  used  in  approach  one 
and  three  were  not  effective  for  reducing  predation  by  black  drum, 
or  could  even  attract  fish.  Using  sound  stimuli  at  low  frequencies 


to  displace  fish  (approach  2).  although  effective,  requires  more 
power,  and  we  conclude  costs  to  lease  holders  would  outweigh 
benefits.  Many  Louisiana  oyster  leases  are  in  remote  areas, 
and  supplying  sufficient  electrical  power  is  again  problematic. 
Conducting  these  lower  frequency  experiments  over  longer 
time  inter\als  might  also  have  revealed  habituation  in  the  re- 
sponses. 
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ABSTRACT  The  European  oyster  tOsrien  ediilis)  was  introduced  to  the  Nova  Scotia  aquacuhure  uidiistry  30  years  ago  using  stocks 
imported  from  naturalized  populations  in  Maine  whose  ancestors  originated  in  the  Netherlands.  This  study  used  5  microsatellites  to 
assess  the  level  of  genetic  diversity  in  several  hatchery  stocks  and  naturalized  populations  from  Nova  Scotia.  New  Brunswick.  British 
Columbia  and  Maine.  Some  genetic  erosion  was  shown  to  have  occurred  in  the  Marilimes  populations,  with  the  largest  loss  of  alleles 
being  experienced  by  the  hatchery  stocks.  In  spite  of  this  loss,  genetic  diversity  and  heterozygosity  in  the  Maritimes  populations  are 
still  relatively  high.  Relationships  within  and  between  the  populations  and  the  existence  of  kin  groups  within  the  collections  were 
merall  consistent  with  our  knowledge  of  the  historical  transfers  of  oysters  between  different  locations.  Furthermore,  the  established 
database  allowed  to  assign  with  good  confidence  unknown  oyster  samples  to  their  geographic  origin.  This  would  be  a  useful  forensics 
tool  in  the  case  of  an  illegal  transfer  from  a  diseased  area. 

KEY  WORDS:     Ostrea  editlis.  European  oyster,  flat  oyster,  microsatellites.  Maine,  genetic  diversity 


INTRODUCTION 

Etiropean  oysters  {Ostrea  edulis)  were  introduced  to  Nova 
Scotia  30  years  ago,  principally  from  naturalized  Maine  popula- 
tions whose  ancestors  originated  in  the  Netherlands  in  1949 
(Loosanoff  1955.  Welsh  1964,  Newkirk  et  al.  1995).  They  were 
brought  to  Nova  Scotia  to  develop  oyster  aquaculture  in  the  cool, 
high  salinity  areas  on  the  Atlantic  coast  of  the  province.  These 
waters  are  generally  too  cold  in  the  summer  to  ensure  reproductive 
success  of  the  native  American  oyster  Crassostrea  virginiea. 
which  subsists  in  only  a  few  small  isolated  populations  in  estuaries 
and  tidal  lakes  (Spares  &  Dadswell  2001 ).  Growing  conditions  for 
O.  cdiilis  are  good  in  the  waters  off  the  Atlantic  coast  of  Nova 
Scotia  but  spawning  conditions  are  only  marginal  in  most  sites.  In 
addition,  the  summer  season  is  relatively  short,  yet  good  spat 
growth  is  es.sential  for  ensuring  subsequent  winter  survival.  How- 
ever in  a  few  locations,  European  oysters  have  managed  to  natu- 
ralize and  have  established  apparently  sustainable  populations. 
Nevertheless,  the  development  of  the  European  oyster  industry  in 
Nova  Scotia  over  the  past  30  years  has  relied  exclusively  on  hatch- 
ery produced  spat  that  are  transferred  to  grow-out  sites  at  the  end 
of  summer/beginning  of  fall. 

There  are  nt)w  separate  groups  of  European  oysters  in  Nova 
Scotia  that  may  be  genetically  differentiated  to  various  degrees 
because  of  human  and  environmental  influences  (e.g.,  severe  win- 
ter mortalities  in  1990/91  and  in  1991/92  or  bottlenecks  in  hatch- 
eries). In  addition,  the  parasite  Boiuiinia  ostreae  is  known  to  be 
endetiiic  in  the  European  oyster  population  of  Maine  but  is  not 
present  in  Nova  Scotia.  This  disease  devastated  the  French  oyster 
industry  in  1979  and  could  have  similar  devastating  consequences 
if  introduced  to  Nova  Scotia,  one  of  the  last  places  in  the  world 
where  this  disease  has  not  been  reported.  Any  importation  of  new 
oysters  from  Maine  or  other  sources  is  consequently  prohibited  for 
this  reason. 
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The  preservation  and  ulili/ation  of  genetic  variability  in  any 
broodstock  program  is  a  critical  and  complex  issue.  Numerous 
studies  have  shown  that  genetic  variations  can  be  lost  at  a  rapid 
rate  in  hatcheries  leading  to  inbreeding  increase  and  depression 
(e.g.,  Beattie  et  al.  1987,  Hedgecock  &  Sly  1990,  Naciri-Graven  et 
al.  2000,  see  review  in  Herbinger  et  al.  2003).  In  2001,  larvae  and 
spat  started  to  experience  massive  mortalities  in  Nova  Scotia's 
hatcheries.  Water  quality,  such  as  variation  in  temperature  or  or- 
ganic/bacterial load,  was  suspected  to  be  responsible  for  the  prob- 
lems, but  the  possibility  of  genetic  erosion  and  concomitant  in- 
crease in  inbreeding,  coupled  with  the  inability  to  import  new 
genetic  material  to  Nova  Scotia,  was  also  a  serious  concern.  This 
study  was  thus  concerned  with  characterizing  the  present  level  of 
genetic  variability  observed  in  hatchery  and  naturalized  stocks,  the 
latter  being  a  potential  source  of  Bonamia-free  broodstock  to  coun- 
teract potential  serious  losses  of  diversity  in  the  former.  The  ex- 
isting genetic  variability  and  differentiation  of  various  groups  of 
naturalized  populations  and  hatchery  stocks  of  oysters  in  Nova 
Scotia  was  assessed  using  five  microsatellite  DNA  markers,  in 
comparison  with  hatchery  or  endemic  O.  edulis  populations  in 
other  parts  of  Canada,  Maine  and  Europe.  This  study  also  used 
DNA  marker  based  pedigree  reconstruction  to  detect  the  presence 
of  related  individuals  among  any  of  the  groups,  as  evidence  of 
on-going  genetic  bottleneck,  and  it  evaluated  whether  the  same 
microsatellite  DNA  information  could  be  used  to  detect  illegal 
importation  of  oysters  from  Maine. 

MATERIALS  AND  METHODS 

Collection  of  Populations 

Gill  or  mantle  tissue  was  collected  from  adult  Ostrea  edulis 
oysters  (>3  y  old)  using  nonlethal  sampling  techniques  (biopsy), 
and  was  preserved  in  959^  ethanol  or  by  freezing  at  -20°C  until 
DNA  was  extracted.  Samples  were  taken  from  10  sites  in  2002  and 
2003,  which  included  hatchery  stocks  from  Nova  Scotia  and  Brit- 
ish Columbia  as  well  as  naturalized  populations  in  Maine  (Welsh 
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1964).  New  Brunswick  and  Nova  Scotia  (Fig.  1 1.  Figure  1  also 
summarizes  what  is  known  about  the  various  transfer  and  founding 
events  associated  with  these  populations  within  Nova  Scotia  and 
New  Brunswick.  As  is  frequently  the  case,  many  of  the  founding 
events  and  transfers  are  poorly  documented.  The  Maine  natural- 
ized populations  resulted  from  the  importation  of  Netherlands  oys- 
ters in  the  1950s  (Welsh  1964).  In  the  1960s,  interest  in  O.  edulis 
cultivation  developed  and  several  small  hatcheries  and  oyster 
farms  established  themselves  around  the  naturalized  populations  in 
Maine.  The  Boothbay  and  Cundy  Harbor  populations  are  older 
naturalized  populations,  whereas  the  Blue  Hill  Bay  population  is  a 
more  recent  "naturalized"  population  that  originated  from  impor- 
tations from  Boothbay  Harbor  and  from  California  (Sam  Chap- 
man, pers.  comm.). 

After  a  small  scale  unsuccessful  importation  in  the  late  1960s  to 
early  1970s  from  Maine  to  Nova  Scotia,  new  naturalized  oysters 
from  Maine,  and  a  few  from  North  Wales,  were  imported  in  1978 
and  1979  to  the  Dalhousie  University  hatchery  (Halifax.  Nova 
Scotia)  (Newkirk.  1986).  In  1989  and  1994.  respectively,  the  Dal- 
housie University  and  Nova  Scotia  provincial  hatcheries  closed 
and  the  broodstock  was  passed  on  to  a  total  of  four  small  com- 
mercial hatcheries,  which,  in  conjunction  with  several  grow-out 
operations  have  maintained  most  of  the  O.  edulis  cultured  popu- 
lations in  Nova  Scotia.  In  one  grow-out  site  (Sambro).  a  small 
sustainable  natural  population  managed  to  establish  itself  and  has 
survived  despite  the  closure  of  the  grow-out  operation.  O.  edulis 
were  also  found  in  Blind  Bay.  another  former  grow-out  site.  How- 
ever, in  this  case,  no  juvenile  oysters  were  recovered,  and  the  few 
large  oysters  found  appeared  to  be  the  last  surviving  oysters  from 
the  grow-out  site  after  its  closure.  In  1996/1997.  a  naturalized 
population  was  established  in  Lake  Lockhart.  New  Brunswick  with 
oysters  derived  from  the  last  two  hatcheries  left  in  Nova  Scotia 
(Port  Medway  and  Lunenburg).  The  Lake  Lockhart  population  has 
grown  rapidly  and  undergone  two  generations  in  the  wild.  It  is  the 
largest  naturalized  European  oyster  population  in  the  Maritimes 
region  of  Canada.  The  Pacific  Coast  stock,  sampled  for  compari- 
son purposes,  is  a  hatchery  maintained  stock  of  a  mixed  and  poorly 
documented  oricin.  Transfers  have  occurred  in  the  last  20  vears 


with  uidividuals  originating  from  California.  Scotland  and  Maine 
probably  via  Nova  Scotia. 

Amplification  and  \'isiializalion  of  Microsatellites 

To  prepare  the  samples  for  DNA  extraction,  frozen  tissue  was 
thawed  at  room  temperature.  Both  frozen  and  ethanol-preserved 
samples  were  rinsed  in  distilled  water  to  remove  residual  salt  from 
the  tissue.  DNA  was  extracted  using  DNeasy  Tissue  Kits,  follow- 
ing the  manufacturer's  instructions  (Qiagen  cat  #69506). 

Polymerase  Chain  Reaction  (PCR)  was  used  to  amplify  5  vari- 
able tandem  repeat  loci  (microsatellites):  4  dinuclcotides  OeduX}!, 
Oeduli.  Oedii09.  and  Oedu}  12,  and  1  tetranucleotide.  OeduH\5 
developed  at  IFREMER  (Launey  1998.  Launey  et  al.  2002).  Prim- 
ers were  labeled  at  the  5'  end  with  a  fluorescent  dye.  Eight  micro 
liters  of  reaction  mix  (10  |j.M  of  each  primer.  15  niM  MgCK.  Ifxl 
10  X  buffer.  1  |jlI  dNTP  mix.  and  0.5  u  Tcuj  polymerase)  was  added 
to  20-40  ng  of  DNA  from  the  extraction.  PCR  amplification  was 
performed  using  a  MJ  Research  Dyad  thermocycler  (model  PTC- 
220).  A  touchdown  PCR  was  used  to  increase  the  specificity  of  the 
reaction  (cycling  conditions:  an  initial  denatnration  step  at  94°C 
for  2  min.  followed  by  1  cycle  at  target  annealing  temperature  (T^) 
-i-5"C  for  I  min.  with  subsequent  decrease  of  I  °C/cycle  for  the  next 
4  cycles,  with  the  remaining  25  cycles  at  T,  and  a  final  5-min 
extension  at  72°C). 

PCR  products  were  electrophoresed  on  a  0.075  mm  5%  dena- 
turing polyacrylamide  gel  with  an  internal  size  standard  (Mega- 
base  ET-400,  Amersham-Pharmacia  cat  #25-0205-01)  added  to 
each  lane.  Electrophoresis  and  visualization  of  alleles  were  per- 
formed using  a  MJ  Research  BaseStation  Fragment  Analyzer.  Al- 
leles were  assigned  scores  (size  in  base  pairs)  by  comparing  them 
to  the  internal  size  standard  using  Cartographer  software  (Cartog- 
rapher v  1.2.6.  MJ  Research).  To  standardize  scores  obtained  in 
this  study  with  Launey  et  al  (2002)"s  study.  12  individuals  geno- 
typed  at  the  IFREMER  station  in  France  on  a  Licor  platform  were 
selected  for  their  wide  range  of  allele  sizes  at  each  locus.  These 
individuals,  were  also  genotyped  on  the  MJ  Research  BaseStation 
in  Canada.  The  scores  obtained  from  the  two  different  platforms 
were  compared  and  adjustments  were  made  if  required.  Only  two 
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Figure  1.  Map  showing  sampling  locations  and  transfers  ot  Oslrea  edulis  (long  thin  arrows  indicate  transfers  to  and  within  Nova  Scotia  and  to 
New  Brunswicl<) 


Genetic  Diversity  of  the  European  Oyster 


545 


microsatellite  markers  (.Oeclu3\2  and  OedtiHli)  could  be  unam- 
biguously standardized  o\cr  the  complete  range  of  allele  sizes. 

Data  Analysis 

Observed  and  unbiased  expected  heterozygosities.  F-statistics 
and  genetic  distances  were  calculated  with  the  program  GENETIX 
(Belkhir  et  al.  1996-2004)  and  the  program  CONTRIB  (Petit  et  al. 
1998)  was  used  to  calculate  allelic  richness  corrected  for  differing 
sample  size.  The  software  MICRO-CHECKER  (Van  Gosterhout  el 
al.  2004)  was  used  to  check  for  the  potential  presence  of  null  allele 
and  genotyping  errors  in  the  data  set.  PHYLYP  (Felsenstein  1993) 
was  used  for  drawing  phylogenetic  trees  among  the  various  popu- 
lations. Phylogenetic  analyses  were  based  on  all  five  loci  when 
looking  at  genetic  differentiation  among  the  North  American  col- 
lections alone,  but  were  based  on  two  loci  (Oei!iiH\5  and 
Oe(hi}\2)  when  using  the  European  populations  genotype  data 
collected  in  an  earlier  work  (Launey  1998,  Launey  et  al.  2002). 

In  addition.  10  oysters  from  each  of  the  three  Maine  collections 
were  selected  at  random  and  removed  from  the  database.  These  30 
oysters  were  then  treated  as  an  "unknown"  sample  to  see  to  which 
populations  they  would  be  assigned  on  the  basis  of  their  genetic 
profiles  using  GENECLASS  (Comuet  et  al.  1999).  The  computa- 
tion is  based  on  a  likelihood  method  using  a  Bayesian  approach 
and  gives  for  each  indi\  idual  a  list  of  populations  for  which  the 
"probability  of  belonging"  is  larger  than  a  chosen  threshold.  We 
used  the  default  probability  of  0.01. 

Lastly,  DNA  marker  based  pedigree  reconstruction  among  the 
various  collections  of  oysters  was  undertaken  using  Pedigree  2.2, 
a  much  expanded  version  of  the  pairwise  score  method  (Smith  et 
al.  2001.  Butler  et  al.  2004).  accessible  online  at  http:// 
herbinger.biology.dal.ca:5080/Pedigree.  This  approach  to  first 
generation  pedigree  reconstruction  uses  a  highly  efficient  Markov 
Chain  Monte  Carlo  algorithm  to  sample  the  space  of  possible 
partitions  and  to  maximize  an  overall  partition  score  based  on  the 
logarithm  of  pairwise  likelihood  ratios  of  being  full-sib  or  unre- 
lated. A  partition  is  an  allocation  of  all  individuals  into  putative 
groups.  Here,  the  individuals  in  the  various  oyster  collections  were 
allocated  into  putati\e  kin  groups,  where  a  kin  group  contains 
individuals  that  appear  related  based  on  the  DNA  marker  data  but 
without  imposing  a  particular  type  of  relationship  among  the  in- 
dividuals. Individuals  within  kin  groups  are  typically  a  mixture  of 
full-sibs  and  half-sibs.  This  analysis  was  performed  only  on  indi- 
viduals with  at  least  four  loci  genotyped  and  used  the  following 
MCMC  parameters:  3000,000  iterations,  annealing  temperature  of 


10  and  a  weight  of  1,  because  the  various  data  sets  did  not  appear 
1(1  contain  large  family  groups  (see  help  manual  available  at  http:// 
herbinger.biology.dal.ca:3()S0/Pedigreei. 

Most  pedigree  reconstruction  algorithms  tend  to  assemble,  by 
chance,  unrelated  indi\iduals  into  small  artefactual  groupings 
(.Smith  et  al.  2(){)l.  BuUer  et  al.  2004).  To  test  whether  the  kin 
group  partitions  generated  for  each  oyster  collections  may  contain 
at  least  a  few  truly  related  indi\iduals.  100  genotype  randomiza- 
tion trials  were  performed,  followed  by  kin  group  reconstruction 
for  each  data  set.  This  created  100  sets  of  unrelated  individuals 
sampled  from  populations  with  the  same  genotypic  frequencies  as 
in  our  original  datasets.  The  overall  significance  (P  value)  of  a  kin 
partition  was  evaluated  by  the  proportion  of  the  100  randomized 
trials  with  a  partition  score  as  high  or  higher  than  the  observed 
score. 

RESULTS  AND  DISCUSSION 

Allelic  Variability.  Allelic  Richness  Corrected  fur  Sample  Size  and 
Allelic  Frequencies 

The  five  microsatellite  loci  used  in  this  study  were  all  found  to 
be  highly  polymorphic.  Allelic  richness  is  highly  dependent  on 
effective  population  size  (Nei  et  al.  1975)  and  should  be  a  good 
indicator  of  past  demographic  changes  (Petit  et  al.  1998).  The 
number  of  alleles  found  at  each  locus  ranged  from  14  {Ot'diiH\5} 
to  29  (OediiVl).  with  a  mean  of  22.8. 

Table  1  compares  the  observed  number  of  alleles  in  the  Cana- 
dian. Maine  and  Northern  European  populations  overall.  The  ob- 
served number  of  alleles  was  lower  in  the  Maine  populations  com- 
pared with  the  Northern  European  populations  (data  from  Launey. 
1998)  at  four  of  the  five  loci  used  in  this  study.  The  loss  ranged 
from  three  alleles  ((9erf»H15)  to  five  alleles  (OediiUl).  The  Ca- 
nadian populations  showed  an  even  greater  loss  of  allelic  diversity, 
ranging  from  three  alleles  {Oedi(Hl5)  to  nine  alleles  {Oedii09). 
when  compared  with  the  Northern  European  populations.  This  was 
true  despite  the  fact  that  the  sample  size  for  the  Canadian  popu- 
lations was  much  larger  than  the  Maine  and  European  populations. 

When  the  Canadian  populations  were  compared  with  the  Maine 
population,  there  was  a  loss  of  alleles  at  3  loci:  2  alleles  at 
OeduVl.  6  at  Ot'diiT5.  and  5  at  Oedu09.  There  was  no  loss  of 
alleles  at  OediiH\5.  and  a  "gain"  of  an  allele  at  Oedit3\2.  This 
"gain"  is  likely  an  artifact  caused  by  the  lower  number  of  indi- 
viduals from  Maine. 

Direct  comparisons  of  allelic  richness  between  populations  was 


TABLE  \. 

Number  of  individuals  genotyped  and  the  number  of  observed  alleles  for  the  combined  Canadian  and  Maine  populations.  Data  for  the 
Northern  European  populations  of  Oslrca  cdulis  were  obtained  from  Launey  (IWS). 


North  Eu 

iropean 

Populations 

Canadian 

Pop 

ulations 

.Maine 

Populations 

(L 

auney. 

19981 

Number  of 

Observed  nb. 

Number  of 

Obser\ed  nb. 

Number 

of 

Observed  nb. 

Locus 

Individuals 

of  Alleles 

Individuals 

of  Alleles 

Individuals 

of  Alleles 

OfdiiVl 

356 

26 

139 

28 

254 

33 

OeduT5 

427 

21 

239 

27 

254 

26 

Oedi,H\5 

403 

14 

236 

14 

254 

17 

Oedu09 

42ft 

12 

246 

17 

254 

21 

OediiJVl 

425 

23 

251 

22 

254 

27 

Average 

19.2 

21.6 

24.8 
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dit'ficult  because  of  the  large  range  in  sample  sizes  (30-148).  be- 
cause larger  samples  will  have  a  greater  chance  of  including  rare 
alleles.  The  program  CONTRJB  was  used  to  correct  for  differences 
in  sample  size.  Table  2  illustrates  the  amount  of  genetic  diversity 
present  in  each  of  the  sampled  populations  by  showing  the  actual 
and  corrected  numbers  of  alleles  at  each  locus.  The  NS  hatchery 
stocks  had  a  mean  corrected  number  of  alleles  ranging  from  9.91 
(Port  Medway)  to  10.32  (Lunenburg).  The  British  Columbia  hatch- 
ery stock  was  slightly  more  diverse  (11.20),  and  Maritimes  natu- 
ralized populations  varied  from  8.88  (small  "'naturalized"  Blind 
Bay  group,  which  shows  the  lowest  mean  number  of  corrected 
number  of  alleles)  to  12.81  (Lake  Lockhart)  alleles.  The  Maine 
populations  ranged  from  12.43  (Blue  Hill  Bay)  to  15.29  (Boothbay 
Harbor). 

At  each  locus,  evidence  of  some  genetic  erosion  can  be  seen 
with  smaller  number  of  alleles  observed  in  the  Canadian  collec- 
tions. Compared  with  the  2  larger  Maritimes  naturalized  popula- 
tions (Sambro,  NS  and  Lake  Lockhart,  NB)  and  to  the  Maine 
naturalized  populations  (Cundy's  Harbor.  Boothbay  Harbor  and 
Blue  Hill  Bay),  the  combined  Nova  Scotian  hatchery  stocks 
(Lunenburg,  Port  Medway  and  Cape  Sable)  showed  the  lowest 
number  of  alleles  at  all  loci,  with  a  mean  of  1 3.6  alleles  for  all  loci. 
The  Maritimes  naturalized  populations  showed  a  mean  of  17.6 
alleles  and  the  Maine  populations  a  mean  of  21.6  alleles.  Never- 
theless, the  actual  number  of  alleles  at  each  locus  was  still  rela- 
tively high  in  the  Nova  Scotia  hatchery  stocks. 

Some  degree  of  on-going  genetic  erosion  is  therefore  taking 
place  in  the  artificially  propagated  populations  of  Ostrea  ediilis. 
but  it  would  appear  that  as  of  2002-03  there  is  still  a  substantial 
level  of  genetic  diversity  in  the  Canadian  collections,  despite  the 
fact  that  these  populations  have  been  isolated  from  both  their  an- 
cestral European  and  Maine  populations  and  have  been  propagated 
in  hatcheries  for  several  generations.  As  a  comparison,  in  O.  ediilis 


French  populations  selected  for  Bdiuimia  resistance,  the  mean 
number  of  alleles  was  reduced  from  19.8  (natural  population)  to  a 
range  of  5.4-12.8  (selected  populations)  in  two  generations 
(Launey  et  al.  2001).  The  Canadian  populations  seem  to  have 
experienced  considerably  less  erosion  of  allelic  richness  in  6-7 
generations  since  their  iinpoilation  from  Maine.  In  other  words, 
genetic  erosion  could  have  been  more  drastic  than  was  revealed  in 
this  study. 

Genetic  erosion  is  a  common  concern  for  hatchery  stocks.  An 
estimation  of  the  breeding  ntunber  of  oysters  in  hatchery  Cnisso- 
stri'ii  virgiiiica  MSX  resistant  lines  varied  from  4-16  (Hedgecock 
et  al.  1992).  Hatchery-propagated  Pacific  oysters  have  also  lost 
alleles  in  three  generations  and  one  hatchery  stock  showed  a  per- 
generation  effective  population  size  of  9  oysters  (Hedgecock  &  Sly 
1990).  Boudry  et  al.  (2002)  showed  that  effective  population  size 
was  strongly  reduced  compared  with  census  size  in  Crassostrea 
gigas  because  of  unbalanced  parental  contribution.  For  O.  ediilis. 
Launey  et  al.  (2001)  estimated  that  the  effective  size  of  oyster 
populations  selected  for  Bimamia  resistance  was  very  low,  be- 
tween 3  and  20  at  the  most.  In  the  present  study,  effective  popu- 
lation size  N^  could  not  be  determined  but  was  probably  higher 
than  in  the  populations  studied  by  Launey  et  al.  (2001).  Alvarez  et 
al.  (1989)  and  Saavedra  and  Geera  (1996)  previously  reported  the 
number  of  effecti\e  O.  ediilis  broodstock  to  be  6-10  and  3—1  from 
mass  spawning  tanks  containing  60  and  120  animals  respectively. 
This  evidence  shows  that  O.  ediilis  is  a  species  susceptible  to 
founder  and  bottleneck  effects  in  the  hatchery  environment  and 
that  genetic  erosion  has  to  be  carefully  monitored. 

In  this  study,  the  allelic  richness  corrected  lor  unequal  sample 
size  clearly  indicated  that  the  Lake  Lockhart  population  was  the 
most  diverse  in  the  Canadian  collections.  This  is  probably  because 
of  the  fact  that  it  is  a  relatively  large,  truly  naturalized  population. 
Although  sampled  from  the  wild,  the  Blind  Bay  population  did  not 


TABLE  2. 

Sample  size  in)  and  total  number  of  alleles  (-  corrected  number  for  sample  size)  per  locus  for  each  population  of  Oslrea  edulis.  NS 

hatcheries,  Maritimes  naturalized  and  Maine  neutralized  combined  lor  comparison.  Hatcheries:  BC  PAC:  Pacific  Coast,  BC,  NS  LUN: 

Lunenburg,  NS,  NSMED:  Port  Medway,  NS,  NS  CAS:  Cape  Sable.  NS.  Maritimes  naturalized:  MAR_BLB:  Blind  Bay.  NS,  MAR„SAM: 

Sambro,  NS,  MAR_LLO:  Lake  Lockhart.  NB,  .Maine  naturalized:  MNE  CUH:  tundy  Harbor,  ME,  MNE_BOH:  Boothbay  Harbor,  ME, 

MNE^BHB:  Blue  Hill  Bay,  ME. 


n"' 

Number  of  .Alleles 

Population 

OedtiVZ 

OediiTS 

OeduHlS 

Oedii09 

Oediijn 

Average 

BC_PAC 

.^U 

16-16 

12-11.93 

8-8.00 

9-9.00 

11-11.00 

11.2-11.20 

NS_LUN 

68 

14-12,62 

12-11.39 

9-7.86 

9-8.16 

13-11.59 

11.4-10.32 

NS_MED 

39 

15-13.95 

LVll.-W 

8-7.89 

9-8.26 

9-8.02 

10.8-9.91 

NS_CSA 

125 

18-14.42 

17-11.85 

7-6.87 

10-8.37 

16-8.92 

13.6-10.09 

Total  NS  hatcheries 

233 

18 

17 

9 

11 

20 

13.6 

MAR_BLB 

36 

11-10.91 

12-12.00 

8-7.77 

7-6.86 

7-6.84 

9.0-8.88 

MAR^SAM 

57 

15-14.21 

17-14.72 

10-9.37 

12-10.53 

15-11.53 

13.8-12.07 

MAR_LLO 

148 

24-18.44 

18-14.63 

11-9.24 

1 1-9.05 

18-12.70 

16.4-12.15 

Total  Maritimes  naturalized 

1S8 

25 

19 

12 

12 

20 

17.6 

MNE_CUH 

100 

22-20.26 

2,^-16..^9 

14-11.88 

16-12.10 

19-15.02 

18.8-15.13 

MNE.BOH 

89 

22-19.84 

2.5-18.58 

11-10.14 

12-10.45 

21-17.44 

18.2-15.29 

MNEJHB 

65 

21-17.42 

16-13.89 

9-8.71 

12-9.98 

15-12.16 

14.6-12.43 

Total  Maine  naturalized 

257 

28 

27 

14 

17 

TT 

21.6 

(1 )  The  sample  size  is  given  here  as  an  indication  only;  only  all  individuals  amplified  at  each  locus.  The  BC_PAC  collection  is  the  smallest  collection; 
hence  corrected  number  of  alleles  is  equal  to  the  actual  numberof  alleles  for  all  loci  butT5  where  for  the  MAR_BLB  collection,  29  samples  only  amplified 
at  that  particular  locus. 
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TABLE  3. 

Statistics  per  population  of  Ostrea  ediilis:  sample  size  (nl.  non  hiased  expected  hetero/ydositv  H,.  (Nei 

and  Hard) -Weinberg  Equilibrium  deviations  estimated  b>  K,,. 


19781,  observed  heterozygosity  H„, 


n 

H. 

H„ 

I 

'is 

Population 

All  loci 

OediiVl 

OediiTS 

OediiHlS 

Oedu09 

Oediijn 

BC  PAC 

30 

0.860 

0.827 

0.040* 

0.134 

-0.012 

0.044 

-0.057 

0.079** 

NS  LUN 

6S 

0.810 

0.670 

0.175*** 

0.003 

0.007 

0.459*** 

0.130* 

0.335** 

NS  MED 

39 

0.786 

0.736 

0.064** 

0.002 

-0.094 

0.199 

-0.166 

0.454*** 

NS  CSA 

125 

0.795 

0.695 

0.121*** 

0.059* 

0.024** 

0.382*** 

-0.083* 

0.290*** 

MAR  BLB 

36 

0.773 

0.678 

0.124*** 

-0.063* 

-0.018 

0.406*** 

0.052 

0.357** 

MAR  SAM 

57 

0.855 

0.706 

0.176*** 

-0.018 

0.019** 

0.485*** 

0.087 

0.344*** 

MAR  LLO 

US 

0.821 

0.707 

0.138*** 

0.076 

-0.024 

0.547*** 

-0.060 

0.190*** 

MNE  CUH 

100 

0.876 

0.720 

0.179*** 

0.051 

0.056 

0.585*** 

0.049 

0.159** 

MNE  BOH 

89 

0.889 

0.793 

0.110*** 

-0.031 

0.017 

0.447*** 

-0.019 

0.155*** 

MNE_BHB 

65 

0.854 

0.753 

0.119*** 

0.081 

-0.007 

0.420*** 

-0.079* 

0.202** 

*  P  <  0.05.  **/>  <  0.01.  ***P  <  0.001 


appear  as  variable  as  the  two  other  naturalized  Nova  Seotian  popu- 
lations. This  is  a  probable  indication  that  it  is  not  a  truly  natural- 
ized population.  Divers  at  this  site  did  not  find  any  juvenile  oyster 
or  any  sign  of  recruitment.  The  few  large  oysters  found  there  were 
probably  the  last  survivors  of  the  previous  cultivated  oysters.  The 
five  remaining  Canadian  populations  appeared  similar,  with  pos- 
sibly a  slightly  higher  diversity  in  the  Pacific  Coast  stock.  Re- 
peated transfers  have  occurred  in  the  last  20  years  with  individuals 
originating  from  different  populations  in  California.  Scotland  and 
Maine,  possibly  explaining  the  higher  diversity  in  this  hatchery 
stock. 

The  allelic  profiles  for  each  locus  showed  multimodal  distri- 
butions both  in  the  Maine  population  and  the  Canadian  population 
as  they  did  in  Europe  (Launey  1998).  Only  the  distribution  for 
0(y/»09  was  close  to  a  normal  distribution  in  a  European  sample 
of  507  individuals  (Launey  1998).  There  was  no  major  disconti- 
nuity in  the  distributions  and  increments  corresponded  to  the  re- 
peat length  for  a  given  locus  (dinucleotide  for  all  loci  except 
Oe(liiH\5.  which  is  a  tetranucleotide  locus).  However  the  various 
collections  showed  differences  in  the  abundance  of  rare  alleles 
(frequency  <10%).  A  high  level  of  rare  alleles  (87%  average  over 
5  loci)  characterized  the  Maine  population,  whereas  the  Maritimes 
naturalized  populations  and  hatchery  stocks  showed  lower  levels 
of  73%  and  69%  respectively.  The  hatchery  populations  lost  5,  2, 
7.  8  and  2  rare  alleles  at  loci  OediMl.  OediiH\5.  OcdiiTS.  Oi'cli(09 
and  OeduiM  respectively  compared  with  the  naturalized  popula- 


tions. These  results  are  usually  observed  when  a  population  expe- 
riences a  bottleneck  event  but  may  also  reveal  subsequent  genetic 
erosion. 

Heterozygosity 

The  observed  heterozygosity  (H„)  was  lower  than  the  e.xpected 
heterozygosity  (H^.)  for  all  populations  (Table  3j.  a  typical  obser- 
vation in  bivalves  (Hedgecock  et  al.  1992,  Hedgecock  &  Okazaki 
1984).  The  difference  between  H^.  and  H„  was  smallest  in  the 
British  Columbia  and  Port  Medway  samples.  This  may  be  a  result 
of  a  breeding  program  for  certain  traits  that  has  led  to  the  inciden- 
tal selection  of  heterozygotes,  or  may  possibly  be  an  artifact  of  the 
sampling  procedure,  because  the  sample  sizes  for  these  popula- 
tions were  both  relatively  small. 

When  looking  at  the  hatchery  stocks  (Table  3).  levels  of  het- 
erozygosity were  not  as  dramatically  reduced  as  allelic  richness 
was.  The  average  observed  heterozygosity  {H„)  for  each  popula- 
tion ranged  from  0.670  (Lunenburg)  to  0.827  (British  Columbia) 
and  no  apparent  association  between  the  observed  heterozygosity 
and  the  origin  of  the  samples  (hatchery  vs.  naturalized)  was  ob- 
served. Similar  results  have  been  reported  for  many  cultivated 
populations  (Herbinger  et  al.  2003):  in  particular  an  earlier  study 
on  Crassostrea  gigas  showed  that  the  number  of  alleles  was  sig- 
nificantly reduced  but  heterozygosity  was  retained  in  hatchery 
stocks  compared  with  naturalized  populations  (Hedgecock  &  Sly 
1990,  Herbinger  et  al.  2003). 


TABLE  4. 
FsT  values  for  population  pairs  of  Ostrea  ediilis  according  to  Weir  and  Cockcrham  ( I9S4I. 


Population  (Fsi) 

BC_PAC 

NS_LUN 

NS_MED 

NS_CSA 

MAR.BLB 

MAR_SAM 

MAR  LLO 

MNE_CUH 

MNE_BOH 

NS  LUN 

0.038 

NS  MED 

0.049 

0.027 

NS  CSA 

0.048 

0.019 

0.021 

MAR  BLB 

0.057 

0.018 

0.026 

0,007'^'' 

MAR  SAM 

0.041 

0.02S 

0,050 

0.024 

0.029 

MAR  LLO 

0.033 

0.011 

0.022 

0.011 

0.013'^'' 

0.021 

MNE  CUH 

0.024 

0.046 

0.054 

0.046 

0.054 

0.038 

0.036 

MNE  BOH 

0.019 

0.043 

0.051 

0.045 

0.056 

0.035 

0.035 

0.003^"" 

MNE_BHB 

0.038 

0.037 

0.(.)4() 

0.039 

0.048 

0.028 

0.026 

0.023 

0.019 

^■.  P>  0.001 
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The  Fij.  values  for  the  five  loci,  ail  populations  combined, 
ranged  from  -0.094  {OediiTS)  to  +0.585  {OeduH\5)  (Table  3). 
which  represents  a  large  range  of  values.  The  estimated  F^^  values 
varied  much  less  among  samples  (from  +0.040  to  +0.179)  than 
among  loci.  This  result  indicates  that  inbreeding  is  not  the  sole 
explanation  for  the  heterozygote  deficiencies.  All  populations 
showed  mostly  positive  F,^  values  revealing  deficits  in  heterozy- 
gosity, but  this  was  really  mostly  prevalent  for  loci  Ot'di(H\5  and 
Oedii]  12  (Table  3).  Such  observations  are  common  in  bivalves 
(Zouros  &  Foltz  1984)  and  the  same  pattern  was  observed  in  the 
European  populations  (Launey  1998).  This  is  likely  due  mostly  to 
the  presence  of  null  alleles  (alleles  that  are  not  amplifying,  possi- 
bly caused  by  a  mutation  in  the  primer  site).  Indeed.  MICRO- 
CHECKER  revealed  the  probable  presence  of  null  alleles  for 
OediiHlS  and  Oedu}\2  in  nearly  all  populations.  Launey  (1998) 
also  hypothesized  that  null  alleles  were  present  for  the  locus 
Oedi(H\5.  O.  edidis  natural  populations  have  high  fecundity  and 
potentially  large  dispersal  of  gametes  and  larvae,  and  so  should 
follow  the  HWE  assumptions  for  panmixia.  In  the  context  of  the 
hatchery-propagated  populations,  heterozygotes  deficit  could  pos- 
sibly also  reflect  blind  selection  effects,  along  with  small  repro- 
ductive population  size  and  inbreeding  (Hedgecock  1994).  How- 
ever, given  the  relative  similarities  of  the  F,^  values  observed  in 
naturalized  and  hatchery  population,  it  would  seem  that  the  pres- 
ence of  null  alleles  at  loci  0<'(/((H15  and  0<'(/((J12  are  the  main 
reasons  for  the  observed  heterozygote  deficiencies  here. 

Genetic  Differentiation  Betneen  European  Oyster  Populations 

The  genetic  differentiation  between  populations  revealed  by  the 
pairwise  ¥^-^  values  are  displayed  in  Table  4.  Most  of  the  Fgy 
values  under  0.027  were  not  significant  and  indicated  negligible 
genetic  differentiation.  This  can  be  illustrated  graphically  with  an 
unrooted  tree  constructed  using  the  coancestry  distances  (Reynolds 
et  al.  1983)  (Fig.  2a).  The  Maine  populations  clustered  together 
with  the  Pacific  Coast  population,  probably  reflecting  the  foundmg 
events  that  led  to  the  establishment  of  the  Pacific  Coast  population 
through  the  transfer  of  oysters  from  California,  Scotland  and 
Maine.  Despite  their  recent  origin,  the  Maritimes  populations  (Port 
Medway.  Lunenburg,  Lake  Lockhart  and  Cape  Sable)  clustered 
together  and  were  quite  divergent  from  the  Maine  populations.  The 
intermediate  position  of  the  Sambro  oysters  possibly  reflects  the 
fact  that  they  are  an  older  renaturalized  population  consisting  of 
Maine  oysters  that  were  maintained  at  Dalhousie  University  in 
Halifax  for  several  years  before  being  released.  The  close  cluster- 
ing of  the  Nova  Scotian  populations  is  explained  by  their  recent 
common  ancestry  and  the  exchanges  of  individuals  that  have  taken 
place  between  these  populations.  For  example,  the  fact  that  the 
Lake  Lockhart  and  Lunenburg  populations  cluster  closely  together 
reflects  the  fact  that  the  Lake  Lockhart  population  was  established 
using  mainly  oysters  from  Lunenburg  stocks. 

The  Northern  American  flat  oyster  populations  were  compared 
with  5  European  populations  of  flat  oysters  representing  4  subre- 
gions  of  the  sampling  realized  in  Launey  et  al.  (2002),  (ANa  from 
Oslofjorden,  Norway  (North  Atlantic);  ANb  from  Grevelingen, 
Netherlands  (North  Atlantic);  ASb  from  La  Rochelle,  France 
(South  Atlantic);  MWb  from  Thau  Lagon.  France  (West  Mediter- 
ranean Sea);  MEb  from  Dubrovnik.  Croatia  (East  Mediterranean 
Sea)).  The  analyses  were  based  on  the  2  microsatellite  markers 
(OediiiM  and  Oedu\{\5)  that  could  he  unambiguously  standard- 
ized between  the  genotyping  systems  Ironi  the  Canadian  and 
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Figure  2.  Unrooted  Neighbor-Joining  tree  (Saitou  &  Nei  1987)  ob- 
tained from  coancestry  genetic  distances  (PAC:  Pacific  Coast;  LUN 
Lunenburg;  .MED:  Port  Medway;  CAS:  Cape  Sable;  BLB:  Blind  Bay 
SAM:  Sambro:  LLO:  Lake  Lockhart;  CUH:  Cundy  Harbor:  BOH 
Bodthbay  Harbor;  BHB:  Blue  Hill  Bay),  a.  Canadian  and  Maine  popu- 
lations (5  loci)  b.  Canadian  and  North  .Atlantic  European  populations 
(2  loci) 

French  molecular  laboratories.  The  resulting  neighbor-joining  tree 
is  visualized  in  Figure  2b.  The  sample  from  the  Netherlands  (ANb) 
showed  F^i  values  not  significantly  different  from  0  with  2  Maine 
populations  (Cundy  Harbour  and  Boothbay  Harbour)  confirming 
the  Netherlands  as  the  probable  origin  of  the  introduction  of  the 
European  flat  oyster  on  this  Northern  American  region  of  Maine 
(Loosanoff,  1955).  Although  significant,  the  F^x  values  between 
the  North  Atlantic  sample  from  Norway  (ANa)  and  each  of  the 
Northern  American  populations  were  also  small.  The  neighbor- 
joining  tree  cleariy  shows  that  the  sample  from  Norway  (ANa)  is 
clustering  (all  the  bootstrap  values  were  superior  to  509f )  with  the 
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TABLE  5. 

Assiuniiuiil  ot  3  samples  of  10  random  0\lrca  itliilis  individuals  from  Maine  using  GENECLASS  (MNE.CUH:  Cundv  Harbor,  ME, 
MNE  ItOH:  Boothbav  Harbor,  ME,  MNE  HHB:  Blue  Hill  Bay,  ME,  MAR_SAM:  Sambro,  NS,  MAR  LLO:  Lake  Lockhart,  NB), 


Sample 
Size 


10 


II) 


10 


Number 
of  Loci 


(#)  Classified  with  the  Highest  Probability  in 


Notes 


Real  Origin 


(4|  MNE_CUH 

(3)  MNE_BOH  iiKo  classifiL-d  in  MNE_CUH 

(II  BOH  also  classified  in  MNE_CUH  and  MNE_BHB 
(2)  unclassified  (P  <  0.01) 

(2)  MNE_BOH 

(2)  MNE_BOH  also  classified  in  MNE_CUH 

(2)  MNE_CLIH 

(4)  unclassified  iP  <  0.01) 

(3)  MNE_CUH 
(1)  MNE_BOH 

( 1 )  MNE_CUH  also  classified  in  MNE_BHB 

(2)  MNE_CUH  also  classified  in  MNE_BHB.  MNE_BOH. 
MAR_LLO  and/or  MAR_SAM 

(3)  unclassified  (f  <  0.01) 


No  individual  classified  oulside  of  Maine         MNE_CUH 


No  individual  classified  outside  of  Maine  MNE_BOH 


20%  classified  outside  of  Maine  MNE_BHB 

(2  re-naturali/ed  populations) 


samples  from  Nova  Scotia,  indicating  a  possible  second  distinct 
introduction  from  Europe.  It  should  be  noted  however  that  this 
analysis  is  based  on  only  two  loci  with  probable  null  alleles. 
Hence,  this  should  be  seen  as  a  preliminary  indication  only  and 
such  analysis  should  be  extended  with  more  loci. 

Assignmenl  of  Maine  Individuals 

Assignment  of  the  30  Maine  individuals  on  the  basis  of  their 
genotype  was  overall  satisfactory  (Table  5)  even  though  this  was 
based  on  5  loci,  and  the  genetic  isolation  between  Maine  and  Nova 
Scotia  populations  is  fairly  recent.  Nine  individuals  could  not  be 
definitively  assigned  to  a  population  but  19  were  correctly  identi- 
fied as  originating  from  a  Maine  population  only  and  2  were  as- 
signed to  another  Maine  population  or  to  a  Nova  Scotia  naturalized 
population.  Among  those  21  individuals,  15  were  assigned  to  the 
specific  Maine  population  they  originated  with  either  the  highest 
likelihood  (8  cases)  or  the  second  highest  (7  cases).  It  should  be 
noted  that  most  of  the  individuals  from  Blue  Hill  Bay  were  as- 
signed to  another  population  of  Maine  or  to  a  renaturalized  popu- 
lation in  Nova  Scotia.  That  particular  population  could  have  been 
founded  with  individuals  originated  from  other  parts  of  Maine  and 
from  California  (Sam  Chapman,  pers.  comm).  In  addition.  Blue 
Hill  Bay  is  the  Maine  population  the  least  different  from  the  Ca- 
nadian stocks  (Fig.  2a).  The  assignment  results  presented  here 
show  both  promise  as  a  forensics  tool  and  some  limitations.  With 
a  larger  database  and  more  microsatellite  loci,  more  definite  results 
could  probably  be  achieved.  Nonetheless,  the  present  tool  would 
seem  to  be  able  to  detect  illegal  importation  of  Maine  oysters  that 
could  bring  the  BtiiHiinia  disease  into  Nova  Scotia. 

First  Generation  Pedigree  Reconstruction 

Most  of  the  kin  groups  detected  in  the  10  oyster  collections 
were  very  small,  ranging  in  size  from  I -1 1  with  an  average  of  2.5 
individuals,  indicating  that  overall,  most  individuals  were  unre- 
lated to  one  another  in  every  collection.  However,  at  least  some  of 
these  small  proposed  kin  groups  appeared  to  be  real,  because  in  6 
out  of  the  10  populations  the  kin  group  partition  score,  based  on 
the  real  genotype  data,  was  higher  than  seen  in  any  of  the  100 


genotype  randomization  trials  (Table  6).  Not  surprisingly,  every 
hatehei7  population  seemed  to  comprise  at  least  a  few  truly  related 
individuals  (i.e..  full  or  half-sibs).  This  was  particularly  the  case 
for  the  Port  Medway  and  Cape  Sable  collections.  This  is  in  agree- 
ment with  the  observations  of  Li  &  Hedgecock  (1998)  and  Boudry 
et  al.  (2002)  who  have  noted  that  hatchery  mass  spawning  typically 
contains  large,  over-represented  family  groups.  In  contrast,  the 
naturalized  populations  of  Cundy  Harbor  (Maine),  Booth  Bay 
(Maine)  and  Sambro  (Nova  Scotia)  did  not  appear  to  contain  re- 
lated individuals.  The  last  naturalized  Maine  collection.  Blue  Hill 
Bay,  may  have  contained  some  related  individuals,  but  the  signal 
from  this  analysis  was  fairly  weak  and  the  probability  value  was 
close  to  the  5%  threshold.  Some  of  the  "naturali/ed"  individuals  in 
the  Blind  Bay  (Nova  Scotia)  collection  also  appeared  to  be  related 

TABLE  6. 
Kin  group  partition  of  the  Ostrea  edulis  collections. 


Population 


Probability  of  Seeing 
a  Score  as  High  or 
Higher  in  Genotype 

Randomization  Trials 


Hatcheries 

BC^PAC:  Pacific  Coast.  BC 
NS_LUN:  Lunenburg.  NS 
NS_MED:  Port  Medway.  NS 
NS_CAS:  Cape  Sable.  NS 

Maritimes  naturalized 

MAR_BLB:  Blind  Bay.  NS 
MAR_SAM:  Sambro.  NS 
MAR_LLO:  Lake  Lockhart,  NB 

Maine  naturalized 

MNE^CUH:  Cundy  Harbor.  ME 
MNE_BOH:  Boothbay  Harbor.  ME 
MNE_BHB:  Blue  Hill  Bay.  ME 


30 

<1% 

68 

<1% 

39 

<1% 

123 

<1% 

31 

<1%) 

34 

NS  (50%) 

139 

<3%o'^' 

78 

NS  (65%) 

78 

NS  (16%) 

64 

5% 

( 1 )  Sample  size 

(2)  Probability  estimated  on  1.000  randomization  trials,  as  opposed  to  100 
in  the  other  collections 
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to  one  another.  This  would  be  in  agreement  with  the  proposed 
explanation  that  this  population  is  not  truly  self  sustaining,  and  that 
the  sampled  individuals  piobably  represented  the  last  survivors  of 
"escaped""  cultured  oysters  from  a  grow-out  site  that  operated  there 
until  a  few  years  ago.  The  observation  of  truly  related  individuals 
in  the  Lake  Lockhart  (New  Brunswick)  collection  is  more  surpris- 
ing because  this  is  a  fairly  large,  self-sustaining  population.  To 
confirm  this  result,  the  genotype  randomization  trials  were  ex- 
tended to  1,000  but  with  similar  results.  Partition  scores  as  high  or 
higher  than  the  one  observed  on  the  real  data,  were  only  seen  in  2 
out  of  the  1.000  trials.  It  is  unlikely  that  oyster  sampling  in  this 
location  was  somehow  biased  with  respect  to  family  composition 
as  it  took  place  with  bottom  dredging.  This  observation  may  be  an 
indication  that  a  few  individuals  may  sometimes  contribute  a  sub- 
stantial (i.e.,  detectable)  portion  of  the  recruitment  in  the  large  hut 
closed  Lake  Lockhart  population. 

CONCLUSION 

The  results  of  this  study  show  that  there  is  still  a  relatively  high 
level  of  genetic  diversity  in  the  Canadian  populations,  but  evidence 
of  genetic  erosion  can  be  seen  in  the  hatchery-propagated  stocks. 
Some  level  of  inbreeding  increase  occurs  in  hatchery  populations 
of  Ostrea  eihilis  around  the  world,  and  there  is  evidence  to  suggest 
that  excessive  inbreeding  can  result  in  loss  of  fitness.  For  instance. 
Mallet  &  Haley  (1983)  and  Naciri-Graven  et  al.  (2000)  have  ob- 
served that  growth  performance  of  offspring  is  negatively  corre- 
lated with  the  relatedness  of  their  parents.  Using  microsatellite  loci 
to  monitor  inbreeding  levels  would  appear  to  be  warranted. 

Increasing  the  number  of  loci  available  for  use  in  O.  cduUs 
would  be  useful  for  continuing  and  future  studies  of  genetic  di- 
versity and  population  structure  in  this  species  and  for  forensics 
studies  given  the  presence  of  Bonaniia  in  Maine  and  its  absence  so 
far  in  Nova  Scotia  and  New  Brunswick.  Increasing  sample  size 
will  also  improve  our  ability  to  detect  population  and  family  struc- 
ture more  effectively. 

Hatchery  production  for  aquaculttire  allows  the  development  of 
genetically  improved  strains  but.  simultaneously,  loss  of  genetic 
diversity  and  potential  inbreeding  increase  and  inbreeding  depres- 
sion can  have  adverse  effects.  To  manage  inbreeding,  it  is  impor- 


tant to  use  pedigree  information  when  producing  the  next  genera- 
tion. Because  of  the  reduced  nuinher  of  effective  broodstock  in 
mass  spawning,  where  only  a  limited  number  of  individuals  con- 
tribute most  of  the  offspring  to  the  next  generation,  it  may  be  wise 
to  increase  genetic  variability  in  hatchery  populations  by  maxi- 
mizing the  number  of  O.  edulis  broodstock  used  to  produce  larvae 
(at  least  50  per  lot,  preferably  100)  and  pooling  offspring  from 
multiple  spawning  groups  (i.e.,  multiple  lots).  The  genetic  impact 
of  grading  larvae  and  discarding  the  small  ones,  a  common  hatch- 
ery practice,  should  be  evaluated.  This  practice  may  compound 
genetic  erosion  without  really  achieving  any  growth  gain.  The 
possibility  of  introducing  individuals  from  naturalized  populations 
at  regular  intervals  to  maintain  genetic  diversity  and  prevent  fur- 
ther erosion  of  genetic  diversity  in  Nova  Scotia  hatchery  stocks 
should  be  evaluated  as  well.  Outbreeding  of  O.  echdis  should  be 
carried  out  w  ithin  Maritimes  populations  as  opposed  to  more  dis- 
tant populations  to  reduce  the  possibility  of  disease  transfer  and 
also  to  avoid  the  introgression  of  nonadapted  genes  into  the  actual 
stocks.  In  particular,  history  shows  that  only  after  a  30-year  adap- 
tation to  Maine"s  cold  environment  did  introduced  European  oys- 
ters survive  in  Nova  Scotia's  inarginal  winter  conditions. 
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TISSUE  DISTRIBUTION  AND  HEMOLYMPH  ACTIVITY  OE  SIX  ENZYMES  IN  THE 
AMERICAN  LOBSTER  (HOMARUS  AMERICANUS):  POTENTIAL  MARKERS  OF 

TISSUE  INJURY 

ANDREA  BATTISON 

Atlantic  Veterinary  College  Lobster  Science  Centre  (AVCLSC).  University  of  Prince  Edward  Island. 
Charlottetown,  Prince  Edward  Island.  Canada 

ABSTRACT  Biochemistry  panels  are  used  lo  help  identify  tissue  injury  (e.g..  because  of  inflammation,  trauma  or  hypo.xia)  in  human 
and  veterinary  medicine  in  part,  by  detecting  increased  enzyme  activity  in  serum  or  plasma  after  release  from  damaged  tissues.  To 
determine  if  a  similar  approach  can  be  used  in  Homanis  cimeiieainis.  activities  of  aspartate  aminotransferase  (AST),  alanine  ami- 
notransferase (ALT),  glutamate  dehydrogenase  (GD),  sorbitol  dehydrogenase  (SDH),  amylase  (AMY)  and  lipase  (LIP)  were  measured 
in  tissue  homogenates  of  heart,  hepatopancreas,  abdominal  muscle,  proximal  intestine,  antennal  gland,  hemocyte  lysate  supernatant  and 
hemolymph  plasma  and  serum.  Activities  of  ALT  and  AST  were  significantly  higher  in  serum  than  plasma,  which  was  attributed  to 
release  of  enzymes  from  hemocytes  during  coagulation.  Reference  intervals  calculated  for  plasma  enzyme  activity  at  ambient  holding 
temperatures  of  2°C  to  4°C  and  I5°C  were  quite  similar.  Plasma  enzyme  activity  was  not  a  sensitive  test  for  detecting  infection  with 
Aenicocciis  viridiins  (gaffkemia)  during  an  experimental  trial. 

KEY  WORDS:     lobster.  Hniiuinis  (iiiuiicciiuis.  en/yme,  hemolymph 


INTRODUCTION 

The  lobster  fishery  is  a  multimillion-dollar  industry  in  Atlantic 
Canada  and  the  northeastern  USA,  The  landed  value  of  the  -42  K 
ml  harvest  in  Atlantic  Canada  in  2004  is  estimated  at  -$525,077  K 
(Cdn)'.  The  overall  economic  impact  to  the  region  of  this  vital 
industry  is  far  greater.  Although  much  of  the  harvest  is  .sold  or 
processed  immediately,  a  portion  is  held  live,  for  several  weeks  to 
months,  in  lobster  pounds  for  sale  as  live  product  at  a  later  date. 
Significant  losses  to  disease  can  occur  during  these  periods.  Con- 
sequently, being  able  to  assess  the  health  status  of  these  animals, 
as  a  means  of  selecting  those  best  suited  for  storage,  is  very  ben- 
eficial. 

Current  methods  of  health  assessment  in  Homanis  aniericciiiiis 
(H.  Milne  Edwards  1837)  and  many  other  crustaceans  include: 
physical  examination  to  determine  vigor:  total  hemocyte  counts 
(THCs);  estimating  total  hemolymph  protein  concentration  using 
refractometry  (TPrf)  and  hemolymph  culture  to  detect  infective 
agents  (bacteria,  protozoa).  Evaluation  of  the  cell-free  fractions  of 
hemolymph,  i.e..  plasma  and  serum,  in  H.  americaiuis  has  included 
electrolyte  and  metabolite  levels  (Mercaldo-Allen  1991.  Mercal do- 
Allen  et  al,  1994)  and  enzyme  activity  (Speare  et  al,  1996),  Evalu- 
ation of  hemolymph  enzyme  activity  in  mussels  and  oysters  has 
been  suggested  as  a  nonlethal  way  of  assessing  overall  health,  and 
possibly  iinmune  function,  as  in  hutnan  and  velerinaiy  medicine 
(Culloty  et  al,  2002,  Gustafson  et  al,  2005), 

Clinical  enz.ymology  can  be  thought  of  as  the  "application  of 
the  science  of  enzymes  to  the  diagnosis  of  disease"  (Moss  & 
Henderson  1999).  The  level  of  enzyme  activity  detected  in  the 
blood  is  related  to  the  rate  of  release  or  production  of  enzyme(s) 
from  tissues  and  their  clearance  from  the  circulation  (Moss  & 
Henderson  1999).  Some  enzymes  are  relatively  tissue  specific, 
being  found  in  only  one  or  a  few  tissues,  whereas  others  can  be 
more  widely  distributed  among  several  tissues  (Duncan  et  al. 
1994a,  Kramer  &  Hoffmann  1997,  Moss  &  Henderson  1999), 
There  will  usually  be  low  levels  of  enzytnes  in  the  blood  caused  by 
steady-state  release  from  tissues.  These  values  arc  used  to  calculate 
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reference  intervals,  or  "normal  ranges."  for  a  defined  (age,  sex, 
race,  geographic  distribution,  disease  status,  etc.)  population. 
These  reference  intervals  are  then  used  as  a  basis  for  comparison 
with  individuals  or  groups  under  study.  When  the  tissue  is  injured 
(trauma,  toxins,  inllaiiiniation.  hypoxia)  the  cellular  integrity  will 
be  compromised  and  more  enzyme  will  be  released  into  the  cir- 
culation, exceeding  the  upper  limit  of  the  previously  established 
reference  interval  (Kramer  &  Hoffmann  1997.  Moss  &  Henderson 
1999).  The  degree  of  increase  will  be  determined  by  the  amount  of 
tissue  injured,  the  severity  of  the  injury,  and  the  clearance  rate  of 
the  enzyme  from  the  circulation. 

The  purpose  of  the  this  investigation  was  to  determine  if  the 
principles  of  clinical  enzymology  could  be  applied  to  H.  america- 
iiiis.  This  required:  ( 1 )  determining  the  tissue  distribution  of  a 
selected  group  of  enzymes:  (2)  determining  the  preferred  sample 
type,  plasma  or  serum:  (3)  establishing  hemolymph  reference  in- 
tervals for  enzyme  activities  in  a  defined  population  and  (4)  ex- 
amining if  hemolymph  enzyme  activity  was  affected  by  a  systemic 
bacterial  infection,  gaffkemia. 

The  activity  of  aspartate  aminotransferase  (AST),  alanine  ami- 
notransferase (ALT),  .sorbitol  dehydrogenase  (SDH),  glutamate 
dehydrogenase  (GD).  amylase  (AMY)  and  lipase  (LIP)  was  deter- 
mined in  homogenates  of  hepatopancreas.  heart,  abdominal 
muscle,  proximal  intestine,  antennal  gland,  hemocyte  lysate  super- 
natant (HLS)  and  hemolymph  plasma  and  serum.  Enzymes  were 
selected  for  the  biochemistry  panel  based  on  the  availability  of 
commercial  diagnostic  test  kits  coinpaiible  with  an  automated  bio- 
chemistry analyzer  and  their  known  or  presumed  presence  in 
hepatopancreas  and  muscle  (Claybrook  1983,  Biesiot  &  Capuzzo 
1990) — tissues  similar  to  those  contributing  significantly  to  serum 
and  plasma  enzyme  activity  in  vertebrates  (Kramer  &  Hoffmann 
1997,  Moss  &  Henderson  1999).  Clotting  in  H.  americaniis  and 
other  crustaceans  involves  hemocyte  lysis  (Martin  &  Hose  1995). 
Consequently,  HLS  was  evaluated  for  its  possible  contribution 
to  serum  enzyme  activity.  The  proximal  intestine,  antennal  gland, 
and  heart  were  included  for  completeness,  Gaffkemia,  a  gener- 
ally fatal  infectious  disease  caused  by  the  Grain  positive  bacte- 
rium Aerococciis  viridans.  can  cause  significant  economic  losses 
in  the  industry  (Hastein  &  Roald  1977.  Stewart  1980,  Menard  & 
Myrand   1987).  Early  detection  could  provide  critical  informa- 
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tion  for  management  decisions  and  help  iiiininii/,e  postharvest 
losses. 

MATERIALS  AND  METHODS 

Animals  and  Holding 

Tissue  Enzyme  Distribution  Study 

Four  (3  female,  1  male)  hard  shell,  southwest  Nova  Scotia 
inshore  lobsters  weighing  404-499  g  were  obtained  from  a  com- 
mercial pound  (Clearwater  Fine  Foods  Inc.,  Halifax,  NS,  Canada). 
The  animals  were  held  in  a  recirculating  artificial  sea  water 
(ASWxInstant  Ocean.  Aquarium  Systems  Inc..  Mentor,  OH,  USA) 
system  maintained  between  2°C  to  4°C  for  up  to  1 2  d.  Lighting 
was  set  at  a  14  h/lO  h  low  light  (<3  lux)/dark  cycle.  Animals  were 
not  fed  during  this  period. 

Establislinient  of  Reference  Intervals  and  Gaffkemia  Trial 

Thirty  male  southwest  Nova  Scotia  offshore  lobsters  weighing 
597-791  g  were  obtained  from  a  commercial  source  (Clearwater 
Fine  Foods  Inc.,  Halifax,  NS,  Canada).  The  animals  were  held  in 
a  recirculating  ASW  (Instant  Ocean,  Aquarium  Systems  Inc..  Men- 
tor, OH,  USA)  system  maintained  between  2"C  to  4°C  for  9  d  then 
moved  to  a  second  recirculating  ASW  system  at  15°C.  Lighting 
was  set  at  a  14  h/IO  h  low  light  «3  lux)/dark  cycle.  Animals  were 
offered  a  pelleted  lobster  diet  (Castell  Aquaculture  Nutrition  Con- 
sulting, St  Andrews,  NB.  Canada)  every  other  day  when  at  I5'C. 

Biochemical  Analyses 

All  samples  for  biochemistry  panels  were  analyzed  on  the  Hi- 
tachi 917  automated  biochemistry  analyzer  (Roche  Diagnostics 
Coiporation,  Indianapolis,  IN,  USA)  within  three  hours  of  collec- 
tion. Assay  kits  for  GD,  AST,  ALT  and  total  protein  (TP)  were 
obtained  from  Roche  Diagnostics  Corporation.  Indianapolis.  IN. 
USA.  Assay  kits  for  LIP  and  AMY  were  obtained  from  Diagnostic 
Chemicals  Limited.  Charlottetown,  PE,  Canada. 

Assay  precision  was  determined  by  measuring  enzyme  activity 
in  20  aliquots  of  two  samples,  one  with  high  enzyme  activity  and 
one  with  low  activity.  The  coefficient  of  variation  (CV)  was  cal- 
culated for  each  sample. 

Tissue  Enzyme  Distrihiiliiin  Study 

Hemolymph  samples  were  collected  (22  G  needle)  tiimi  the 
ventral  sinus  2  d  after  arrival  as  part  of  a  health  screen.  A  0.5-mL 
sample  was  collected  into  4.5  niL  of  formalin-containing  antico- 
agulant (28.4  g/L  NaCl,  8.7  g/L  MgS04-7H,0,  5.5  g/L 
MgCly6H,0.  1 .5  g/L  CaCI,-2H,0,  0.7  g/L  KCl,  0.5  mL  Tween 
80,  1 .25  mL/L  stock  [379r  to  409;^  1  formaldehyde  solution.  pH  7.6, 
Stewart  et  al.  1967)  for  determination  of  THCs  using  a  Neubauer 
hemocylometer.  Whole  hemolymph  (no  anticoagulant)  was  col- 
lected for  TP^i  estimation  using  a  temperature  compensated  refrac- 
tometer  (Shilac  ATC  PUR1410,  Japan)  and  inoculation  of  culture 
media  to  detect  /i.  virichiiis  (0.5  niL  in  4.5  mL  phenyl  ethyl  alcohol 
[PEA]  broth  at  28°C  for  48  h.  in  duplicate,  Stewart  1972)  and 
Anopliryoides  haemophilii  (0.5  niL  into  4.0  mL  of  modified  ciliate 
culture  medium  at  4-'C  for  7  d,  Messick  &  Small  1996).  Pleopods 
were  collected  for  molt  staging  (Aiken  1973).  Animals  were  pro- 
cessed after  confirmation  of  negative  culture  results  and  THC  > 
10  X  10  ''  cells/L  and  TP,,  >  50  g/L. 

Immediately  prior  to  processing,  a  terminal  hemolymph  col- 


lection (approximately  30  mL/lobster)  was  performed  to  obtain 
hemocyte  pellets  for  HLS  preparation.  The  supernatant  (plasma) 
was  removed  after  centrifugation  ( x3300  g.  1 5  min  at  4  'C )  and  the 
pellet  rinsed  with  sterile  distilled  water.  Lobsters  were  euthanized 
by  severing  the  ventral  nerve  cord  in  front  of  the  walking  legs. 
Samples  of  hepatopancreas,  heart,  antennal  gland,  proximal  intes- 
tine and  abdominal  muscle  were  collected  and  immediately  placed 
on  ice.  The  contents  of  the  intestinal  lumen  were  removed  by 
gentle  rinsing  with  distilled  water.  Tissues  (<0.5  g)  were  then 
minced  with  a  scalpel  blade  after  addition  of  5  mL  of  sterile 
distilled  water,  transferred  to  a  glass  piston  homogenizer  and 
ground  until  no  large  particles  remained.  Samples  were  left  to  lyse, 
refrigerated,  for  1  h.  Tissue  homogenate  supernatants  were  pre- 
pared by  centrifugation  (x  15,000  g.  20  min.  at  4°C)  and  assayed 
for  enzyme  activity  and  TP  (biuret  method)  concentration.  Enzyme 
acti\  ity  per  gram  of  total  protein  was  calculated  to  standardize  the 
results  among  tissues. 

Comparison  of  Plasma  and  Serum  Samples 

Hemolymph  was  collected  (22  G  needle,  no  anticoagulant) 
from  the  ventral  sinus  of  the  four  lobsters  used  for  the  tissue 
enzyme  distribution  study.  Plasma  was  prepared  from  one  1.8  mL 
aliquot.  Serum  was  prepared  by  allowing  refrigerated  1.8  niL  ali- 
quots to  clot.  After  5  h  and  22  h,  the  samples  were  broken  up  and 
centrifuged  (x5000  g.  5  min,  at  4°C)  and  the  supernatants  collected 
and  submitted  for  biochemistry  panels. 

Establishment  of  Reference  Intervals 

Hemolymph  samples  for  THCs,  TP,.,,  biochemistry  panels  and 
inoculation  of  PEA  were  collected  from  the  ventral  sinus  of  30 
male,  hardshell  lobsters  2  d  and  6  d  after  their  arrival  (2"C  to  4"C) 
and  again  after  being  held  at  15°C  for  4  d.  Pleopods  for  molt 
staging  (Aiken  1973)  and  hemolymph  for  ciliate  medium  (Messick 
&  Small  1996)  inoculation  were  only  collected  at  the  first  sam- 
pling. Reference  intervals  were  calculated  for  the  latter  two  sample 
collections  using  results  from  intermoult  animals  with  THC  >5  x 
10''  cells/L  and  negative  hemolymph  cultures. 

Gaffkemia  Infection  Trial 

Aerococcus  viridans  Inoculate  Preparation 

A  thawed  aliquot  of  a  first  passage  subculture  of  a  field  isolate 
of  A.  viridans  Type  3  (api  20  Strep.  bioMerieux  Canada  Inc.,  St. 
Laurent,  PQ,  Canada),  stored  at  -80''C  in  2%  skim  milk  culture 
broth  (Bacto  skim  milk,  DIFCO  Laboratories.  Detroit,  MI),  was 
grown  on  sheep  blood  (5%)  agar  (BA)  (Oxoid,  Inc.  (Canada), 
Nepean.  ON)  at  28°C  for  24  h  and  used  to  inoculate  25  mL  of 
sterile  trypticase  soy  broth  (TSB).  Broth  cultures  were  incubated 
overnight  at  28°C  and  the  optical  density  was  read  at  420  nm.  The 
suspension  was  washed  (x3600  g,  10  min,  at  4°C)  twice  with 
sterile  3%  NaCI  and  an  aliquot  diluted  to  an  expected  concentra- 
tion of  2  X  10''  colony  forming  units  (CFU)/mL.  Colony  counts 
were  performed  on  x25  jjim  aliquots  of  serial  dilutions  cultured  on 
BA  at  28°C  after  48  h  of  incubation  to  confirm  inoculate  dose. 

The  supernatant  from  a  24  h  TSB  culture  of /4.  viridans  was 
submitted  for  a  biochemistry  panel. 

Experimental  Protocol 

Thirty  male  lobsters  were  acclimatized  at  2 "C  for  10  d  and  then 
transferred  into  a  new  system  at  15''C  for  7  d.  Hemolymph  samples 
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were  collected  from  the  \entral  sinus  for  delermiiiution  of  THCs. 
TP,,  and  biochemistry  panefs  and  a  few  drops  of  whole 
heinolymph  were  used  to  inoculate  BA,  incubated  at  28°C,  for 
detection  of  A.  viridans  bacteremia.  Twenty  lobsters  with  THC  > 
10  X  10''  cells/L,  and  negative  culture  results  were  selected  and 
randomly  assigned  into  treatment  and  control  groups.  Control 
group  lobsters  were  moved  into  a  replicate  system  in  the  same 
room.  Lobsters  in  the  treatment  group  were  inoculated  (intra- 
abdominal sinus  injection.  25  G  needle)  with  A.  viridans  at  ~1  x 
10"  CFU/kg.  Control  group  lobsters  received  a  similar  volume  of 
sterile  3%  NaCl.  One  sentinel  lobster  (no  injection)  was  kept  in 
each  tank. 

Hemolymph  was  collected  daily  for  determination  of  THCs, 
TPrf,  biochemistry  panels  and  BA  inoculation.  A  direct  smear  (DS) 
of  hemolymph  was  also  made  and  examined  by  direct  light  mi- 
croscopy to  detect  bacteremia.  The  study  was  terminated  after  5  d 
because  all  treatinent  group  lobsters  were  bacteremic  on  DS  exam. 

Lobsters  were  euthanized  by  KCl  injection  (Battison  et  al. 
2000).  Post  mortem  examinations  were  performed.  The  hepato- 
pancreas  and  antennal  gland  were  sampled  with  sterile  swabs 
(BBM  CultureSwab  Plus.  Becton  Dickinson.  Basel.  Switzerland) 
for  culture  on  BA  at  28^C  for  48  h.  Representative  samples  of 
hepatopancreas,  proximal  intestine,  antennal  gland,  muscle,  gonad 
and  ventral  nerve  cord  were  collected  and  fixed  in  1G:4F  fixative 
(Howard  &  Smith  1983)  and  processed  routinely  for  hematoxylin 
and  eosin  staining  of  paraffin  sections. 

Stalislical  Analyses 

Statistical  analyses  were  performed  using  the  Minitab  release 
13  software  package  (Minitab  Inc..  State  College.  PA.  USA)  and 
Microsoft  Excel  2002  (Microsoft  Coiporation.  USA). 

RESULTS 

Precision  Study 

Precision  results  at  the  lower  activity  levels  found  m  plasma 
were  generally  moderate  to  poor,  ranging  from  59r  to  24%  (Table 
1 ).  The  value  for  SDH  was  very  high  (245% )  as  all  but  one  of  the 
20  replicates  returned  a  value  of  0  U/L.  Precision  at  the  higher 
activity  levels  found  in  serum  was  acceptable,  being  below  or  near 
5%  in  all  cases. 


TABLE  L 

Precision  results  for  six  enzymes*  in  plasma  or  serum,  representing 

lower  and  higher  activity  levels  respectively,  in  Homarus 

americamts.  An  aliquot  of  each  sample  was  assayed  20  times. 


AMY 

LIP 

SDH 

ALT 

AST 

GD 

Plasma 

Range (U/L) 

0-0 

9-15 

0-8 

14-33 

11-14 

11-13 

cv** 

_ 

\m 

245<7f 

24% 

9<7r 

5% 

Serum 

Range  (U/L) 

0-0 

6-8 

0-0 

220-224 

111-129 

1  .V2() 

CV 

- 

79r 

- 

2% 

4</r 

7% 

*  Abbreviations:  AMY,  amylase;  LIP.  lipase;  SDH,  sorbitol  dehydroge- 
nase; ALT.  alanine  aminotransferase;  AST,  aspartate  aminotransferase; 
GD,  glutamate  dehydrogenase. 
**  CV,  coefficient  of  variation  =  standard  deviation/mean  «  100. 


Tissue  Enzyme  Dislrihiilian 

The  hepatopancreas  was  the  exclusive  source  of  AMY  in  all  but 
one  lobster  where  it  was  also  detected  in  the  proximal  intestine 
(Table  2).  Moderate  to  high  levels  of  AST  and  ALT  were  found  in 
all  tissues  with  the  heart  containing  the  most  activity  (Table  2). 
The  highest  GD  activity  was  found  in  the  heart  with  only  low  to 
moderate  levels  recovered  from  other  tissues  (Table  2).  LIP  activ- 
ity was  low.  but  primarily  isolated  from  proximal  intestine  prepa- 
rations (Table  2).  SDH  activity  was  low  and  widely  distributed. 

Comparison  of  Plasma  and  Serum 

There  was  minimal  or  no  AMY.  LIP.  or  SDH  in  the  plasma  or 
serum  samples.  There  were  notable  differences  between  the 
plasma  and  serum  samples  for  AST,  ALT  and  GD  in  all  lobsters. 
In  all  instances,  serum  values  were  higher  than  plasma  at  both  tiine 
periods  (Table  3).  The  amount  of  increase  varied  with  the  indi- 
vidual lobster  and  the  enzyme.  Changes  in  ALT  were  usually  the 
most  marked,  whereas  GD  was  relatively  stable.  Serum  enzyme 
activity  at  22  h  tended  to  be  less  than  at  5  h. 

Screening  Samples  and  EslahlislimenI  of  Reference  Intervals 

Enzyme  activity  collected  2  d  after  arrival  was  quite  variable 
with  some  lobsters  having  AST  and/or  ALT  activities  up  to  10  fold 
greater  than  the  values  obtained  from  the  same  animals  only  4  d 
later  (Table  4).  A  similar,  but  much  less  dramatic,  finding  occurred 
with  LIP  (Table  4). 

Enzyme  activity  in  the  two  data  sets  used  for  reference  interval 
calculation  had  a  nonGaussian  distribution  except  for  GD  at  15°C. 
After  removal  of  outliers,  results  from  25  of  the  30  lobsters 
sampled  after  6  d  at  2X.  and  26  of  the  lobsters  sampled  after  4  d 
at  15'C  were  used  to  calculate  the  plasma  reference  intervals  using 
percentiles  (Table  4). 

Gaffkemia  Infection  Trial 

Animals  received  inocula  of  ~1 .5  x  10"  CFU/kg  based  on  48  h 
colony  counts.  A  contaminant  (Acincuibacter  sp.)  was  detected  in 
the  inoculate  suspension  but  not  recovered  from  any  lobsters.  Bac- 
teremia was  detected  on  hemolymph  culture  in  nine  treatment 
group  lobsters  on  postinoculation  Day  2  and  in  all  lobsters  by  Day 
3.  Four  A.  viridans  colonies  were  detected  in  one  control  group 
lobster  on  Day  5  only.  Bacteria  were  visible  on  DS  in  eight  treat- 
ment group  lobsters  by  Day  4  and  in  all  by  Day  5.  A  heavy  growth 
of  A.  viridans  was  recovered  from  the  hepatopancreas  and  antennal 
gland  of  all  treatment  group  animals  but  no  control  group  lobsters. 
Very  low  numbers  of  mixed  bacteria  were  recovered  from  the 
antennal  gland  of  nine,  and  from  the  hepatopancreas  of  three, 
control  group  lobsters. 

THCs  showed  an  initial  increase  Days  1-3  in  treatment  group 
lobsters  followed  by  a  decrease  to  ~2  x  10"  cells/L  by  Day  5  in 
inost  (8/10)  lobsters  as  seen  in  previous  studies  (Stewart  et  al. 
1969.  Stewart  et  al.  1983,  Battison  et  al.  2004).  A  progressive 
decrease  in  THC  «5  x  lO''  cells/L)  was  also  noted  in  5  of  10 
control  group  lobsters.  TP^-  decreased  by  10%  to  15%  of  initial 
values  by  the  end  of  the  study  in  all.  but  one  control  (49%), 
lobsters. 

For  most  lobsters,  enzyme  activities  stayed  within  the  previ- 
ously established  reference  intervals  (Fig.  1).  There  was  a  ten- 
dency for  LIP  to  decrease  over  the  course  of  the  trial  for  both 
groups.  A  few  animals  (treatment  and  control  groups)  had  minimal 
increases  in  ALT.  Mild  to  moderate  increases  in  GD  were  ob- 
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TABLE  2. 

Activity  of  six  enzymes*  in  six  tissues  expressed  as  U/grani  of  total  protein  (biuret  metliodi  in  tissue  lioniogenate  supernatants  from  four 
lobsters  {Homarus  ainericanus).  Results  presented  as  mean  and  (range)  of  values  obtained. 


AMY 

LIP 

SDH 

ALT 

AST 

GD 

Heart 

0(0-0) 

1  lO-l) 

2(2-2) 

1425(1311-1956) 

2243(1593-2970) 

573(358-602) 

Antennal  gland 

0(0-0) 

0(0-1) 

3(2-3) 

246(192-341) 

562 (501-624) 

16(7-30) 

Proximal  intestine 

O(O^) 

3(2-3) 

1  (1-1) 

518(405-678) 

314(293-334) 

67 (62-70) 

Hepatopancreas 

13(7-19) 

0(0-1) 

4(2-;) 

134(5-342) 

829(706-1438) 

6(3-10) 

Abdominal  Muscle 

0(0-0) 

0(0-0) 

1  (0-1) 

157(116-180) 

449  (373-507) 

32(14-45) 

Hemocyte  lysate 

0(0-0) 

1  (1-1) 

0(0-0) 

323 (220-397) 

101 (46-138) 

52  (45-60) 

*  Abbreviations:  AMY.  amylase:  LIP.  lipase;  SDH,  sorbitol  dehydrogenase:  ALT.  alanine  aminotransferase:  AST,  aspartate  aminotransferase;  GD, 
glutamate  dehydrogenase. 


served  in  3  lobsters  (2  treatment  and  1  control).  Elevations  in  SDH 
were  limited  to  one  treatment  group  lobster,  which  also  had  mod- 
erate increa.ses  in  AST.  ALT  and  GD  and  two  control  group  lob- 
sters— one  of  which  had  moderately  elevated  GD.  Essentially  no 
enzyme  activity  was  detected  in  the  TSB  culture  supernatant. 

The  main  gross  finding  in  the  treatment  group  lobsters  was  the 
presence  of  multifocal  to  diffuse,  white,  miliary,  spots  on  the  an- 
tennal gland.  All  of  the  control  group  lobsters  showed  variable 
degrees  of  pigmentation  at  the  base  of  the  gill  filaments.  Two 
treatment  group  lobsters  had  mild,  focal,  white  discoloration  of 
abdominal  muscle  segments  (necrosis)  near  hemolymph  collection 
sites. 

Histological  findings  in  the  treatment  group  were  consistent 
with  gaffkemia  (Johnson  et  al.  1981.  Battison  et  al.  2004).  Coccoid 
bacteria  in  tetrads  were  present  in  the  hemolymph  spaces  of 
all  tissues.  Small  hemocyte  nodules,  some  with  phagocytosed 
cocci,  were  noted  in  low  to  moderate  numbers  in  most  tissues 
examined. 

There  was  moderate  to  marked,  multifocal  to  diffuse,  involve- 
ment of  the  fixed  phagocytes  in  the  connective  tissue  of  the 
hepatopancreas.  The  cells  were  enlarged  and  vacuolated,  contain- 
ing large  numbers  of  bacteria  and  often  surrounded  by  hemocytic 


nodules  (Fig.  2).  Deposition  of  a  red-orange,  hyaline  material  was 
noted  in  some  nodules  (Fig.  2).  The  antennal  glands  were  similarly 
affected  with  multifocal  to  coalescing  septic,  variably  sized, 
hemocytic  nodules.  Moderate,  focal,  myonecrosis  was  continued 
in  one  lobster. 

All  control  group  lobsters  had  a  moderate  to  severe  necrotising, 
iionseptic,  melanizing.  bianchitis.  Large  hemocyte  aggregates 
were  present  in  many  gill  filaments  sometimes  filling  the  vascular 
channels,  similar  to  a  thrombus.  Adjacent  tissue  was  uniformly 
lightly  eosinophilic  (necrotic)  in  some  sections.  Infectious  agents 
were  not  identified.  Neither  A.  viridans  nor  lesions  typical  of 
gaffkemia  were  found  in  the  one  control  group  lobster  which  had 
a  single  positi\e  hemolyniph  culture. 

DISCUSSION 

Clinical  chemistry  is  an  important  diagnostic  tool  in  human  and 
veterinary  medicine.  The  purpose  of  this  investigation  was  to  de- 
termine if  this  tool  could  also  be  applied  to  lobsters,  and  potentially 
other  crustaceans.  To  interpret  hemolymph  enzyme  activity,  it  was 
necessary  to  determine  the  tissue  distribution  of  the  enzymes  in 
lobsters.  This  was  important  because  enzymes  that  are  tissue  spe- 


TABLE  3. 

Activity  of  three  enzymes*  (.\LT.  AST,  GD)  measured  in  plasma 

(processed  immediately)  and  serum  (allowed  to  clot  for  5  and  22  h 

at  4°C)  samples  from  four  lobsters  {Hamanis  ainericanus).  Fold 

Increase  from  plasma  Is  Indicated  in  parentheses. 


ALT(U/L) 


AST  (U/L) 


GD  (U/L) 


Plasma 


31 
18 
19 
15 
38 
24 
16 
15 
11 
10 
9 
19 


Serum  (a'  5  h 


Serum  @  22  h 


237(7.6x) 

286(l5.8x) 

171  (9.0x) 

399(26.6x) 

185(4.8x) 

206  (8.5x) 

111  (6.9x) 

n/a** 

18(1.6x) 

18(1.8x) 

13(1.4x) 

24(1. 2x) 


106(3.4x) 

102(5.6x) 

167(8.8x) 

351  (23.4x) 

90(2.3x) 

85(3.5x) 

124  (7. 7x) 

164(10.9x) 

15{1.3x) 

15(1.5x) 

16(1.7x) 

26(1.3x) 


*  Abbreviations:   ALT.  alanine  aminotransferase;  AST.  aspartate  ami- 
notransferase; GD.  glutamate  dehydrogenase. 

**  Not  available. 


TABLE  4. 

Plasma  enzyme*  actlvit)  In  3(1  lobsters  {Homarus  amiricanus)  two 

days  after  arrival  expressed  as  mean  (and  range)  and  reference 

intervals  calculated  after  6  d  at  2-4  C  and  4  d  at  15  C. 


2  d  (§>  2-4'C 

(H  =  27)*** 


Reference 
Interval** 

(2-t  C) 
(H  =  25)**** 


Reference 

Interval** 

(15  C) 

(II  =  26)***** 


AMY  (U/L) 

0 (0-0) 

0-0 

0-0 

LIP  (U/L) 

8(5-20) 

0-+ 

4-9 

SDH  (U/L) 

0(10-14) 

0-19 

0-0 

ALT  (U/L) 

28(12-,"?()0) 

6-24 

6-21 

AST  (U/L) 

25(8-319) 

5-16 

4-12 

GD(U/L) 

17(7-31) 

6-26 

10-.34 

*  Abbreviations:  AMY,  amylase:  LIP,  lipase:  SDH.  sorbitol  dehydro- 
genase; ALT.  alanine  aminotransferase;  AST.  aspartate  aminotransferase; 
GD.  glutamate  dehydrogenase. 
**  S'MS'"  percentiles. 
***  Three  samples  clotted,  data  not  available. 
****  Five  outliers  removed. 
*****  Four  outliers  removed. 
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Figure  1.  Plasma  activity  of:  (a)  lipase  (LIP),  (b)  sorbitol  dehydrogenase  (SDH),  (cl  alanine  aminotransferase  (ALTl,  (d)  aspartate  aminotrans- 
ferase (AST)  and  (e)  glulamate  deliydrogenase  ((ID)  for  lobsters  (Hoinanm  americanus)  inoculated  with  Aerococciis  viridans  bacteria  (+;  n  =  10) 
or  3%  sterile  NaCl  (  ;  n  =  10).  Samples  uere  collected  prior  (Day  3)  to  inoculation  on  Day  0  and  daily  during  the  trial  (Days  1-5).  The  dashed 
line  represents  the  upper  limit  of  the  reference  interval  for  plasma  activity  for  each  enzyme. 


cific  in  one  species  will  not  always  be  so  in  others  (Duncan  et  al. 
1994a). 

Biochemistry  panels  in  veterinary  medicine  may  include  en- 
zymes of  skeletal  muscle  (creatinine  kinase  (CK),  AST,  ALT), 
hepatocellular  (AST.  ALT,  SDH  and  GD)  and  pancreatic  (AMY, 
LIP)  origin  as  a  means  to  assess  damage  to.  or  dysfunction  of. 
these  tissues  in  addition  to  data  on  electiolyte  and  metabolite  con- 
centrations (Kramer  &  Hoffmann  1997,  Moss  &  Henderson  1999). 
Enzymes  present  in  the  kidneys  and  intestine  are  not  generally 
found  in  the  blood  in  vertebrates  (Kramer  &  Hoffmann  1997,  Moss 
&  Henderson  1999).  Instead,  when  these  tissues  are  damaged, 
enzymes  are  believed  to  be  released  into  the  urinary  space  or 
intestinal  lumen  rather  than  into  the  circulation  (Kramer  &  Hoff- 
mann 1997).  A  similar  situation  is  expected  for  the  antennal  gland 
and  intestinal  tissues  in  the  lobster.  When  injury  to  the  heart  is 
suspected  in  vertebrates,  the  results  of  more  specialized  testing 
(e.g..  isoenzyme  determination)  are  combined  with  other  clinical 
information  to  differentiate  cardiac  from  general  muscle  injury 
because  the  enzyme  composition  of  the  tissues  is  very  similar 
(Moss  &  Henderson  1999). 

Overall,  tissue  enzyme  activity  in  lobsto's  in  this  study  re- 
sembled the  distiibution  seen  in  other  animals  (Moss  &  Henderson 
1999),  with  some  exceptions.  The  low  activity  of  GD  recovered 
from  the  hepatopancreas  was  surprising  because  this  mitochondrial 


enzyme  is  central  to  ammonia  metabolism  and  is  known  to  be 
present  in  crustaceans  (Claybrook  1983).  An  inhibitor  may  be 
responsible.  GD  activity  could  be  detected  in  the  isolated  mito- 
chondrial fraction,  but  not  in  homogenates.  of  the  hepatopancreas 
in  the  crayfish  iOironectes  limosiis)  (Claybrook  1983).  A  similar 
effect  could  account  for  the  results  obtained  in  this  study.  Plasma 
from  apparently  healthy  lobsters  often  contains  moderate  levels  of 
GD — presumably  of  muscle  and/or  hepatopancreatic  origin. 

AST  and  ALT  are  commonly  used  as  indicators  of  hepatocel- 
lular injury  in  vertebrate  species  (Duncan  et  al.  1994a,  Moss  & 
Henderson  1999).  Skeletal  muscle  injury  is  usually  indicated  by 
increases  in  CK  and  AST.  but  may  also  be  accompanied  by  in- 
creased ALT  in  severe  disease  (Valentine  et  al.  1990,  Kramer  & 
Hoffmann  1997,  Moss  &  Henderson  1999).  For  this  reason,  it  is 
useful  to  have  at  least  one  enzyme  that  is  considered  tissue  spe- 
cific. CK,  as  a  muscle-specific  enzyme,  serves  this  purpose  in 
vertebrates  (Kramer  &  Hoffman  1997.  Moss  &  Henderson  1999). 
The  equivalent  enzyme  in  lobsters  is  arginine  kinase  (AK)  (Homey 
et  al.  2001).  Unfortunately,  neither  an  AK  assay  kit  nor  the  re- 
agents necessary  for  modifying  the  CK  assay  were  available  at  the 
time  of  this  study.  Consequently,  plasma  AST  and  ALT  activity  in 
lobsters  should  be  considered  to  be  of  either  hepatopancreas  or 
muscle  origin. 

SDH  can  be  used  as  a  specific  indicator  of  hepatocellular  injury 
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Figure  2.  Homanis  ainericaniis.  hepatopiincreas.  Hemocyte  nodule  in 
the  inlertubular  space  (IS).  The  nodule  contains  numerous  cocci 
(Aeroccus  riridans)  in  the  center.  The  smaller  ^roup  of  cells  at  the 
upper  right  is  a  group  of  fixed  phagocytes  (Pi  with  intracellular  cocci. 
The  hepatopancrcatic  epithelial  cells  (K)  appear  unaffected.  The  tu- 
bule lumen  (L)  is  indicated. 


(Duncan  et  al.  1994a.  Moss  &  Henderson  1999).  The  relatively 
low  SDH  activities  detected  in  multiple  tissues  in  this  study  could 
indicate  that  either  there  is  very  little  of  this  enzyme  in  these 
tissues,  an  inhibitor  is  present,  or  that  the  assay  conditions  (reac- 
tion temperature,  substrate,  etc.)  were  not  optimal.  Plasma  SDH 
activity  was  often  low  or  had  poor  repeatability.  These  findings 
suggest  that  SDH,  under  current  assay  conditions,  may  not  be  a 
useful  enzyme  for  inclusion  in  lobster  biochemistry  panels.  Further 
testing  under  different  disease  conditions  will  be  required  to  con- 
firm this. 

Lipase  is  generally  used  as  an  indicator  of  pancreatic  injury  in 
veilebrates  (Duncan  et  al.  1994b,  Moss  &  Henderson  1999).  Given 
the  digestive  function  of  the  hepatopancreas.  significant  le\els 
were  expected  in  this  organ  as  reported  previously  (Brockerhoff  et 
al.  1967.  Brockerhoff  et  al.  1970.  Hoyle  1973.  Biesiot  &  Capuzzo 
1990).  However,  only  relatively  low  activity  was  detected  in  the 
hepatopancreas  with  slightly  higher  activity  in  the  proximal  intes- 
tine in  most  lobsters  in  the  current  study.  This  discrepancy  could 
be  because  of  the  different  assay  methodologies,  or  possibly  an 
inhibitory  substance.  Differences  in  reporting  enzyme  activity 
among  the  studies  make  it  impossible  to  compare  the  results.  The 
presence  of  LIP  activity  in  the  intestinal  preparations  could  indi- 
cate an  additional  location  (i.e..  enterocytesi  for  this  enzyme  or, 
incomplete  removal  of  the  lumen  contents  during  sample  prepara- 
tion 

Detection  of  moderate  levels  of  plasma  LIP  activity  may  be  an 
indicator  of  recent  feeding.  Plasma  LIP  activities  decreased  while 
lobsters  were  held,  fasted,  at  2°C  and  increased  when  the  animals 
were  transferred  to  15°C  and  fed.  Refeeding  after  a  period  of 
starvation  has  been  suggested  as  the  cause  of  increased  LIP  activ- 
ity in  gastric  fluid  in  H.  amerkaniis  (Hoyle  1973).  Plasma  LIP 
activity  decreased  agani  in  both  groups  as  the  trial  progressed. 
Lobsters  are  reported  to  become  inappetent  shortly  after  infection 
with  A.  viridans  (Stewart  et  al.  1972) — possibly  a  response  to  the 
inflammation  associated  with  this  disease.  The  branchitis  may 
have  caused  a  similar  effect  in  the  lobsters  in  the  control  group. 


Unfortunately,  food  intake  was  not  monitored  closely  enough  in 
either  group  to  confirm  this  hypothesis. 

Amylase  activity  has  been  detected  in  hepatopancreas  homo- 
genates  and  gastric  tluid  in  H.  ainericaniis  (Wojlowicz  &  Brock- 
erhoff 1972.  Hoyle  1973.  Biesiot  &  Capuzzo  1990).  The  hepato- 
pancreas was  the  only  tissue  to  consistently  contain  any  significant 
AMY  activity  in  this  study.  Because  AMY  activity  was  not  de- 
lected in  plasma  samples  from  apparently  healthy  lobsters,  this 
may  indicate  that  plasma  AMY  will  prove  to  be  a  sensitive  and 
specific  indicator  of  hepatopancrcatic  epithelial  cell  injury. 

The  reference  intervals  calculated  for  the  two  temperatures 
were  quite  similar,  suggesting  little  effect  of  temperature.  Whereas 
the  inter\als  for  male  lobsters  at  2°C  to  4°C  are  likely  an  accurate 
retleclion  of  lobsters  in  their  natural  surroundings,  the  intervals  for 
\>'C  may  not  be.  because  these  lobsters  were  rapidly  brought  to 
this  temperature  under  artificial  conditions.  Sampling  lobsters  that 
ha\e  gone  through  natural  acclimation,  with  its  attendant  physi- 
ological adaptations,  including  possible  induction  of  enzymes 
more  suited  to  these  higher  temperatures,  will  be  required  to  de- 
termine the  validity  of  the  current  findings.  Obtaining  samples 
from  a  larger  population  of  animals  of  both  sexes  at  different  molt 
stages  from  different  fishing  areas  and  during  different  seasons,  is 
required  to  assess  the  possible  effects  of  these  variables. 

Plasma  is  the  preferred  sample  for  measuring  hemolymph  en- 
zyme activity.  In  the  four  animals  tested,  activities  of  ALT.  AST 
and  to  a  lesser  degree.  GD.  were  higher  in  serum  than  plasma. 
Activity  of  all  three  of  these  enzymes  was  found  in  the  HLS.  Thus, 
the  serum  activity  is  presumed  to  come  from  the  hemocytes  that 
lyse  as  part  of  the  coagulation  mechanism  (Martin  &  Hose  1995). 
It  is  likely  that  the  amount  of  enzyme  contributed  by  the 
hemocytes  will  depend  on  both  the  total  and  differential  hemocyte 
counts.  A  recent  publication  examined  enzyme  activity  in 
hemolymph  serum  (Dove  et  al.  2005).  It  was  noted  that  ALT  and 
AST  decreased  in  "warmer  months,"  coincidental  with  absent 
hemolymph  clotting.  Poor  clotting  is  frequently  caused  by 
hemocytopenia  (Martin  &  Hose  1995) — the  ALT  and  AST  values 
obtained  may  have  been  an  indirect  indicator  of  the  total  and 
differential  hemocyte  counts  rather  than,  or  in  addition  to.  release 
of  these  enzymes  from  tissues. 

The  benefits  of  using  automated  analyzers,  with  their  internal 
standards  and  controls,  include  the  relatively  rapid  determination 
of  the  activity  of  multiple  enzymes  in  a  small  sample  volume 
(-300  p,L).  Enzyme  activity  will  be  affected  by  reaction  conditions 
such  as  substrate,  temperature,  and  pH.  For  these  reasons,  refer- 
ence intervals  for  enzyme  activity  are  considered  laboratory  spe- 
cific. In  this  study,  all  assays  were  performed  at  37°C.  the  standard 
operating  temperature  of  the  automated  chemistry  analyzers  and 
assay  kits,  although  abo\e  the  reported  thermal  tolerance  (-1°C- 
30°C)  of  W.  anwricaniis  (Lawton  &  Lavalli  1995).  Previous  work 
in  homarid  and  panulirid  lobsters  and  bivalves  has  detected  en- 
zyme activity  when  measured  at  25°C  and  37°C.  with  proteases  of 
the  spiny  lobster  demonstrating  maximal  activity  at  50°C  (Brock- 
erhoff et  al.  1970.  Wqitowicz  &  Brockerhoff  1972,  Hoyle  1973. 
Biesiot  &  Capuzzo  1990.  Horney  et  al.  2(X)1.  Culloty  et  al.  2002, 
Celis-Guen-ero  et  al.  2004.  Gustafson  et  al.  2005). 

Plasma  enzyme  activity  appeared  relatively  stable  when 
samples  were  refrigerated  (2"C  to  4"'C)  for  up  to  4  d  or  frozen  at 
-20°C  for  6  wk  (results  not  presented).  Stability  studies  were 
planned;  unfortunately,  only  two  samples  with  moderate  enzyme 
activities  were  available  for  evaluation.  The  slight  variations  noted 
in  these  two  samples  may  have  been  caused  by  the  suboptimal 
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precisidii  at  these  activity  levels.  Plasma  AK  had  limited  stability 
under  different  storage  conditions  and  same  day  analysis  was  rec- 
ommended (Homey  et  al.  2001). 

Infection  with  A.  viridans  did  not  cause  any  consistent,  specific, 
or  clinically  significant  (>2-3x  increase  above  upper  limit  of  the 
leference  interval)  changes  in  plasma  enzyme  activity  in  this  study 
to  allow  early  detection  of  the  A.  viridans  infection.  The  hepato- 
pancreas  is  a  major  site  of  inflammation  in  gaffkemia.  yet  there 
was  little  evidence  of  damage  to  this  tissue  on  the  biochemistry 
panels  (i.e.,  clinically  significant  increases  in  AMY,  LIP,  ALT,  or 
AST  activity).  This  may  have  occurred  because  the  inflammation 
was  primarily  located  in  the  connective  tissues  with  relatively  little 
involvement  of  the  heputopancreatic  tubule  epithelium,  the  pre- 
sumed location  of  these  enzymes.  Increases  in  plasma  enzyme 
activity  may  have  been  observed  if  the  trial  had  progressed  until 
the  lobsters  died  of  the  infection  when  the  intlammatory  lesions 
would  have  been  more  severe. 

Clinical  enzymology  is  dynamic  with  hemolymph  en/yine  ac- 
tivity reflecting  current  conditions.  Five  lobsters  had  very  high 
AST  and  ALT  activity  2  d  after  arrival — the  highest  enzyme  ac- 
tivities observed  in  this  study.  The  most  likely  origin  of  these 
enzymes  would  be  muscle  and/or  the  hepatopancreas.  The  values 
in  all  five  lobsters  had  decreased  significantly  by  the  next  sample 
collection  only  4  d  later,  suggesting  a  transient  insult,  possibly 
related  to  trauma  and/or  hypoxia  experienced  during  shipping. 
Three  of  these  five  lobsters  (I  control  and  2  treatment)  showed 
progressive  increases  in  GD  accompanied  by  mild  increases  in 
AST  and/or  ALT  during  the  gaffkemia  trial.  Whether  the  increase 
in  GD  was  related  to  the  previously  elevated  AST  and  ALT.  or  to 
some  underlying  process  exacerbated  by  the  A.  viridans  infection, 
remains  speculative.  There  were  no  gross  or  histological  lesions 


unique  to  any  of  these  five  lobsters  at  necropsy  to  account  for  the 
enzyme  changes. 

CONCLUSIONS 

This  study  has  identified  the  tissue  distribution  and  established 
plasma  reference  intervals  in  H.  amencamis  for  ALT,  AST.  GD, 
AMY.  LIP  and  SDH.  This  information  can  be  used  as  a  starting 
point  to  assess  the  usefulness  of  clinical  enzymology  for  the  di- 
agnosis of  disease  in  H.  americauus.  More  information  on  the 
stability  of  these  enzymes  under  different  storage  conditions,  fac- 
tors that  can  affect  their  circulating  half  life,  possible  induction  and 
effects  of  the  molt  cycle  '.m  plasma  activity,  is  needed.  Plasma 
enzyme  activities  are  most  likely  a  tool  to  be  used  in  research 
settings  at  present.  Although  plasma  enzyme  activity  did  not  prove 
to  be  a  sensitive  test  for  detecting  gaffkemia.  with  further  inves- 
tigation one  or  more  enzymes  may  be  identified  that  can  be  used 
to  assess  the  general  health  of  lobsters  upon  arrival  at  pounds  (e.g., 
screening  for  the  presence  of  underlying  diseases)  or  detecting  the 
effects  of  rough  handling  during  transport,  which  might  affect 
survivability  under  long-term  holding  conditions.  This  information 
could  be  useful  when  making  marketing  and  management  deci- 
sions. 
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.ABSTK.ACT  The  effect  of  a  redistribution  of  the  majority  of  total  trap  harvest  days  (69)  during  April  through  October  on  yield  of 
red  swamp  crawfish  Procambanis  ciarkii  cultured  in  earthen  ponds  without  planted  forage  was  evaluated  in  northeast  Mississippi,  USA 
(Latitude  33,45  and  Longitude  88.82).  The  majority  of  trap  days  occurred  from  either  April  through  June  (55,1%).  early  harvest 
schedule,  or  July  through  October  (62. 35^).  late  harvest  schedule.  Twelve  ponds  (0.04-0.05  ha),  6  replicates  per  trap  harvest  strategy, 
that  already  contained  established  populations  were  provided  a  pelleted  feed  during  10  mo  and  trap  harvested  according  to  a  common 
protocol  except  for  the  different  monthly  schedules.  For  the  early  and  late  harvest  schedule  treatments,  mean  total  production  (2448 
and  2269  kg/ha),  mean  number  harvested  per  ha  ( 105.770  and  104.41 1/ha).  and  mean  individual  harvest  weight  (23.6  and  22.1  g)  were 
not  significantly  different.  These  results  suggest  that  the  majority  of  trap  harvesting  in  ponds  without  planted  forage  can  occur  after 
trap  harvest  in  forage  based  culture  ponds  and  natural  habitats  is  usually  terminated.  When  traditional  supply  is  low.  price  and  demand 
can  be  high  in  certain  markets.  This  successful  shift  in  harvest  days  introduces  flexibility  in  management  strategies  that  could  be  critical 
to  the  financial  success  of  an  enterprise  based  on  production  of  crawfish  in  ponds  without  planted  forage. 
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red  swamp  crawfish.  Pnicanihanis  cicu'kii.  crawfish  aquaculture  in  deep  earthen  ponds 


INTRODUCTION 

Previous  research  ha.s  been  conducted  on  red  swamp  crawfish. 
Procainbanis  ciarkii.  cultured  in  earthen  ponds  without  planted 
forage  to  evaluate  feasibility  (D'Abramo  &  Niquette  1991 ),  initial 
stocking  densities  (D'Abramo  et  al.  2003).  harvesting  schedules 
(D'Abramo  et  al.  200.3)  and  addition  of  substrate  to  culture  ponds 
(D'Abramo  et  al.  2006).  A  summary  of  these  results  and  the  sug- 
gested management  strategies  are  sumrnarized  in  D'Abramo  et  al. 
(2002)  and  D'Abramo  et  al.  (2004).  Trap  harvesting  in  traditional 
or  forage-based  crawfish  production  ponds  in  Louisiana  com- 
monly occurs  from  December  though  May.  Ponds  are  usually 
drained  in  either  May  or  June,  and  pond  bottoms  are  then  dried  and 
planted  with  an  agricultural  crop  such  as  rice  or  sorghum.  Ponds 
can  be  drained  as  early  as  February  or  as  late  as  August  and  this 
management  decision  is  based  on  economic  considerations.  E.x- 
tended  harvests  in  forage-based  ponds  mote  likely  occur  at  com- 
paratively higher  latitudes.  The  crawfish  harvest  season  in  Loui- 
siana natural  fisheries,  centered  in  the  Achafalyan  Basin,  can  ex- 
lend  the  availability  oi  crawfish  into  June  depending  on  the 
amount  of  rainfall,  water  level  and  subsequent  boat  accessibility 
within  the  basin  (Huner  1997).  Eversole  (1988)  evaluated  two  trap 
harvesting  schedules  in  forage-based  ponds  in  South  Carolina  and 
despite  a  significant  reduction  in  forage  present,  similar  production 
was  achieved  by  utilizing  a  trap  schedule  that  occurred  from  April 
to  May  or  extended  through  June. 

June  through  October  is  when  crawfish  are  not  typically  avail- 
able and  price  and  demand  can  be  high  in  certain  markets.  Utili- 
zation of  this  trapping  schedule  could  provide  a  producer  the  abil- 
ity to  extend  product  availability  and  provide  the  opportunity  to 
ma.ximize  profit  by  avoiding  harvesting  and  marketing  during  pe- 
riods of  high  supply  and  low  price. 

The  objective  of  this  experiment  was  to  evaluate  the  effect  of 
two  trapping  schedules  with  different  temporal  arrangements  of 
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trap  days  on  total  production,  the  number  of  crawfish  harvested  per 
ha  and  the  mean  individual  weight  of  harvested  crawfish  in  earthen 
ponds  without  planted  forage. 

MATERIALS  AND  METHODS 

Experimenlal  Treatments  and  Ponds 

There  were  two  experimental  treatments,  early  and  late  season, 
referring  to  when  the  proportionately  higher  level  of  trapping  oc- 
curred during  a  7-mo  period  of  April  1  to  October  24.  A  total  of  69 
trap  days  occurred  for  each  of  the  two  treatments.  For  the  early 
sea.son  treatment,  55.1%  of  the  trap  days  occurred  during  April 
through  June,  whereas  for  the  late  season.  62.3%  of  the  trap  days 
occurred  from  July  through  October  (Fig.  1).  Each  treatment  was 
randomly  assigned  to  si.x  replicate  ponds. 

A  total  of  12  freshwater  earthen  ponds  ranging  from  0.04- 
0.053  ha  in  surface  area  and  a  mean  depth  of  1.2  m  were  used.  The 
ponds  were  rectangular  shape,  between  1.5  and  1.8  m  at  the  deep- 
est point.  Ponds  were  stocked  4  or  5  y  before  the  initiation  of  this 
experiment  and  the  resident  population  of  crawfish  originated  from 
natural  recruitment.  All  ponds  had  been  in  continuous  production 
tor  4  or  5  y  and  had  been  previously  used  for  experiments  inves- 
tigating various  management  strategies  for  the  production  of  red 
swamp  crawfi.sh  without  planted  forage. 

Vertically  suspended  within  the  water  column  and  below  the 
water  surface  of  all  the  experimental  ponds  was  a  substrate  con- 
sisting of  orange,  plastic  safety  barrier  fencing  (30.5  in  length  and 
1.2  m  height).  The  area  of  substrate  in  each  pond  was  equivalent 
to  50%  of  the  bottom  surface  area  of  the  pond  and  was  estimated 
by  assuming  it  was  a  one-sided  solid  sheet  (36.6  in").  The  substrate 
was  attached  to  1 .5  m  steel  reinforcement  bars  (four  bars  per  30.5 
111  length  of  substrate)  with  twine  (D'Abramo  et  al.  2006)  and  had 
been  in  the  ponds  continuously  for  three  years  of  growth,  harvest 
and  recruitment  of  crawfish  populations  associated  with  previous 
experiments. 
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Figure  1.  The  number  of  trap  days  each  nidnth  from  April  to  October 
for  the  early  and  late  season  harvest  experimental  treatments. 

Feed 

A  32%  crude  protein,  sinking,  formuhited  feed  manufactured 
by  pelletization  (Producers  Feed  Company.  Isola.  MS)  was  added 
to  the  experimental  crawfish  ponds  during  the  entire  calendar  year. 
The  feed  is  considered  to  serve  principally  as  an  indirect  organic 
fertilizer  rather  than  a  direct  source  of  nutrition,  serving  to  stimu- 
late the  rates  of  natural  productivity  in  the  ponds.  The  total  amount 
of  feed  provided  to  each  pond  during  the  1 2-mo  period  prior  to  and 
during  the  harvest  of  crawfish  was  6.750  kg/ha.  Monthly  feeding 
rates  were  based  on  the  estimated  resident  biomass  of  crawfish  and 
water  temperature  (Table  I)  and  followed  recommendations  of 
D'Abramo  et  al.  (2002). 

Hanesliiig 

Three  funnel  (3.8  cm  inner  diameter  entrance)  pyramid  traps 
constructed  with  hexagonal  wire  mesh  (1.9  cm  diameter  openings) 
(Gulf  Coast  Wire  Products.  Kaplan.  LA)  were  used  and  positioned 
along  the  perimeter  of  each  pond  at  a  density  of  81/lia.  The  traps 
had  necks  that  extended  above  the  water  surface  and  were  longer 
(60  cm)  than  the  necks  of  traditional  pyramidal  traps  to  accom- 
modate the  greater  depth  characteristic  of  ponds  without  planted 
forage.  At  the  top  of  the  necks,  polyvinyl  chloride  (PVC)  retaining 
rings  (9  cm  height)  were  located  to  prevent  escape  of  crawfish 

TABLE  1. 

Monthly  and  annual  number  of  days  and  amount  of  feed  provided 
to  each  of  the  experimental  ponds. 


kg/ha 


%  of  Total 


Davs/Month 


January 

() 

0 

February 

0 

0 

March 

0 

0 

April 

1744 

20.5 

May 

1047 

17.4 

June 

1041 

16.5 

July 

788 

12.5 

August 

506 

8.1 

September 

450 

7.1 

October 

506 

8.1 

November 

422 

6.7 

December 

197 

i.\ 

Total 

67.'i() 

100.0 

0 
0 
0 

30 
31 
30 
31 
31 
30 
31 
30 
15 
259 


through  the  top  of  the  trap.  Each  time  a  trap  was  baited,  approxi- 
tnately  100  g  of  artificial  bait  (Gros  Rouge  Crawfish  Bait.  Cargill. 
Minneapolis,  MN)  was  added. 

Trap  days  were  scheduled  differently  for  each  treatment  to 
achieve  the  necessary  number  of  trap  days  designated  for  each 
month  (Fig.  1 ).  Traps  were  harvested  on  Monday.  Tuesday.  Thurs- 
day and  Friday:  or  Tuesday.  Thursday  and  Friday;  or  Thursday  and 
Friday  or  Friday  only  to  accommodate  the  necessary  number  of 
trap  days  assigned  per  month.  Soak  times  for  the  traps  were  either 
24  or  48  h  depending  on  the  number  of  trap  days  per  week.  If  the 
next  scheduled  trap  day  was  more  than  48  h  in  the  future,  traps 
were  inverted  and  reset  24  h  prior  to  the  next  scheduled  harvest. 
Trapping  protocol  based  on  water  temperature,  as  described  by 
D'Abramo  and  Ohs  (2003),  was  followed.  When  trapping  occurred 
during  warm  water  conditions  (>19°C).  bait  was  included  in  the 
traps.  At  temperatures  between  15°C  and  19°C.  traps  were  not 
baited  and  allowed  to  soak  so  crawfish  could  passively  move  into 
the  traps,  possibly  seeking  refuge.  For  each  harvest  day.  the  total 
number  and  total  weight  of  crawfish  harvested  from  each  pond 
were  determined  and  recorded. 

Water  Quality 

Water  temperature  of  the  ponds  was  recorded  twice  daily,  and 
dissolved  oxygen  was  recorded  twice  daily  except  during  June 
through  September  when  it  was  measured  three  or  more  times  per 
day.  When  the  dissolved  oxygen  concentration  was  anticipated  to 
decrease  below  5  ppm,  aeration  was  provided  to  the  ponds  by  a  0.5 
hp  aerator  (Aerolator  Corp..  Kansas  City,  MO).  Additional,  emer- 
gency aeration  was  provided  by  a  tractor  driven  paddlewheel  when 
the  dissolved  oxygen  concentration  decreased  below  3  ppm.  Every 
third  day.  from  May  through  August,  pH  was  measured  and  re- 
corded at  approximately  13:00.  All  ponds  were  treated  with  gyp- 
sum at  approximately  181.6  kg/ha  in  June  as  a  prophylactic  treat- 
ment to  minimize  the  potential  for  potentially  lethal  alkaline  pHs 
to  occur. 

Statistics 

A  one-way  analysis  of  variance  (ANOVA)  was  used  to  deter- 
mine if  differences  existed  between  treatments  for  mean  produc- 
tion (kg/ha),  nutnber  of  crawfish  harvested  (number/ha)  and  over- 
all mean  individual  weight  (g)  (SAS  1988).  Differences  were  con- 
sidered significant  at  P  s  0.05. 

RESULTS 

There  were  no  significant  differences  between  treatments  in 
mean  total  production  (P  =  0.48),  mean  number  harvested  per  ha 
(P  =  0.93).  or  tiiean  individual  weight  of  harvested  crawfish  (P  = 
0.19)  (Table  2). 

TABLE  2. 

Mean  total  production,  mean  number  harvested,  and  mean 

individual  weight  of  crawfish  harvested  from  experimental  earthen 

ponds  according  to  early  and  late  season  harvest  treatments. 


Treatment 


Mean  Total 

Production 

(kg/ha) 


Mean  Number 

Harvested 

(number/ha) 


Mean 

Individual 

Wt.  (g) 


Early  season 
Late  season 


2448 ±  160 
2269+  185 


105,770  ±9296 
104,411  ±  10,915 


23.6  ±  0.69 
22.1  ±0.83 
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The  lO.y/c  increase  in  tlie  number  of  irap  days  llial  occurred  \n 
June  througli  October  for  tlie  late  season  treatment  resulted  in  a 
corresponding  Ih.?"^*-  increase  in  total  production  and  a  IS..^*^^ 
increase  in  the  number  of  crawfish  harvested  during  this  same 
period.  Accordingly,  by  assigning  more  trap  days  later  in  the  har- 
vest season  (June  through  October)  the  total  amount  ol  crawfish 
harvested  increases  by  approximately  37?  kg/ha.  Monthly  trap 
days,  harvest  yield  (kg/ha)  and  number  harvested/ha.  expressed  as 
a  percentage  of  the  total,  are  presented  in  Table  3. 

DISCUSSION 

The  results  of  this  investigation  provide  insight  into  the  true 
seasonality  of  crawfish  production  at  the  latitude  where  the  study 
occurred.  Obtaining  this  information  is  only  possible  through  the 
use  of  a  management  practice  that  does  not  include  planted  forage. 
By  utilizing  the  management  strategies  in  the  present  experiment, 
it  seems  that  production  of  2200-2500  kg/ha/year  can  be  perpetu- 
ally achieved  in  properly  managed  0.5  ha  earthen  ponds  during  a 
7  mo  period  with  69  trap  days,  regardless  of  which  of  the  present 
study's  trapping  schedules  is  followed.  Recently  initial  attempts  to 
incorporate  this  method  of  crawfish  production  into  one  0.81  ha 
pond  produced  harvested  annual  yields  slightly  less  (-2000  kg/ha) 
than  what  has  been  achieved  in  the  experimental  ponds.  Farmers 
who  use  earthen  ponds  without  planted  forage  do  have  the  option 
of  these  two  management  strategies  for  harvest. 

In  the  current  study,  only  20.3%  of  the  trap  days  were  shifted 
from  April  and  May  to  June  through  October.  Previous  research 
has  shown  that  trap  days  can  extend  over  a  1 2-mo  period  dtuing 
some  years  with  a  possible  exception  of  January  and  February, 
typically  the  coldest  months  of  the  year  (D'Abramo  et  al.  2003). 
Therefore,  it  may  be  possible  to  shift  more  trap  days  to  later  in  the 
year  with  a  corresponding  reduction  in  trap  days  in  March.  None- 
theless, sufficient  trapping  effort  should  most  likely  be  maintained 
during  April  and  May  when  the  resident  biomass  of  crawfish  is 
highest.  This  strategy  of  continued  removal  by  harvest  should 
reduce  the  possibility  of  decreased  growth  and  production,  which 
could  occur  if  high  population  densities  are  allowed  to  persist  for 
prolonged  periods.  In  addition,  an  appropriate  level  of  harvesting 
of  the  resident  population  probably  contributes  to  reductions  in 
cannibalism  and  emigration. 

The  maximum  trapping  effort  that  can  be  imposed  without 
altering  the  rate  of  natural  recruitment  is  not  known.  Mean  indi- 

TABLE  3. 

Monthly  trap  days,  harvest  weight  ( kg/ha  1,  and  number  of  crawfish 

harvested  per  ha  expressed  as  a  percentage  of  the  total  for  each  of 

the  early  and  late  season  ha^^est  treatments. 


Early 

Late 

Early 

Late 

Early 

Late 

Season 

Season 

Season 

Season 

Season 

Season 

An\  s/mo 

days/mo 

kg/mo 

kg/mo 

num/mo 

num/mo 

Month 

% 

% 

% 

% 

% 

% 

April 

17.4 

7.2 

9.2 

3.9 

9.0 

4.2 

May 

20.3 

10.1 

20.2 

8.9 

20.7 

if).  3 

June 

17.4 

20.3 

22.9 

29.7 

25.2 

31.9 

July 

18.8 

21.7 

20.6 

21.9 

22.1 

22.8 

Aug 

11.6 

17.5 

10.0 

13.7 

9.6 

12.8 

Sept 

8.7 

14.5 

9.3 

11.7 

7.5 

9.7 

Oct 

."i.S 

8.7 

7.8 

10.2 

5,9 

8.3 

Total 

100 

100 

100 

100 

100 

100 

\  idiial  weight  data  collection  cncr  many  years  of  experiments  have 
shown  that  in  a  typical  0.05  ha  research  pond,  a  reduction  in  mean 
individual  size  does  not  occur  until  more  than  100  trap  days  per 
year  are  extended  over  10  mo  (D'Abramo  et  al.  2003). 

It  may  be  possible  to  maintain  the  same  trapping  effort  during 
periods  of  the  highest  population  density  and  further  increase  the 
number  of  trap  days  to  the  later  portion  of  the  harvest  season.  This 
strategy  may  further  increase  total  production  and  potential  profit, 
whereas  not  reducing  the  resident  population  to  a  level  whereby 
natural  recruitment  for  harvest  during  the  following  year  is  ad- 
versely affected. 

Wholesale  prices  for  crawfish  vary  from  month  to  month.  Mean 
monthly  wholesale  prices  in  Louisiana  are  $3.85  per  kg  in  No- 
vember and  decrease  to  $1 .32  per  kg  in  June  (Romaire  et  al.  2005). 
In  Louisiana,  the  lack  of  a  cultured  or  captured  product  from  July 
to  October  means  a  wholesale  price  does  not  exist.  If  available 
from  July  to  October  in  Louisiana,  the  product  may  not  likely 
command  the  November  price  of  $3.85  per  kg  because  of  lower 
demand  caused  by  a  large  supply  of  other  readily  available  seafood 
such  as  crabs  and  shrimp.  The  application  of  wholesale  prices  of 
crawfish  in  Louisiana  to  markets  outside  of  Louisiana  is  difficult 
because  90%  of  the  crawfish  produced  there  are  consumed  locally 
(Romaire  et  al.  2005). 

As  part  of  the  economic  analysis  in  a  previous  publication  on 
nonforage-based  crawfish  production  systems  (D'Abramo  et  al. 
2002),  a  mean  price  of  $3.31  per  kg  was  used  for  the  entire  year. 
This  is  likely  a  conservative  estimate  from  July  through  October, 
but  is  a  good  price  estimate  throughout  the  entire  year  in  markets 
outside  of  Louisiana.  Another  notable  difference  between  Louisi- 
ana markets  and  markets  outside  the  region  is  the  marketing  chain 
and  the  various  steps  involved  from  producer  to  consumer  in  Loui- 
siana (Romaire  et  al.  2005).  These  multiple  steps  to  reach  the 
consumer  spread  revenue  to  businesses  in  the  various  steps 
whereas  in  other  regions  the  producer  may  receive  a  higher  price 
because  they  market  directly  to  the  consumer  or  to  a  single  whole- 
saler prior  to  the  product  reaching  the  consumer.  Similar  or  higher 
selling  prices  could  also  be  obtained  by  capitalizing  on  a  season- 
allv  based  sale  of  crawfish  as  fish  bait. 

In  the  present  study,  utilizing  the  late  .season  trapping  schedule 
and  shifting  20.3%  of  trap  days  from  April  and  May  to  June 
through  October  increased  production  during  the  same  time  period 
by  16.5%.  The  critical  information  from  this  study  for  a  producer 
is  that  there  is  no  significant  difference  in  production  between  the 
two  trap  schedules.  A  late  season  trap  schedule  can  extend  avail- 
ability of  product  to  later  in  the  year  during  periods  when  prices 
may  be  higher,  depending  on  local  demand  and  the  marketing 
effort  of  the  producer.  This  could  increase  annual  gross  receipts 
and  the  potential  profit  of  a  nonforage  based  earthen  pond  crawfish 
production  operation. 
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A  PERSPECTIVE  ON  ECOLOGICAL  CONSIDERATIONS  IN  CRAWFISH 

POND  AQUACULTIIRE 
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.ABSTRACT  The  suite  of  resident,  iiiigiiint.  breeding,  and  wintering  waterbirds  depending  on  this  region  includes  grebes,  pelicans, 
cormorants,  anhingas.  wading  birds,  waterfowl,  coots,  rails,  gallinules,  shorehirds.  gulls,  and  terns.  All  taxa  now  use  the  artificial 
freshwater  wetland  habitat  provided  by  the  ag  wetlands.  These  taxa  include  local,  regional,  continental  and  hemispherical  populations. 
Crawfish  ponds  are  especially  valuable  cool  season  habitat  for  predaceous  waterbirds  because  they  provide  shallow  water  systems  rich 
in  invertebrate  and  small  vertebrate  prey  during  the  period  from  midautumn  through  midspring  when  most  ricet'ields  are  drained. 
Numerous  other  bird  species  use  riparian  areas  around  ag  wetlands  either  as  residents  or  seasonal  visitors.  Over  280  bird  species  have 
been  identified  in  and  around  crawfish-rice  systems  in  Louisiana,  Whereas  birds  are  conspicuous  species  as,sociated  with  ag  wetlands, 
numerous  other  vertebrate  species  including  mammals,  reptiles  and  turtles  use  the  habitat.  In  addition,  fishes  in  waterways  receiving 
pond  effluents  receive  significant  food  resources  when  water  is  released  from  the  ponds. 

KEY  WORDS:     crawfish,  aquaculture.  ecological  services,  ag  wetland  habitat 


INTRODUCTION 

Freshwater  crawfish,  Proeainharus  spp..  are  cttUisated  in  shal- 
low-water inipoutidments  by  establishing  self-pcrpetuatinj;  popu- 
lations in  permanent  culture  systems  or  mature  crawfish  in  rota- 
tional culture  systems  (McClain  &  Romaire  2004).  Most  crawfish 
culture  is  located  in  Louisiana  where  52,000  ha  are  devoted  to 
crawfish  production  (LCES  2004),  Most  of  the  shallow-water  iin- 
pottndments  are  used  to  cultivate  rice  in  warm  months  and  are 
retlooded  for  crawfish  culture  in  the  cool  months  following  rice 
harvest.  These  so-called  agricultural  (ag)  wetlands  are  managed  in 
such  a  way  to  follow  the  region's  natural  wetland  cycle  with  al- 
ternate wet  dry  cycles.  Crawfish  mature  in  4-6  mo  and  retreat  to 
bunows  during  the  heat  of  the  summer  when  natural  wetlands  are 
either  dry  or  water  is  too  hot  for  survival  and  growth  of  the  craw- 
fish. The  two  important  species  are  the  red  swamp  crawfish,  Pro- 
camluiriis  clarlili  and  the  white  river  crawfish.  Proeambarus  zo- 
inini;iilus.  whose  basic  biology  and  size  are  similar.  See  McClain 
and  Romaire  (2004).  Htiner  (2002a)  and  Avery  and  Lorio  (1999) 
for  information  about  basic  crawfish  biology  and  fisheries  and 
aquaculture  management  considerations. 

Because  crawfish  are  cultivated  by  simulating  natural  hydro- 
logical  cycles  in  what  amounts  to  be  seasonally  flooded  wetlands, 
it  should  not  be  suiprising  that  crawfish  ponds  provide  ancillary 
ecological  services  (Huner  2002b),  Furthermore,  crawfish  culture, 
as  practiced  with  Proeamhanis  spp,  is  probably  the  most  sustain- 
able form  of  pond  aquaculture  practiced  in  North  America,  That  is. 
agricultural  waste,  rice  stubble  serves  as  the  base  of  the  food  web 
that  generates  substantia!  crops  of  crawfish  with  minimal  environ- 
mental impacts  while  providing  economic  benefits  to  communities 
(Huner  2()02b.  Caffey  et  al,  1996),  This  brief  review  discusses  the 
\  arious  ecological  services,  foremost  being  waterbird  habitat,  pro- 
vided by  the  agricultural  community  through  cultivation  of  craw- 
fish in  shallow  water,  earthen  ponds, 

WATERBIRD  HABITAT 

Huner  et  al,  (2002)  discuss  at  length  the  management  of  agri- 
cultural wetlands  in  the  coastal  regions  of  Louisiana,  which  ulti- 
mately benefit  resident  and  mitiratins  waterbirds.  Over  280  bird 
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species  including  at  least  75  waterbird  species  have  been  docu- 
mented utilizing  agricultural  wetlands  and  adjacent  riparian  areas. 
This  discussion  is  appropriate,  however,  for  the  South  in  general. 
Rice  and  crawfish  farming  operations  are  the  main  agricultural 
wetlands  found  in  Louisiana.  The  following  are  water  management 
practices  associated  with  permanent  and  rotational  crawfish  ponds: 

PermanenI  Crawfish  Ponds 

These  systems  produce  crawfish  on  a  continuing  basis.  When 
rice  is  planted  as  a  forage  base  for  crawfish  in  permanent  ponds, 
grain  is  usually  not  harvested.  Where  rice  is  harvested,  such  sys- 
tems are  considered  to  be  a  type  of  rotational  management — see 
later.  Alternatives  to  rice  as  forage  bases  most  commonly  encoun- 
tered include  sorghum-sudan  grass  hybrid  or  volunteer  vegetation 
including  perennial  forbs  such  as  alligator  weed.  Altenuitliera 
philoxeroides.  smartweeds.  Polygonum  spp,.  duck  potatoes,  Sag- 
i;iraria  spp.  and  annual  wetland  grasses  and  sedges.  These  ponds 
are  usually  "open"  in  the  sense  that  they  are  not  wooded.  However, 
there  is  some  acreage  associated  with  impounded  forested  wet- 
lands (swamps).  These  so-called  swamp  ponds  are  usually  very 
large  compared  with  most  ponds,  regardless  of  type,  that  rarely 
exceed  20  ha  in  size.  They  typically  have  very  poor  crawfish 
production  compared  with  all  other  crawfish  pond  systems. 

Rotational  Crawfish  Ponds 

In  general,  these  systems  produce  crawfish  in  alternate  years. 
However,  some  farmers  harvest  rice  and  crawfish  from  the  same 
ponds  year  after  year  and  are  rarely  restocked  with  crawfish  after 
the  first  crawfish  crop  is  harvested.  In  most  rotational  ponds,  craw- 
fish are  stocked  after  the  planting  of  rice  and  the  establishment  of 
a  shallow  "flood"  of  water  once  the  rice  has  developed  permanent 
leaves.  Rice  is  managed  for  grain  production  and  harvested.  After 
rice  harvest,  the  ponds  are  refilled  in  the  fall  and  managed  for 
crawfish  production  into  the  following  spring.  Once  crawfish  har- 
vesting ceases,  farmers  may  drain  the  fields  and  plant  a  crop  such 
as  soybeans  or  leave  the  fields  fallow  until  rice  is  planted  the 
following  spring.  Crawfish  are  then  stocked  and  the  cycle  is  re- 
peated. If  a  crop  like  soybeans  is  not  planted,  farmers  often  choose 
to  not  drain  fields  until  the  following  autumn  to  control  weeds. 
They  do  not  add  water  to  the  fields  and  water  is  lost  to  evaporation 
and  percolation  with  rate  being  related  to  rainfall  patterns,  (See 
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McClain  &  Romaire  2004.  McChiiii  2005  and  Romaire  2005  for 
more  information  about  management  of  permanent  and  rotational 
crawfish  pond  systems.) 

Bird  Feeding  iVic/ie.s  and  Behaviors 

The  presence  of  water  in  the  crawfish  ponds  provides  feeding 
habitat  and  loafing  habitat  for  all  types  of  waterbirds  including 
waterfowl,  grebes,  pelicans,  cormorants,  wading  birds,  shorebirds. 
coots,  rails,  gulls  and  terns.  Furthermore,  adjacent  riparian  areas 
and  nearby  wetlands  attract  numerous  nonwaterbird  species 
(Huner  &  Musumeche  1999,  Musumeche  et  al.  2002).  Each  suite 
of  birds  has  a  particular  feeding  niche.  Waterfowl  and  coots  feed 
largely  on  rice  left  in  the  fields  intentionally  (permanent  ponds)  or 
as  a  consequence  of  harvesting  processes  (rotational  ponds).  They 
also  benefit  from  seeds,  green  plant  materials  and  tubers  associated 
with  volunteer  vegetation  especially  where  that  is  the  crawfish 
forage  base.  Ducks  (and  coots)  will  also  prey  on  zooplankton 
"blooms"  concentrated  along  shorelines  by  winds  especially  in  the 
spring  and  benthic  nivertebrales  including  crawfish  when  animal 
protein  is  required  for  egg  formation.  Wading  birds  and  rails  teed 
along  pond  margins  when  water  is  deep  or  throughout  shallow 
areas  present  as  ponds  are  filled  or  drained  or  because  of  untended 
water  loss  from  evaporation  or  seepage.  Hovering  birds  such  as 
gulls  and  terns  take  prey  from  the  water  surface.  These  birds  are 
especially  adept  at  gleaning  molting  crawfish  from  emergent  veg- 
etation where  they  concentrate  during  daylight  hours.  Soft  craw- 
fish have  very  low  mineral  content  and.  being  soft,  are  very  easy 
to  eat.  Diving  birds  such  as  grebes  and  cormorants  feed  within  the 
water  column  often  in  water  so  shallow  that  they  cannot  submerge. 
Pelicans,  specifically  American  White  Pelicans,  form  feeding  lines 
and  drive  prey,  including  crawfish,  toward  shores  where  they  are 
concentrated  and  easily  scooped  up.  Shorebirds  feed  vvhere\er 
shallow  water  is  available — see  later. 

With  the  exception  of  shorebirds,  all  other  species  use  crawfish 
traps  that  extend  above  the  surface  for  resting  places.  Cormorants 
and  wading  birds  are  often  seen  to  remove  cut  fish  from  traps  when 
it  is  used  for  bait.  Cormorants,  wading  birds  and  gulls  regularly 
take  crawfish  that  climb  to  the  water  surface  inside  and  outside  of 
traps. 

There  is  no  set  time  that  ponds  are  drained  and  flooded.  Be- 
cause target  flooding  and  draining  dates  are  midOctober  and  mid- 
June  (Avery  &  Lorio  1999),  management  considerations  generate 
wide  windows  of  flooding  dates  from  midsummer  to  midfall  and 
draining  dates  from  early  spring  to  late  summer.  Food  organisms 
are  most  abundant  when  ponds  are  drained.  Draining  can  take 
place  as  early  as  February  or  March  even  if  the  crawflsh  crop  is  too 
poor  to  justify  harvesting,  but,  even  though  the  crops  are  not  worth 
harvesting,  prey  concentrates  to  desirable  levels  as  water  levels 
drop  generating  excellent  feeding  opportunities  for  carnivorous 
birds.  In  rotational  rice-crawflsh  ponds,  draining  may  be  delayed 
until  midfall  to  control  weed  growth  prior  to  preparing  soils  for 
planting  spring  rice  crops.  The  moist  soils  that  are  ultimately  ex- 
posed are  of  special  significance  to  shorebirds  including  wintering 
species  or  migrants.  Such  soils  are  sources  of  high  densities  of 
invertebrate  prey  especially  insect  larvae,  crustaceans  and  annelid 
worms  that  provide  the  mainstay  of  shorebird  diets. 

Table  1  provides  general  information  on  the  seasonal  utilization 
of  crawfish  pond  systems  by  waterbirds.  See  Huner  et  al.  (2002) 
for  more  details. 

In  the  case  of  rotational  crawfish  ponds,  a  practice  that  is  es- 


TABLE  1. 

Seasonal  abundance  of  major  waterbird  taxa  in  crawfish  pond 
s> stems  in  southern  Louisiana  (USA). 


Season 

Taxon 

SP 

SU 

F 

w 

Ducks 

c 

R 

C 

c 

Grebes 

R 

U 

U 

R 

Pelicans 

- 

- 

- 

R 

Anhingas 

R 

R 

R 

- 

Cormorants 

U 

C 

C 

U 

Bitterns 

R 

R 

R 

R 

Herons/egrets 

C 

C 

A 

c 

Night-herons 

U 

C 

C 

u 

White  ibises 

A 

C 

A 

A 

Dark  ibises 

A 

C 

A 

A 

Spoonbills 

U 

u 

C 

U 

Storks 

- 

u 

u 

- 

Coots 

u 

X 

- 

c 

Shorebirds 

c 

u 

A 

u 

Gulls 

c 

u 

U 

A 

Terns 

LI 

R 

u 

U 

Legend.  Seasons:  SP  =  spring.  March  to  May;  SU  =  summer.  June  to 
July;  F  =  fall,  August-October;  and  W  =  winter.  November  to  February. 
Seasonal  abundance:  A  =  abundant,  widespread  and  easily  found  in  proper 
habitat  in  large  numbers:  C  =  common,  widespread  and  easily  found  in 
proper  habitat,  but  generally  not  in  large  numbers:  U  =  uncommon,  wide- 
spread and  present,  but  in  low  numbers  at  proper  season;  R  =  rare,  found 
infrequently  at  proper  season,  but  a  general  pattern  of  occurrence  is  evi- 
dent. 


pecially  important  to  waterbirds  in\olves  leaving  water  in  the  pond 
once  crawfish  harvesting  ceases.  Water  is  not  drained  but  allowed 
to  evaporate.  Because  the  bottoms  of  most  of  these  ponds  have 
been  leveled  carefully  with  laser  technology,  there  is  very  little 
slope  and  variation  in  depth.  Water  remains  across  most  of  the 
pond  bottom  until  it  finally  dries  or  it  is  drained  to  permit  tillage 
for  an  agronomic  crop  the  following  spring.  The  presence  of  water 
reduces  problems  with  terrestrial  weeds  when  pond  bottoms  are 
tilled.  In  practice,  water  depths  of  2.5-5.0  cm  generate  ideal  habi- 
tat for  shorebirds  migrating  through  the  area  during  the  "fall" 
migration  beginning  in  July  and  ending  the  following  October. 
Likewise,  large  concentrations  of  post  nesting  wading  birds  fre- 
quent these  sites  and  good  numbers  of  early  fall  waterfowl  such  as 
Blue-winged  Teal,  Northern  Shoveler  and  Northern  Pintail  are 
attracted  to  this  shallow  water/moist  soil  habitat. 

Wetland  Habitat  Considerations 

Rice  and/or  craw  fish  are  cultivated  in  over  300,000  ha  of  shal- 
low earthen  impoundments  within  160  km  of  the  Gulf  of  Mexico 
from  the  central  Texas  coast  eastward  to  southeastern  Louisiana. 
The  region  includes  the  Gulf  Coastal  Plain  and  the  Lower  Missis- 
sippi River  Valley.  Annual  loss  of  4,475  ha  of  coastal  wetlands 
over  the  past  50  y  has  significantly  reduced  desirable  natural  fresh- 
water habitat  in  the  region  (Cored  1993.  Raynie  &  Beasley  2000). 

The  significance  of  agricultural  wetlands  as  waterbird  habitat 
becomes  very  clear  when  one  notes  that  over  600,000  ha  of  adja- 
cent coastal  wetlands  have  disappeared  since  the  1950s  (Cored 
1993,  Raynie  &  Beasley  2000).  What  was  once  ideal  waterbird 
habitat  has  become  open  water  with  no  chance  that  it  will  be 
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restored  in  the  lureseeable  tuture.  Therefore,  "'artit'ici;!!'"  wethiiul 
habitat  has  replaced  those  lost  wetlands. 

lAindscapc  C  '(tnsidcraUons 

Crawfish  are  eultivaled  mainly  in  two  distinct  geographical 
regions  in  Louisiana — coastal  prairie  areas  with  light,  loessal  soils 
and  floodplain  areas  with  heaw.  alknial  soils  (Huner  2004a. 
2()04b).  An  impervious  "hard  pan"  develops  in  cultivated  prairie 
areas  under  several  centimeters  of  topsoil  and  holds  the  water 
permitting  the  culti\ation  of  rice  and  crawfish.  The  heavy  clays  in 
Hoodplain  areas  naturally  hold  water  tenaciously  and  permit  rice 
and  crawfish  culture.  Interestingly,  much  of  the  area  where  craw- 
fish is  cultivated  in  tloodplains  was  very  low.  Hood  prone,  mar- 
ginal land  cleared  in  the  1960s  to  permit  cultivation  of  soybeans. 
Within  5-10  y  soybean  cultivation  became  unprofitable  and,  at 
least  in  southern  Louisiana,  such  fields  surrounded  by  levees  for 
flood  control,  were  converted  to  crawfish  ponds. 

During  the  drought  period  of  1999  to  2001.  there  was  a  very 
real  reduction  in  crawfish  yields  in  the  prairie  regions  of  Louisiana, 
whereas  crawfish  yields  in  alluvial  regions  did  not  suffer  as  much 
(Huner  2004a,  2004b).  To  be  sure.  Icon,  a  systemic  rice  pesticide, 
was  associated  with  considerable  loss  of  crawfish  in  prairie  re- 
gions. However,  scrutiny  of  crawfish  production  from  alluvial  ar- 
eas, especially  where  treated  rice  was  not  used,  suggests  strongly 
that  drought  resulted  in  a  much  greater  reduction  of  crawfish  pro- 
duction in  the  lighter  prairie  soils  than  in  alluvial  soils.  Therefore, 
it  is  apparent  that  farmers  need  to  manage  soil  moisture  much  more 
carefully  in  the  prairie  soils  than  the  alluvial  soils.  This.  then, 
benefits  waterbirds  as  there  is  more  moist  soil/shallow  water  habi- 
tat available  to  them. 

Threats  lo  Walcrhird  Hiihilal  Provided  hy  Ag  Wetlands 

Farmers  will  cultivate  rice  and/or  crawfish  onlv  as  long  as  it  is 
economically  feasible  to  do  so  (Huner  et  al.  2002.  Westra  et  al. 
2005).  Rice  farming  would  not  e.xist  today  were  it  not  for  farm 
subsidies.  Crawfish  was  once  considered  to  be  a  providential 
"cash"  crop.  Today,  it  is  a  principal  source  of  income  in  a  very 
troubled  agricultural  economy  (McClain  2005).  If  crawfish,  for 
whatever  reason,  fails  to  sustain  the  rice  component  of  an  inte- 
grated rice-crawfish  enterprise  then  the  enterprise  will  close  and 
the  wetland  habitat  will  not  be  sustained.  Farmers  have  been  evalu- 
ating sugar  cane  as  an  alternative  to  rice  in  southwestern  Louisi- 
ana. Sugar  cane  must  tie  kept  reasonably  dry  so  cane  fields  lose 
shallow  water/moist  soil  functions  when  a  rice  crop  is  replaced 
with  a  sugar  cane  crop. 

In  the  case  of  absentee  landowners,  farmers  leasing  rice  fields 
cease  to  farm  rice  if  the  practice  based  on  rice  values  and  lease 
costs  exceed  income.  Fields  are  abandoned  and  are  quickly  over 
grown  by  exotic  tallow  trees  that  form  thick,  impassable  stands  of 
trees  in  less  than  5  y.  The  costs  of  clearing  such  trees  are  such  that 
such  properties  are  unsalvageable  in  the  ciurent  agricultural 
economy. 

Fanners  are  generally  of  the  opinion  that  predaceous  waterbirds 
negatively  impact  their  crawfish  crops.  This  issue  is  discussed  at 
length  by  Huner  et  al.  (2002).  In  the  absence  of  replicated,  con- 
trolled predation  studies,  ancillary  observations  suggest  that  birds 
such  as  wading  birds,  gulls,  terns  and  pelicans  probably  do  not 
negatively  impact  crawfish  production  directly  when  farmers  prac- 
tice recommended  management  procedures.  However,  larger  birds 
using  crawfish  traps  as  perches  do  dislodge  them  causing  loss  of 


bail  and  catch  and.  in  that  case,  do  have  a  negative  impact  on  the 
crawfish  operation.  Waterbirds  largely  considered  to  be  nonpreda- 
ceous.  such  as  geese  and  coots,  can  adversely  impact  crawfish 
production  indirectly  by  destroying  emergent  vegetation.  e.spe- 
cially  rice  stubble.  Aside  from  providing  fuel  for  the  detrital  sys- 
tem, the  emergent  vegetation  serves  as  critical  substrate  for  craw- 
fish dispersal,  provides  access  to  the  surface  and  atmospheric  oxy- 
gen w hen  dissolved  oxygen  levels  are  very  low  and  co\er  from  the 
myriad  of  predators,  including  birds,  associated  with  all  wetlands, 
natural  or  artificial,  in  the  region. 

Use  of  water,  especially  ground  water,  by  farmers  for  irrigation 
of  all  crops  is  being  carefully  scrutinized  as  demands  for  water 
escalate  for  industrial  and  residential  activities  (Lutz  et  al.  2004. 
Huner  et  al.  2002.  Lovelace  1994).  In  2000  (DOTD  2002).  Loui- 
siana "rice"  farmers  used  approximately  42%  of  the  ground  water 
used  in  the  state.  Increases  in  the  cost  of  "energy"  force  farmers  to 
be  much  more  guarded  in  their  use  of  water,  regardless  of  source, 
because  they  must  pay  for  the  energy  required  to  pump  the  water 
into  pond  systems.  However,  farmers  will  continue  to  use  a  very 
high  percentage  of  the  water  consumed  in  Louisiana. 

If  resource  managers  do  not  recognize  the  critical  wetland  habi- 
tat created  by  rice  and  crawfish  farmers,  they  could  make  water 
allocations  that  negatively  impact  waterbird  populations  w  ith  stag- 
gering implications  especially  when  hemispherical  shorebird 
populations  are  taken  into  account. 

OTHER  ECOLOGICAL/SOCIETAL  SERVICES 

All  impounded  agricultural  areas  hold  water  for  varying  lengths 
of  time  following  rainfall  events.  Water  levels  in  rice  and  crawfish 
systems  are  rarely  held  at  drain  level  so  all  units  have  some  free- 
board that  equates  to  water  storage  capacity  (Huner  2002b).  How- 
ever, because  drains  cannot  accommodate  the  volume  of  water 
falling  into  ponds  during  major  rainfall  events,  ponds  store  the 
water  for  varying  periods  of  time  until  the  drains  can  discharge 
water  temporarily  stored  in  the  ponds.  Even  empty  ponds  hold 
water  until  such  time  as  it  can  drain  through  the  openings  cut  in 
levees.  As  a  result,  rice  fields  and  crawfish  ponds  hold  water  and 
reduce  the  impact  of  floods  in  lower  reaches  of  receiving  bayous, 
streams,  and  rivers,  a  definite  benefit  to  homes  and  businesses. 
Furthermore,  even  when  such  locations  drain  completely,  soils 
remain  damp  for  various  lengths  of  time  creating  landscape  level 
moist  .soil  vistas.  There  are  at  least  240,000  ha  of  land  used  for  rice 
production  and  surrounded  by  levees  in  Louisiana  during  nonrice 
production  seasons  (LCES  2004).  No  more  than  20*7^  to  259r  of 
this  land  is  flooded  for  crawfish  production  then. 

Water  is  discharged  from  crawfish  ponds  for  aeration  purposes, 
to  eliminate  excess  rainwater,  and  to  drain  ponds  during  the  spring 
and  summer  (Lutz  et  al.  2004,  Huner  et  al.  2002,  Lovelace  1994). 
Concerns  about  discharge  of  pollutants,  especially  nutrients  and 
suspended  .solids  have  been  addressed  by  the  development  of  Best 
Management  Practices  (BMPs)  (Lutz  et  ai.  20041.  In  general,  water 
quality  is  not  generally  so  poor  as  to  cause  e.Kcessive  concern  as 
long  as  the  BMPs  are  followed  (Parr  et  al.  2004). 

The  waters  discharged  from  crawfish  ponds  benefit  the  receiv- 
ing waters  in  2  ways  (Huner  2002b).  First,  water  is  often  dis- 
charged during  very  dry  periods  in  the  mid-late  fall  and  late 
spring/early  summer  when  receiving  waters  exhibit  seasonally 
poor  water  quality.  Therefore,  the  increase  in  volume  and  move- 
ment of  water  generated  by  discharges  actually,  it  can  be  argued, 
improve  water  quality.  Second,  fish  food  organisms  are  discharged 
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with  effluent  providing  feeding  opportunities  for  fish  and  other 
preduceous  aquatic  organisms  comparable,  it  can  also  be  argued,  to 
discharges  from  natural  wetlands. 

CONCLUSIONS 

Crawfish  culture,  as  practiced  in  the  southern  USA.  represents 
a  form  of  highly  sustainable  aquaculture  that  has  very  real  benefits 
to  wildlife  and  fisheries  resources.  Crawfish  impoundments  are 
artificial  wetlands,  comparable  in  many  ways  to  natural  wetlands 
in  the  region.  Resources  managers  should  encourage  crawfish 
aquaculture  wherever  it  is  economically  feasible  and  seriously 
consider  managing  wetlands  on  state  and  national  wildlife  man- 
agement properties  in  a  similar  manner. 

Incorporation  of  crawfish  management  into  government- 
sponsored  land  conservation  programs  should  encourage  landown- 


ers to  sustain  standing  water  habitat  outside  of  program  mandated 
fill/drain  requirements.  Farmers  could  adjust  the  times  when  their 
ponds  are  filled  or  drained  to  ma.ximize  benefits  to  many  species, 
especially  migrating  shorebirds.  The  issue  of  possible  damage 
done  to  crawfish  crops  by  predaceous  birds  remains  unresolved 
but.  if  such  birds  are  proven  to  be  deleterious,  compensation  to 
encourage  farmers  to  continue  to  cultivate  crawfish  would  cer- 
tainly be  justified  on  the  basis  of  the  ecological  value  of  their 
ponds  to  wildlife. 
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EMBRYO  DEVELOPMENT  AND  MORPHOMETRY  IN  THE  BLUE  KING  CRAB 
PARAUTHODES  PLATYPUS  STUDIED  BY  USING  IMAGE  AND  CLUSTER  ANALYSIS 


BRADLEY  G.  STEVENS 

National  Marine  Fisheries  Service.  P.O.  B<i.\  I63S.  Kodiak.  AUi.ska.  99615 

ABSTR.XCT  In  this  paper  the  embryonic  development  ol'  laboratory-reared  blue  king  crab.  Paralilhodes  pUilxpiis.  from  the  Pribilof 
Islands  ni  the  eastern  Bering  Sea  is  described.  Developing  embryos  were  removed  from  a  female  crab  at  various  intervals,  digitally 
photographed  under  a  compound  microscope  and  analyzed  using  Image-Pro  Plus.  Nine  morphometric  parameters  were  used,  including 
seven  measiirements  (total  area,  yolk  area,  embryo  length  and  width,  average  diameter,  eye  length  and  width)  and  two  calculated 
indices  (percent  yolk  and  elongation).  First  cell  division  was  not  apparent  until  day  4.  after  which  divisions  occurred  daily  until  the 
blastopore  appeared  at  day  28.  A  "V-shaped  embryo  became  apparent  on  day  1 14.  followed  by  rapid  appendage  development.  The 
eyes  became  pigmented  by  day  192.  Hatching  occurred  from  day  3S1  to  day  409.  and  required  at  least  33  d  to  complete.  Embryo  area 
declined  from  an  initial  value  of  0.95  mnr  on  day  1-0.83  mm"  on  day  72  and  then  increased  to  1.28  nim"  on  day  388.  Growth  of  all 
characters  reached  a  plateau  between  days  240  and  353,  and  then  increased  rapidly  until  the  middle  of  hatching  (day  390).  Visual 
examination  was  better  at  detlning  early  changes,  but  cluster  analysis  of  morphometric  measurements  was  a  better  technique  for 
defining  middle  and  later  stages.  Both  techniques  resulted  in  an  optimum  selection  of  12  developmental  stages.  Embryonic  develop- 
ment has  been  described  for  few  decapod  crustaceans,  and  no  standard  exists  for  defining  developmental  stages.  Multivariate  analysis 
of  morphometric  measurements  may  lead  to  improved  understanding  of  crustacean  embryogenesis.  allow  standardization  of  staging  and 
enable  studies  of  environmental  intluencc  on  development.  The  technique  also  has  applications  in  the  aquaculture  industry. 

KEY  WORDS:     king  crab,  development,  hatching,  incubation,  embryo,  morphometry,  image  analysis 


INTRODUCTION 

Studies  of  crustacean  population  tluctuations  must  include 
techniques  for  assessing  environmental  impacts  such  as  climate 
change  on  reproduction,  including  embryonic  development  rates, 
diapause  and  irregular  embryogenesis.  Previous  studies  of  embryo 
development  in  decapods  have  relied  on  traditional  visual  tech- 
niques to  define  developmental  stages  (Moriyasu  &  Lanteigne 
1998.  Yamaguchi  2001).  However,  the  subjective  nature  of  these 
methods  leads  to  high  variability  because  of  the  lack  of  standard- 
ized techniques  or  equipment,  and  such  studies  can  rarely  be  ap- 
plied to  other  species.  Recent  developments  in  digital  itiiaging 
equipment  and  software  have  made  it  possible  to  improve  the 
quality  and  reliability  of  morphological  assessments  in  human  and 
veterinary  medicine.  Image-analysis  techniques  have  been  used 
successfully  to  assess  sperm  tnorphology  and  quality  in  humans 
(Verstegen  et  al.  2002).  horses  (Hidalgo  et  al.  2005).  fish  (Gage  et 
a).  2002).  and  marine  mammals  (Kita  et  al.  2001).  and  these  tech- 
niques are  easily  adapted  to  studies  of  embryos  as  well.  Crusta- 
ceans are  particularly  suitable  research  subjects  because  of  their 
external  and  easily  accessible  embryos.  Morphometry  of  embryos 
has  been  used  to  describe  developmental  stages  in  the  freshwater 
prawn  Macrobmchiiiiii  hmrllii  (Lavarias  et  al.  2002). 

King  crabs  are  large  anomurans  that  are  commercially  ex- 
ploited in  many  parts  of  the  world.  Commercially  valuable  species 
include  red  and  blue  king  crab  Paralitliodes  caintschaticii.s  (Tile- 
sius,  1815)  and  P.  plulxpia  Brandt.  1850.  respectively,  golden  king 
crab  Lithodes  aequispinus  Benedict.  1894,  scarlet  king  crab  L. 
couesi  Benedict.  1894.  European  king  crab  L.  maja.  southern  king 
crab  L.  .santoUa  and  others.  Despite  their  value,  embryonic  devel- 
opment has  only  been  studied  for  red  king  crab  in  Japan  (Naka- 
nishi  1987).  There  is  no  standardized  scheme  for  describing  de\  el- 
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opmental  stages  for  king  crab  or  any  other  large  decapod  crusta- 
cean. 

Blue  king  crab  (BKC)  have  historically  supported  lucrative 
fisheries  in  the  eastern  Bering  Sea  (EBS)  at  St.  Matthew  Island  and 
near  the  Pribilof  Islands  (St.  Paul  and  St.  George).  In  1999,  both 
populations  declined  drastically,  and  their  fisheries  were  closed, 
leading  to  renewed  interest  in  research  on  their  biology.  Blue  king 
crab  have  a  2-y  reproductive  cycle;  in  the  first  year  of  this  cycle 
(the  spawning  year),  female  crabs  moll,  extrude  eggs,  mate  and 
carry  the  developing  fertilized  embryos  for  approximately  1  y 
(Sonierton  &  Macintosh  1983,  Jensen  et  al.  1985,  Somerton  & 
Macintosh  1985.  Jensen  &  Armstrong  1989).  During  the  second 
(or  hatching)  year,  larvae  are  released,  but  the  crabs  do  not  molt  or 
mate  again  (Stevens  in  press),  unlike  female  red  king  crabs  that 
hatch,  molt,  mate  and  extrude  annually  (Stevens  &  Swiney,  in 
press). 

This  research  was  undertaken  as  part  of  a  larger  study  on  the 
early  life  history  of  BKC.  including  development  of  cultivation 
techniques  to  ensure  a  supply  of  small  crab  for  future  research 
(Stevens  et  al„  in  press).  This  article  describes  the  embryonic 
development  of  BKC  during  cultivation  in  the  laboratory  and 
methods  to  standardize  definitions  of  developmental  stages  using 
visual  as  well  as  morphometric  characteristics, 

MATERIALS  AND  METHODS 

Blue  king  crabs  were  captured  by  trawl  about  20  miles  north- 
east of  St.  Paul  Island,  in  the  eastern  Bering  Sea,  during  October 
2003  (for  dates  and  locations  see  Stevens  in  press).  Crabs  were 
kept  in  recirculating  seawater  aboard  ship  for  several  days  until 
returning  to  Dutch  Harbor.  Alaska.  They  were  then  packed  in 
insulated  coolers  between  layers  of  wet  burlap,  kept  chilled  with 
frozen  ice  packs  and  shipped  by  air  to  Kodiak.  Alaska.  Upon 
arriving  in  Kodiak,  crabs  were  placed  in  a  2500-L  tank  containing 
chilled  (4°C)  seawater.  Most  female  crabs  were  new-shelled  and 
ovigcrous,  but  two  female  crabs  had  old  shells  and  empty  egg 
cases,  evidence  that  they  had  released  larvae  the  previous  spring. 

When  one  of  the  old-shell  crabs  subsequently  molted,  it  was 


569 


570 


Stevens 


placed  in  a  tank  with  a  male  crab  and  observed  daily  during  grasp- 
ing until  new  clutches  of  eggs  were  extruded  and  the  female  was 
released.  Examination  of  embryos  began  1  d  after  fertilization  (day 
1).  A  small  cluster  of  50-100  eggs  was  removed  evei-y  other  day 
for  the  first  3  wk  and  at  2-3  wk  intervals  thereafter.  Half  of  the 
eggs  from  each  sample  were  examined  live,  and  the  remaining 
eggs  were  stained  for  5-15  min  in  Bouin's  solution  prior  to  ex- 
amination. Eggs  were  placed  on  a  glass  slide  in  1  ml  of  filtered 
seawater  and  examined  under  a  compound  microscope  at  x50- 
magnification  using  reflected  light  (darkfield  background)  from  a 
fiber-optic  source.  Digital  photographs  of  live  embryos  were  taken 
with  a  2-megapixel  digital  camera  (Diagnostic  Instruments  Spot 
Insight  camera)  and  analyzed  using  Image-Pro  Plus,  version  4.5. 
From  days  3-12.  individual  photographs  were  taken  of  3-5  em- 
bryos, but  after  day  12.  10-12  embryos  were  photographed  on 
each  sampling  date.  Embryos  were  only  photographed  if  they  were 
rotated  at  90°  to  the  sagittal  plane.  The  image  analysis  system  was 
calibrated  using  digital  photographs  of  a  stage  micrometer  set 
to  the  height  of  the  midplane  of  crab  embryos;  the  mean  value 
(pixels  •  mm"')  from  three  digitized  images  was  used.  Measure- 
ments were  made  by  first  outlining  the  embryo  on  the  computer 
screen  using  the  computer  mouse;  if  the  inner  and  outer  embryo 
membrane  were  clearly  separated  (as  was  often  the  case  during  the 
first  90  d  of  development),  then  the  inner  membrane  was  outlined. 
If  the  embryo  outline  was  clearly  defined  and  free  of  background 
clutter,  then  the  automatic  tracing  option  was  used.  The  outluie 
was  then  captured  using  a  smoothing  value  of  5  (on  a  .scale  of  1-9). 
For  the  first  3  mo.  digital  measurements  collected  for  each  embryo 
included  area  (A),  maximum  diameter  (L).  minimum  diameter  (W) 
and  mean  diameter  (calculated  from  180  measurements  taken  at 
2°  intervals  around  the  perimeter).  After  the  embryo  became  ap- 
parent at  day  1 14.  the  area  of  the  yolk  mass  was  determined,  and 
the  percentage  of  appaient  cross-sectional  area  occupied  by  yolk 
(PAY)  was  calculated.  After  day  192.  10  additional  embryos  were 
photographed  where  the  eyespot  was  rotated  to  the  top  central 
position,  and  L  and  W  of  the  pigmented  eyespots  were  measured. 
In  addition  to  the  measured  parameters,  three  metrics  of  embryo 
shape  were  calculated,  including  ellipticity  (LAV),  elongation 
([L  -  W1/[L  -I-  Wl).  and  circularity  (ttLWMA)  (Hidalgo  et  al. 
2005).  Measurements  were  output  directly  to  an  Excel  spreadsheet 
for  analysis. 

When  hatching  began,  the  female  crab  was  placed  into  a  7()-L 
plastic  tub  fitted  with  a  bulkhead  fitting  and  drain  on  the  lowest 
portion  of  the  sidewalk  Tubs  received  flowing  sand-filtered  sea- 
water  at  a  rate  of  4—5  L  •  min"'  at  ambient  temperature  (4.8  ± 
0.4°C)  during  the  hatching  period.  Larvae  exiting  the  drain  passed 
up  through  an  exterior  standpipe  and  into  a  fine  mesh  net.  The  net 
was  removed  daily  and  larval  volume  measured  to  the  nearest  0.5 
mL  in  a  graduated  cylinder.  Mean  hatching  date  was  determined  as 
the  weighted  average  of  larval  production  over  time,  that  is.  by 
multiplying  the  daily  volume  of  hatched  larvae  by  day-of-the-year, 
summing  the  products  over  time  and  dividing  by  total  volume  of 
larvae  released. 

Stage  Descriptions 

Stages  of  embryonic  development  were  tiefined  using  two  dif- 
ferent methods.  One  was  the  traditional  method  usnig  develop- 
mental changes  that  are  visually  observable  in  the  stained  or  un- 
stained embryiis.  However,  no  standard  criteria  exist  by  which  to 
define  stage  endpoints.  so  stage  definitions  tend  to  he  subjective. 


As  a  general  guide,  reference  was  made  to  descriptions  of  embry- 
onic development  in  snow  crabs  Cluonoecetcs  opilio  (Moriyasu  & 
Lanteigne  1998)  and  red  king  crab  (Nakanishi  1987). 

In  the  attempt  to  develop  a  more  objective  morphometrically- 
based  method  of  classifying  embryonic  stages,  cluster  analysis  of 
embryo  moiphometry  was  used  as  a  second  technique  (Ludwig  & 
Reynolds  1988)  using  SAS  PROC  CLUSTER.  By  grouping  to- 
gether samples  (dates)  with  similar  characteristics,  the  clustering 
technique  should  identify  groups  of  dates  (which  may  represent 
periods  of  development  if  they  are  sequential)  during  which  the 
embryo  metrics  are  most  similar  to  each  other  and  thus  represent 
stages  of  development  with  little  change.  Different  stages  of  de- 
velopment should  be  grouped  into  different  clusters.  Sampling 
units  were  defined  as  dates  (with  individual  embryos  as  replicates), 
and  the  method  used  was  average  Euclidean  distance.  However, 
the  actual  sample  dates  were  not  used  as  input  data  because  they 
would  have  influenced  the  resulting  order  of  clusters,  whereas  the 
goal  of  this  analysis  is  to  determine  the  stage  of  development  in 
randomly  sampled  (wild)  crabs  whose  fertilization  dates  are  un- 
known. All  1  1  measured  and  calculated  metric  parameters  were 
used  in  the  initial  cluster  analysis  except  yolk  area  ( which  w  as  only 
used  for  calculating  percent  area  of  yolk.  PAY).  Subsequent  analy- 
ses were  made  by  removing  calculated  indices  until  the  clusters 
were  aligned  in  best  chronological  order.  The  number  of  clusters 
defined  is  somewhat  arbitrary,  with  a  maximum  up  to  the  total 
number  oi  samples.  However,  selection  of  an  appropriate  number 
can  be  guided  by  looking  for  peaks  in  the  pseudo-f  statistic,  and 
valleys  in  the  pseudo-r  statistic  (SAS  2004).  Values  of  morpho- 
metric  parameters  are  given  in  the  text  as  Mean  ±1  SD. 

The  utility  of  this  method  for  classifying  the  stages  of  eggs 
from  wild  crabs  with  unknown  developmental  histories  depends  on 
the  conditions  under  which  it  is  applied.  As  a  test,  sampled  data 
from  three  different  crabs  with  embryos  of  different  known  ages 
were  included  and  classified  along  with  data  from  crab  #1.  Each 
test  sample  consisted  of  measurements  from  1 0  embryos,  and  each 
crab  had  been  held  at  different  temperatures,  as  follows:  Crab  #2. 
2 T,  167  d;  Crab  #3,  4°C,  192  d;  Crab  #4,  6°C.  223  d. 

RESULTS 

Embryo  Development 

Female  crab  #1  molted  on  January  17,  2004,  was  grasped  and 
inated  by  the  male  the  next  day  (18  January)  and  was  observed  to 
have  extruded  eggs  on  the  next  day.  19  January  2004.  which  was 
designated  as  day  0.  Water  temperature  increased  gradually  from 
4°C  to  6°C  during  the  study;  mean  temperature  was  5.2°C  ±  1.2°C 
during  the  incubation  period  (January  19,  2004  to  March  3,  2005) 
(Fig.  1).  The  following  description  of  development  is  organized 
according  to  the  1 2  stages  defined  by  morphometric  cluster  analy- 
sis (see  later). 

Stage  I  {Cleavage) 

During  this  period  dividing  cells  were  easily  distinguishable 
prior  to  blastodisc  formation,  and  little  change  in  moi-phometry 
occurs.  Eggs  were  initially  lavender  colored;  first  divisions  oc- 
curred on  day  4.  but  true  2-cell  stages  were  not  observed.  By  day 
7.  all  embryos  were  multicellular,  including  4-cell  stage  and  8-cell 
stages,  and  a  few  with  16  cells  (Fig.  2A,  a).  On  day  9.  most 
embryos  were  at  the  32-cell  stage  and  one  was  64-cells.  Nuclei 
were  apparent  as  diffuse  light-colored  spots  in  the  center  of  each 
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celL  Embryos  were  separated  from  the  outer  egg  membrane,  which 
had  increased  slightly  in  size.  Cell  numbers  continued  to  double  at 
2-d  intervals,  to  64  on  day  10.  128  on  day  12.  2.'i6  on  day  14.  etc. 
By  day  19,  yolk  had  broken  up  into  small  irregular  globules  and 
cell  borders  were  no  longer  distinct,  although  nuclei  were  apparent 
on  eggs  preserved  in  Bouin's.  This  period  corresponds  to  visual 
stages  VI -V2  in  Table  1. 

Stage  2  (lilustiila-Oastrula) 

Individual  cells  and  structures  are  not  visible.  The  blastodic 
became  apparent  on  day  28  and  the  blastopore  was  visible  on  some 
eggs  (Fig.  2B.  b).  Embryos  continued  to  decrease  in  size  until  day 
72.  but  developmental  changes  were  not  discernible.  Corresponds 
to  V3-V5. 

Stage  .?  ( \  ■einhiyo  to  Naiipliiis) 

During  this  period  embryonic  lobes  are  becoming  visible  and 
are  increasing  in  size.  On  day  1 14.  the  V-shaped  embryo  became 
distinct  from  the  yolk  in  stained  eggs:  it  is  now  clear  in  profile  and 
can  be  measured  (Fig.  2C.  c).  By  day  121.  most  embryos  had 
distinct  lobes  that  would  become  the  untcnnules.  antennae  and 
mandibles.  Optic  lobes  are  diffuse  and  indistinct,  and  the  abdomen 
is  a  diffuse  round  lobe  at  the  base  of  the  "V".  By  day  128,  most 
embryos  have  distinct  mandibles,  and  by  day  14.^.  the  optic  lobes 
are  clearly  defined.  By  the  end  of  this  stage,  the  antennules  and 
antennae  are  elongated,  and  the  abdomen  is  distinct.  This  stage 
corresponds  to  V-6,  and  is  similar  to  stage  31  (metanauplius)  of 
Nakanishi  ( 1 987)  (abbreviated  as  N-3 1 ),  or  to  stage  6  (prenauplius) 
of  Moriyasu  and  Lanteigne  (1998)  (abbreviated  as  ML-6). 

Stage  4  (Prenauplius) 

Defined  by  a  single  observation  on  day  l.'>7  (Fig.  2D,  d).  The 
optic  lobes  arc  large  and  rounded.  Rudiments  of  the  antennules  and 
biramous  antennae  are  clearly  defined,  the  latter  with  a  medial 
epipodite.  The  mandible  is  formnig  medial  to  the  antennae.  The 
abdomen  is  folded  over  the  embryo  for  about  half  of  its  length. 
Size  and  shape  of  the  embryo  is  identical  to  that  of  Stage  I. 
equivalent  to  stage  V-7  and  similar  to  N-33  or  ML-8. 


Stage  5  (Melaiiaiipliiis) 

Observed  on  day  1 7 1  only.  Optic  lobes  extend  lateral  to  the  rest 
of  the  embryo.  The  tail  is  about  two-thirds  the  length  of  the  em- 
bryo. The  telson  is  forked,  but  setae  are  not  apparent.  Maxilliped 
rudiments  are  barely  visible  lateral  to  the  tail.  Embryo  area  and 
diameter  surpass  the  starting  values.  Included  in  V-7,  similar  to 
N-38  or  ML-9. 

Stage  6  (Eye  Foniialinn) 

The  eyes  are  large,  lightly  pigmented,  and  extend  almost  to  the 
edges  of  the  egg  (Fig.  2E.  e).  The  telson  has  6  or  7  spines  (or  setae) 
and  reaches  the  anterior  margin  of  the  optic  lobes.  Lateral  append- 
ages have  setae.  Up  to  four  chromatophores  can  be  seen.  Similar  to 
N-42  (day  201)  or  ML- 10. 

Stage  7  (ChromutDphiire  Foniialinn) 

This  is  a  period  of  rapid  eye  growth  and  formation.  The  eyes 
changed  from  strongly  pigmented  crescents  (Fig.  2F.  f).  to  being 
oval-shaped  (Fig.  2G.  g).  Six  to  eight  chromatophores  are  visible 
on  each  side.  Maxillipeds  are  elongated  with  rudimentary  setae.  In 
side  view,  the  embryo  takes  up  one-third  of  the  egg.  The  telson 
extends  past  the  optic  lobes.  Similar  to  N-44,  this  stage  and  the 
next  are  included  in  stage  V-8. 

Stage  8  (Diapause) 

Yolk  is  divided  down  dorsal  midline  into  left  and  right  halves, 
as  well  as  dfstinct  anterior  (pinkish)  and  posterior  (orange)  lobes 
(Fig.  2H.  h).  The  einbryo  is  crescent-shaped  and  wraps  three  quar- 
ters of  the  way  around  the  yolk,  covering  the  entire  surface  in 
ventral  view.  Embryo  area  and  diameter  reach  a  "plateau,"  and  do 
not  increase  further  until  after  day  329.  Growth  rate  of  eye  length 
slows  down,  and  eye  width  levels  off.  Heartbeat  becomes  distinct. 

Stage  9  (Eye  Enlargement) 

Embryo  takes  up  >.')0'/f  of  egg  in  side  view  (Fig.  2L  i).  Poste- 
rior lobe  of  yolk  is  visibly  reduced,  relative  to  anterior  lobe.  Yolk 
lobes  are  clearly  separated  in  dorsal  view  (Fig.  2J,  j).  This  stage  is 
equivalent  to  V-9. 

Stage  10  (Rapid  Growlli  Phase) 

Area,  length  and  width  of  embryo  increase  rapidly.  Dorsal  edge 
of  yolk  is  separated  from  the  perimeter  of  the  embryo  case.  All 
measured  dimensions  start  to  increase.  Equal  to  V-10. 

Stage  II  (Yolk  Depletion) 

Area  of  yolk  decreases  rapidly,  as  other  dimensions  increase 
during  this  period  of  rapid  growth.  Maxillipeds  are  well  defined 
and  pigmented  (Fig.  2K.  k).  Equal  to  V-ll. 

Stage  12  (Hatching) 

Hatching  starts.  Embryo  length  and  width,  and  eye  length  and 
width  reach  maximum  values.  Ommatidia  develop  a  greenish- 
yellow  fringe,  producing  a  "halo"  effect  around  eye.  PAY  reaches 
lowest  value.  Anterior  and  posterior  regions  of  yolk  become  dis- 
tinct, and  the  latter  is  reduced  to  individual  lipid  globules.  The 
presence  of  hemocyanin  gives  the  embryo  a  bluish  tinge.  Day  395 
(Fig.  2L.  (I)  is  midpoint  of  hatching  period.  Equal  to  V-12. 
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Figure  2.  Blue  kin;;  crah  emhrMi  divelopment  based  on  morphometric  staging:  A,  (a)  Stage  1,  da>  7.  16  cells  (scale  bar  =  1.0  ninil;  B,  (b)  Stage 
2,  day  28,  blastodisc.  stained;  C  (c)  Stage  3.  day  114,  "V'-enibryo,  stained:  D,  (dl  Stage  4,  day  157,  stained:  E,  (e)  Stage  6.  day  192,  stained  (note 
setae  on  niaxiilipeds  and  telson):  F.  (f)  Stage  7.  day  206;  C.  (gl  Stage  7,  day  2(16,  stained:  H,  (bl  Stage  8,  day  268;  I,  (il  Stage  9.  day  3(15:  ,1,  (j) 
Stage  9,  day  305,  dorsal  ^ic^v  sbo»ing  divided  yolk;  K,  (k)  Stage  II,  day  367:  l„  II)  Stage  12.  day  395.  hatching.  Abbreviations:  al,  antennule; 
a2.  antennae;  ab,  abdomen:  bp.  blastopore:  c,  carapace;  e,  eye;  ol,  optic  lobe;  t,  telson. 
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Figure  3.  Mean  ±1  SD  of  area  lor  blue  king  crab  {Paralithudes  platy- 
pus) embryos,  from  fertilizatiim  to  hatching. 

Morphometric  Changes 

When  first  extruded,  the  mean  area  of  eggs  was  0.95  ±  0.02 
mm-  (Fig.  3),  and  length  and  width  were  1.17  ±  0.0.5  mm  and  1.0.3 
±  0.03  mm.  respectively  (Fig.  4).  Mean  area  gradually  declined  to 
a  minimum  of  0.83  ±  0.03  mm"  on  day  72  then  began  increasing 
steadily.  Length  and  width  followed  similar  trends.  Embryo  area, 
length  and  width  reached  a  plateau  between  days  240  and  329  and 
then  increased  rapidly  from  day  353  to  day  381.  when  hatching 
started.  Maximum  values  were  reached  for  embryo  length  ( 1.37  ± 
0.02  mm)  on  day  381.  for  embryo  area  (1.28  ±  0.05  mm")  on  day 
388.  and  for  embryo  width  ( 1 . 1 9  ±  0.03  mm)  on  day  395.  In  profile 
view,  yolk  occupied  100%  of  the  area  of  the  egg  until  day  121. 
when  the  embryo  first  became  apparent,  and  PAY  was  97.8%  (Fig. 
5).  Yolk  area  declined  as  the  embryo  grew,  with  a  steep  decline 
between  days  157  and  206.  By  day  305.  PAY  was  <50%  of  total 
profile  area.  From  day  353  to  day  381,  during  the  last  month  before 
hatching  started.  PAY  declined  most  rapidly,  from  37%  to  12.5%. 
PAY  leveled  off  during  hatching,  but  reached  its  lowest  value  of 
12%  on  day  395.  Eye  pigment  was  first  observed  on  day  192,  when 
length  and  width  of  the  pigmented  area  were  0.155  ±  0.017  mm 
and  0.077  ±  0.01 1  mm.  respectively  (Fig.  6).  Eye  length  and  width 
both  increased  steadily  thereafter,  with  the  rate  of  increase  leveling 
off  after  day  305.  Eye  length  and  w  idth  increased  rapidly  after  day 


100% 


>- 

<  80% 

D^ 

j£ 

■^  60% 

o 

ID 

2  40% 

< 

§  20% 

0% 


■^i^ 


•M 


120    150    180   210   240    270    300   330    360    390   420 

Day 

Figure  5.  Mean  ±1  SD  of  percent  yolk  visible  in  side  view  of  blue  king 
crab  iParalilliodes  platypus)  embryos. 


353,  reaching  maximal  values  on  days  395  (0.431  ±  0.012  mm) 
and  388  (0.265  ±  0.016  mm)  for  length  and  width,  respectively. 

Stage  Classification 

A  total  of  39  samples  (dates  of  observation)  were  used  for  the 
analysis.  Table  1  defines  the  stages,  starting  and  endpoint  dates  (as 
day  number),  duration  of  each  stage  in  days,  and  percent  of  total 
development,  as  defined  by  both  the  traditional  (visual)  method 
and  the  morphometric  (clustering)  method.  The  best  results  were 
obtained  after  eliminating  the  circularity  and  ellipticity  metrics, 
which  showed  no  linear  trend  over  time.  Similar  results  were  ob- 
tained regardless  of  whether  calculations  were  made  using  PAY  as 
raw  data,  or  after  angular  or  log  transformation.  Clusters  were 
selected  in  more-or-less  chronological  order,  even  though  day 
number  was  not  used  as  a  variable.  Twelve  stages  were  defined  by 
both  methods,  those  stages  found  to  be  similar  by  both  methods 
appear  on  the  same  line.  In  the  cluster  analysis,  a  sharp  change 
occurred  in  both  statistical  guidelines  (the  pseudo-Fand  pseudo-r 
values)  after  1 1  clusters.  In  the  dendrogram  (Fig.  7),  a  horizontal 
line  drawn  at  an  average  Euclidean  distance  of  about  0.15  (on  the 
vertical  axis)  would  cut  across  1 1  vertical  branches,  each  of  which 
defines  a  cluster.  Two  clusters  (days  9  and  157)  were  misplaced,  so 
the  former  was  combined  with  Cluster  1  and  the  latter  removed 
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Figure  4.  Mean  ±1  SD  of  minimum  (width)  and  maximum  (length! 
diameters  for  blue  king  crab  [Paralithodes  platypus)  embr\os. 


Figure  6.  .Mean  ±1  SD  of  length  and  width  for  the  pigmented  eye  of 
blue  king  crab  {Paralithodes  platypus)  embryos. 
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TABLE  1. 


Developmental  stage,s  of  blue  king  crab.  Stages  were  defined  either  b>  the  traditional  visual  method,  or  by  analysis  of  morphometries.  Begin 

and  End  are  midpoint  days  between  observations  and  are  numbered  from  fertilization;  Days  is  duration  of  stage:  Percent  is  duration 

relative  to  complete  development.  Similar  stages  occur  on  same  lines.  Some  stages  were  represented  by  a  single  sampling  date. 


Assigned  by  Morptiometrics 

Values  at  Be 

ginning  ol 

'  Stage 

Stages  Assigned  by  \ 

Stages  / 

Egg 

Egg 

Eye 

Pet 

''isual  Method 

Stage 

Description 

Begin 

End 

Days 

Percent 

.Area 

Eength 

Length 

Yolk 

Stage 

Begin 

End 

Days       Percent 

1 

Cleavage 

0 

25 

25 

6,1% 

0.945 

1.170 

1 
2 

0 

4 

4 
26 

4               1.0% 
22              5.4% 

2 

Blastula-Gastrula 

2,"; 

117 

92 

22.4% 

0.867 

1.114 

3 
4 

5 

26 
39 
108 

39 

IDS 
125 

13              3.2% 
69            16.8% 
17              4.1% 

3 

V-embryo 

117 

150 

33 

8.0% 

0.886 

1.122 

0.980 

6 

125 

139 

14              3.4% 

4 

Pre-nauplius 

150 

164 

14 

3.4%. 

0.961 

1.168 

0.935 

7 

139 

182 

43            10.5% 

5 

Meta-nauplius 

164 

182 

IS 

4.4%f 

0.992 

1.188 

0.000 

0.870 

6 

Eye  formation 

182 

199 

17 

4.1% 

1.028 

1.220 

0.155 

0.721 

7 

Chromatophore  formallon 

199 

233 

34 

8.3% 

1.028 

1.221 

0.216 

0.655 

8 

182 

233 

51             14.4%. 

8 

Diapause 

233 

294 

61 

14.9% 

1.051 

1.247 

0.298 

0.597 

9 

Eye  enlargement 

294 

340 

46 

11.2%- 

1.091 

1.267 

0.368 

0.484 

9 

233 

294 

61              14.9% 

10 

Rapid  growth 

340 

360 

20 

4.9% 

1.142 

1.291 

0.397 

0.374 

10 

294 

.Ul 

47             11.4% 

II 

Yolk  depletion 

360 

374 

14 

3.4% 

1.203 

1 .328 

0.415 

0.252 

11 

.341 

374 

33              8.0% 

12 

Hatching 

374 

410 

36 

8.8% 
100.0% 

1.249 

1.374 

0.428 

0.126 

12 

374 

410 

36              8.8% 
100.0% 

from  it.  One  additional  cluster  was  furlher  split  posthoc  into  Clus- 
ters 2  and  3,  leaving  12  useful  clusters  as  stages. 

Embryos  from  three  test  crabs  were  classified  into  three  differ- 
ent stages  relative  to  those  of  Crab  #1.  Embryos  from  Crab  #2. 
incubated  at  2°C  (167  d  old)  were  developmentally  delayed  be- 
cause of  colder  temperatures  and  were  classified  as  stage  3  (be- 
tween days  128  and  135  for  Crab  #1).  Embryos  from  Crab  #3. 
raised  at  4°C  (192  d  old),  were  classified  as  a  distinct  cluster 
between  stage  5(171  d)  and  stage  6  (192  d|.  Embryos  from  Crab 
#4  (6°C.  223  d)  were  more  advanced  because  of  warmer  tempera- 
tures and  were  classified  as  a  distinct  cluster  between  stages  8  (282 
d)  and  9  (305  d). 

Hatching 

Hatching  of  larvae  was  first  observed  on  February  2,  2005,  but 
the  female  crab  was  not  placed  into  the  isolation  tub  until  February 
4,  because  of  space  limitations,  and  larvae  were  first  collected  the 
next  day.  Therefore,  it  is  likely  that  several  days  of  larval  hatching 
were  missed.  On  the  first  night  of  larval  capture  35  mL  of  larvae 
were  collected  (Fig.  8),  a  much  larger  volume  than  on  subsequent 
days.  Whereas  unusual,  such  spikes  occasionally  occur  when 
hatching  is  delayed  because  of  disturbance  or  disruption  of  light 
cycles.  Measurable  numbers  of  larvae  were  collected  for  31  d.  and 
the  mean  date  of  hatching  was  February  12  (day  390).  If  the  2  d 
prior  to  the  beginning  of  larval  collections  (after  female  isolation) 
are  included,  hatching  lasted  for  a  total  of  at  least  33  d. 

DISCUSSION 

During  early  stages.  BKC  embryos  developed  at  almost  the 
same  rate  as  described  for  red  king  crab  by  Nakanishi  ( 1987),  who 
reported  that  cleavage  was  first  seen  on  day  4,  a  distinct  2-ceH 
stage  was  not  observed,  the  4-cell  stage  appeared  on  day  5.  8-cells 
on  day  8.  and  cell  numbeis  doubled  daily  thereafter.  Development 
of  BKC  embryos  slowed  between  days  240  and  330  (mid  Septem- 
ber to  mid  December)  and  then  increased  rapidly  until  hatching. 


The  total  length  of  development  was  longer  (390  d  to  the  mean 
hatch  dale)  than  that  for  12  primiparous  red  king  crabs  (365  d)  or 
for  19  multiparous  red  king  crab  (326  d)  that  were  held  at  an 
average  temperature  of  6°C  (Stevens  &  Swiney.  in  press).  Length 
of  hatching,  although  possibly  underestimated  at  33  d.  was  slightly 
longer  than  the  mean  of  28  days  detemiined  for  23  BKC  in  2004 
(Stevens,  in  press),  yet  similar  to  that  for  red  king  crabs,  which 
averaged  31  d  regardless  of  parity  (Stevens  &  Swiney,  in  press). 
Snow  crabs  in  the  Gulf  of  St.  Lawrence  also  have  a  2-y  spawning 
cycle  like  BKC.  but  embryos  require  2  y  to  develop  (Moriyasu  & 
Lanteigne  1998).  versus  13  mo  for  BKC.  Moriyasu  and  Lanteigne 
( 1998)  described  14  developmental  stages  that  roughly  correspond 
to  the  12  identified  for  BKC,  plus  two  earlier  stages  prior  to,  and 
during,  funiculus  formation;  analysis  of  morphometry  did  not  dis- 
tinguish such  stages  in  BKC  embryos.  Nakanishi  ( 1987)  examined 
red  king  crab  eggs  at  more-or-less  weekly  intervals,  and  subse- 
quently described  53  stages. 

Crustacean  growth  and  development  rates  increase  with  tem- 
perature, as  has  been  shown  for  larval  stages  of  both  red  (Naka- 
nishi 1981 )  and  southern  king  crab  (Anger  et  al.  2004),  and  snow 
crab  (Kogane  et  al.  2005)  and  embryos  of  northern  shrimp  Pun- 
thiliis  horcalis  (Brillon  et  al.  2005).  Crustaceans  from  warmer 
water  environments  typically  have  shorter  embryonic  development 
on  the  order  of  days  to  weeks.  With  short  developmental  periods, 
observations  made  at  daily  intervals  are  often  different  enough  to 
be  characterized  as  individual  stages.  For  example,  embryos  of  the 
fiddler  crab  Uca  lactea  require  an  average  of  15.4  d  to  develop, 
reach  the  32-cell  stage  within  24  h  and  can  be  categorized  into  15 
distinct  stages  (Yamaguchi  2001).  Embryonic  development  of  the 
redclaw  crayfish.  Cherax  quadricarinatus.  requires  42  d  at  26.0"C. 
and  was  categorized  into  10  prehatching  and  3  posthatching  stages 
(Garcia-Guerrero  et  al.  2003).  Unlike  crabs  in  the  families  Lithod- 
idae  and  Paguridae.  Aegia  platensis.  a  riverine  anomuran  in  Brazil, 
develops  through  the  zoea  and  decapodid  stages  (equivalent  to  the 
megalops  or  glaucothoe)  inside  the  egg  and  hatches  after  35  d 
(Lizardo-Daudt  and  Bond-Buckup  2003). 

Because  of  the  great  disparity  in  development  time,  there  is  no 
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Fijiure  7.  Dtndrosrani  of  blue  king  crab  [Paralithodes  platypus)  em- 
br\<i  stages  as  dellned  b>  cluster  analysis.  12  clusters  are  identified, 
one  of  Hhich  i#4,  das  1571  was  misclassified. 


Mandardized  scheme  for  characterizing  developmemal  stages  of 
crabs  or  any  other  decapod  crustacean.  The  number  of  described 
stages  ranges  from  10-15,  depending  on  the  length  of  development 
and  the  utility  of  each  stage  in  describing  changes  observable  by 
eye.  The  use  of  embryo  morphometries  is  a  more  quantitative 
method,  and  may  be  a  useful  approach  for  comparing  development 
between  different  populations,  environmental  conditions  or  spe- 
cies. Lavarias  et  al.  (2002)  used  embryo  morphometry  to  describe 
development  in  the  freshwater  prawn  Mucrobrachium  borellii  and 
found  that  predetermined  stages  could  be  identified  using  four 
metrics,  but  they  did  not  use  a  multivariate  approach  to  classify 
stages  based  on  their  similarity.  In  order  for  this  approach  to  be 
useful,  however,  it  requires  a  larger  number  of  samples  than  the 
number  of  expected  stages.  Therefore,  for  species  with  short  de- 
velopment periods,  multiple  samples  per  day  would  be  required. 
However,  stages  defined  by  multivariate  analysis,  whereas  rela- 
tively easy  to  construct  using  morphometric  measurements,  are  not 
a  substitute  for  examining  the  embryo  by  eye  to  determine  the 
relative  development  of  various  appendages,  chromalophores  and 
other  organs,  and  some  samples  (e.g.,  day  157)  could  not  be  ac- 
curately classified  without  visual  observations.  Examination  of 
embryos  from  the  three  extra  crabs,  whereas  not  definitive  because 
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Figure  8.  Total  \olume  of  lar>ae  hatched  each  day  by  the  single  blue 
king  crab  {Paralithodes  platypus)  used  in  this  study. 

of  the  different  holding  temperatures,  does  indicate  that  unknown 
embryo  samples  can  be  classified  on  a  relative  scale  of  develop- 
ment. A  more  definitive  system  could  be  developed  by  employing 
classification  and  regression  tree  (CART)  analysis  to  define  dis- 
crete developmental  stages  based  on  specific  criteria. 

The  techniques  of  morphometric  analysis  used  in  this  study  are 
partly  adapted  from  those  used  in  the  medical  and  veterinary  sci- 
ences for  classifying  the  "quality"  of  sperm  cells  (Verstegen  et  al. 
2002).  Automated  techniques  such  as  computer-assisted  sperm 
analysis  (CASA)  (Verstegen  et  al.  2002)  and  automated  sperm 
morphometry  analysis  (ASMAl  (Hidalgo  et  al.  2005)  could  pro- 
vide new  insight  into  the  study  of  crustacean  embryo  development, 
revealing  differences  too  subtle  to  be  detected  by  the  naked  eye 
that  may  result  from  environmental  change,  anthropogenic  distur- 
bance or  pollution.  Morphometric  classification  of  gametes  and 
embryos  may  also  be  useful  for  identifying  and  selecting  high- 
quality  brood  stock  for  the  aquaculture  industry  or  for  preser\  ation 
of  endangered  species. 
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ABSTRACT  Timinj:  and  -.MKlironi/ation  at  iiKliMdiial  and  population  levels  of  the  proeesses  related  lo  the  lerminal  molt,  gonad 
maturation,  accumulation  ol  energy  reserves  and  migration  in  the  spider  crab  Mtija  hriichyiluclyUi  are  unaly/ed.  Also,  the  intra  and 
intersexual  variability  is  established.  Two  hypotheses  are  tested  to  explain  the  temporal  and  population  variability:  1 1 )  physiological 
hypothesis:  males  and  females  begin  migration  when  they  reach  the  appropriate  physiological  stage  (the  optimum  level  of  energy 
reserves)  and  (2)  mating  opportunities  hypothesis:  the  timing  of  the  migration  maximize  inating  opportunities  and  mate  quality.  Our 
results  show  that  males  carry  out  the  terminal  molt  before  females,  the  former  having  a  peak  in  July  and  the  latter  in  August.  The  onset 
of  gonad  maturity  in  females  occurs  between  two  and  three  months  after  they  have  reached  morphometric  maturity  (starting  in 
October),  coinciding  with  the  period  prior  to  and  during  the  mating  migration  to  deep  waters.  In  an  analysis  of  the  spermathecae  of 
primiparous  females,  it  was  found  that  practically  no  mating  activity  occurred  in  shallow  waters,  whereas  the  first  copulations  took 
place  in  the  migration  corridor.  Howex  er.  probably  most  of  the  mating  activity  occurs  in  deep  mating  grounds.  Males  reached  gonad 
maturity  prior  to  morphometric  maturity.  No  differences  were  observed  in  the  physiological  status  (muscle,  gonad  and  hepatopancreas 
relative  mass)  between  migrating  and  nonmigrating  crabs,  which  is  a  clear  indication  that  the  physiological  hypothesis  does  not  hold 
true  for  this  species.  A  higher  percentage  of  postmolt  crabs  were  caught  in  the  migration  corridor  than  in  shallow  waters.  The 
physiological  condition  improved  over  time  in  males  and  females  in  the  specimens  caught  in  the  shallow  area  as  well  as  in  the  migration 
corridor.  Therefore,  the  crabs  that  start  migrating  first  did  so  in  poorer  physiological  condition.  Moreover,  the  early  migrators  had  a 
significantly  lower  mean  size  than  the  late  migrators.  Our  results  suggest  that  variability  within  populations  and  between  sexes  are 
related  to  the  different  reproductive  strategies  and  not  to  a  physiological  limitation.  Thus,  the  poor-quality  males  (with  a  reduced 
competitive  ability)  would  migrate  at  the  beginning  of  the  season  to  maximize  the  mating  opportunities  that  would  not  be  feasible  if 
they  had  to  compete  with  the  late  migrators,  which  are  larger  in  size  and  in  better  physiological  condition.  Sperm  competition  is  not 
clear  in  M.  hrachyilaclyla.  but  all  c\ideiKes  point  at  last  male  preference  for  fertilization  of  eggs. 

KEY  WORDS:     decapod.  Mcija  hnichxdui iilti.  mating,  mating  strategies,  migration,  reproductive  migration 


INTRODUCTION 

Juveniles  of  Maja  hracliydcutyla  (BaKs  1922.  see  Neumann 
1998  for  taxonomic  status,  corresponding  to  the  North  Atlantic- 
species  previously  known  as  M.  sqiiinado)  live  primarily  in  shal- 
low waters  (Gonzalez  Gurriaran  &  Freire  1994.  Mines  et  al.  1995. 
Le  Foil  1993.  Meyer  1993.  Sampedro  2001.  Freire  el  al.  2002). 
During  the  summer  of  their  second  or  thiid  year  of  life  (depending 
on  the  recruitment  season)  these  crabs  carry  out  the  terminal  molt, 
associated  with  the  onset  of  sexual  maturity  [Corgos  2004.  Gorges 
&  Freire  (in  press).  Corgos  et  al.  (Submitted).  Freire  et  al.  2002. 
Gonzalez-Gurriaran  et  al.  1995.  Le  Foil  1993.  Meyer  1993. 
Sampedro  et  al.  1999).  Between  late  summer  and  early  autumn 
adult  specimens  carry  out  a  reproductive  migration  to  deep  waters 
as  has  been  observed  in  different  areas  on  the  European  coast 
(Camus  1983.  Edwards  1980.  Freire  &  Gonzalez-Gurriaran  1998. 
Freire  et  al.  1999.  Gonzalez-Guiriaran  &  Freire  1994.  Kergariou 
1976,  Kergariou  1984.  Lalrouite  &  Le  Foil  1989.  Le  Foil  1993. 
Meyer  1993.  Stevcic  1973).  Although  information  is  scarce  on  the 
mating  behavior  of  the  spider  crab  in  the  field,  based  on  available 
evidence  mating  is  known  to  take  place  mainly  in  deep  waters, 
where  aggregations  could  be  formed  (Gonzalez-Gurriaran  et  al. 
2002).  The  terminal  molt,  gonad  maturity,  migration  and  mating 
are  factors  that  are  closely  interrelated  and  play  an  important  role 
in  the  life  history  of  the  spider  crab,  because  they  will  determine 
drastic  changes  in  the  spatial  structure  and  demography  of  the 
populations  and  are  fundamental  in  terms  of  reproductive  success. 
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It  has  been  widely  documented  that  migrating  animals  store 
energy  reserves  before  Ihey  begin  to  migrate  to  ensure  the  success 
of  the  migration  (Dingle  1996).  In  the  spider  crab,  migration  en- 
tails a  drastic  change  in  activity  (rapid  mineiiients  of  over  1-10 
km  ■  day*',  after  a  juvenile  phase  with  only  small-scale  move- 
ments (10s  or  100s  m  ■  day"'.  Bernardez  et  al.  2005,  Freire  & 
Gonzalez-Gurriaran,  1998;  Gonzalez-Gun  iaran  &  Freire,  1994; 
Gonzalez-Guniaran  et  al.  2002;  Hines  et  al.  1995).  This  migration, 
however,  takes  place  after  the  terminal  molt — a  physiologically 
and  energetically  critical  process.  Therefore,  during  a  short  period 
directly  after  the  molt  and  prior  to  migration,  the  processes  related 
to  the  recovery  after  ecdysis  and  the  storage  of  the  energy  needed 
for  migration  must  be  carried  out.  Differences  between  males  and 
females  in  the  timing  of  migrations  in  other  geographic  areas  have 
been  reported;  particularly  the  fact  that  males  start  to  migrate 
before  fetnales  (Stevcic  1973).  This  differential  behavior  inay  be 
related  to  the  reproductive  strategies  of  the  two  sexes,  as  has  been 
observed  in  other  vertebrate  species  and  other  arthropods  (Morbey 
&  Ydenberg  2001). 

Spider  crab  males  compete  for  females,  which  gives  rise  to 
agonistic  interactions  (information  based  on  direct  observations  by 
fishermen  of  occasional  matings  in  shallow  waters),  and  females 
may  mate  with  several  males  (Gonz;ilez-Gurriaran  et  al.  1998). 
Information  based  on  observations  of  the  mating  activity  of  crabs 
held  in  captivity  and  at  sea  would  indicate  that  males  and  females 
mate  in  hard  carapace  condition  (no  mating  has  ever  been  observed 
immediately  after  the  molt  I.  It  is  possible  for  ovigerous  females  to 
mate,  and  courtship  prior  to  copulation  does  not  take  place,  nor 
does  pre  or  postcopulatory  mate  guarding  (Gonzalez-Gurriaran  et 
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al.  1998).  This  mating  behavior  differs  from  the  characteristics 
defined  for  other  majids  (Claxton  et  al.  1994.  Jones  &  Hartnoll 
1997.  Sainte-Marie  et  al.  1999).  The  fact  that  females  have  a  hard 
carapace  during  mating  determines  the  characteristics  of  the  mat- 
ing system.  On  the  one  hand,  it  ineans  that  the  existence  of  mate 
guarding  aimed  at  protecting  females  with  a  soft  carapace  from 
predators  is  not  necessary  for  these  crabs  (e.g.,  Hartnoll  1969. 
Jivoff  1997a,  Wilber  1989)  and/or  ensuring  the  paternity  of  the 
brood  (Diesel  1991.  Jivoff  1997a),  although  postcopulatory  mate 
guarding  has  been  observed  in  hard-shell  females  of  Chionoecetes 
opilio  (Claxton  et  al.  1994).  On  the  other  hand,  in  the  case  of  the 
spider  crab,  all  the  adult  females  are  receptive,  which  means  that 
the  operative  sex-ratio,  defined  as  the  number  of  se.xually  active 
males  versus  the  number  of  fertilizable  females  (Emlen  &  Oring 
1977).  is  equal  to  the  effective  sex-ratio. 

In  other  majids,  sperm  competition  tactics  that  favors  last 
male's  paternity  has  been  observed  (Diesel  1990.  Rondeau  & 
Sainte-Marie  2001.  Sainte-Marie  et  al.  2000),  but  this  is  not  clear 
in  M.  brachydactyki  (Gonzalez-Gurriaran  et  al.  1998;  Freire.  un- 
published data). 

The  timing  and  synchronization  of  the  biological  processes 
associated  with  reproductive  migrations,  at  the  individual  and 
population  levels,  and  the  sexual  differences  observed  in  the  spider 
crab  may  be  explained  by  2  sets  of  alternative  hypotheses: 

Physiological  hypothesis:  males  and  females  start  migrating 
when  they  have  reached  the  appropriate  physiological  status 
(an  optimum  level  of  energy  reserves).  Therefore  the  vari- 
ability within  populations  and  sexes  would  be  related  to  the 
physiological  stage,  depending  on  the  timing  of  the  terminal 
molt  and  the  energy  recovery  rate.  Both  processes  may  be 
variable  between  sexes,  with  the  energy  needed  for  repro- 
duction, and  among  body  sizes. 

The  physiological  hypothesis  could  be  tested  using  the  follow- 
ing predictions:  ( 1 )  The  physiological  condition  of  the  postpubertal 
adults  caught  in  the  migration  corridor  would  be  better  than  that  of 
crabs  still  remaining  in  shallow  waters.  This  pattern  should  be 
observed  throughout  the  entire  migration  period.  The  physiological 
condition  during  the  migration  season  would  improve  gradually  in 
crabs  from  shallow  waters,  whereas  it  would  remain  relatively 
constant  in  time  in  individuals  captured  in  the  migration  corridor 
(Fig.  1).  (2)  Sexual  differences  in  timing  would  depend  on  the 
differential  physiological  condition  of  each  sex,  related  to  differ- 
ences in  the  timing  of  the  terminal  molt. 

Mating  opportunity  hypothesis;  the  timing  of  the  migration 
should  maximize  mating  opportunities  and  mate  quality. 
Once  a  minimum  physiological  condition  is  reached,  males 
would  migrate  at  the  appropriate  time  to  intercept  and  mate 
with  the  greatest  possible  number  of  females  in  the  mating 
habitats  (in  the  spider  crab  these  would  include  zones  where 
females  may  he  intercepted  during  migration  and/or  in  deep 
waters).  The  variability  within  populations  and  sexes  would 
be  related  to  different  reproductive  strategies  and  not  to  a 
physiological  restriction  (possibly  once  a  minimum  level  of 
energy  reserves  has  been  reached).  According  to  this  hy- 
pothesis, the  intrasexual  \ariability  would  be  determined  by 
the  interindividual  differences  In  quality. 

The  mating  opportunity  hypothesis  could  be  tested  using  the 
following  predictions:  ( 1 )  At  any  given  moment,  crabs  in  migra- 
tion and  in  shallow  waters  would  not  necessarily  exhibit  any  dif- 
ferences in  their  physiological  condition.  (2)  Poorer  quality  males 
(in  the  case  of  crustaceans,  animals  having  a  smaller  body  size 
and/or  lower  robust  physiological  condition)  would  carry  out  mi- 
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Figure  I.  Physiojojjical  hypothesis.  Temporal  evolution  of  the  physi- 
ological condition  in  a  cohort  of  adults  after  the  terminal  molt  (see 
Introduction  lor  details). 

gration  earlier  to  maximize  the  possibility  of  tnating  encounters 
before  high-quality  males  arrive  to  the  mating  grounds.  Therefore, 
the  physiological  condition  would  improve  throughout  the  migra- 
tion period  in  both  shallow  waters  and  the  migration  corridor. 

From  the  standpoint  of  iTiales.  mating  probability  depends  on 
the  abundance  of  females  and  on  the  competition  among  males, 
which  means  that  the  temporal  distribution  of  mating  opportunities 
throughout  the  season  is  probably  unimodal.  At  the  beginning, 
mating  probability  would  be  low  owing  to  the  absence  of  females 
in  the  mating  zones.  As  females  start  arriving,  these  odds  would 
likely  increase  until  they  reach  a  maximum  value,  then  the  prob- 
ability would  diminish,  because  the  density  of  males  would  attain 
a  maximum  and  the  competition  among  them  would  cause  mating 
probability  to  decrease  (Fig.  2 J. 

According  to  the  mating  opportunity  hypothesis,  early  migrat- 
ing males  would  be  smaller  and  have  a  poorer  physiological  con- 
dition, but  they  would  be  the  first  to  arrive  at  the  mating  zones. 
Besides  being  able  to  mate  with  females  during  migration,  they 
would  have  a  higher  probability  of  tnating  with  the  first  females  to 
arrive  at  the  mating  zones  (Fig.  2,  A).  The  density  of  females 
would  increase  over  time,  but  so  would  the  density  of  males,  so  the 
percentage  of  intercepted  fetiiales  would  gradually  decline  because 
of  the  competition  (Fig.  2.  B),  until  it  reaches  a  minimum  level  that 
would  coincide  with  the  maximum  density  of  males  (Fig.  2,  C). 

Late  migrating  males  would  arrive  at  the  mating  zones  later,  but 
they  would  be  larger  in  size  and  in  stronger  physiological  condi- 
tion (high  quality  tiiales).  which  means  that  they  would  be  better 
competitors  than  the  early  migrators.  As  density  of  females  in- 
creases, the  mating  probabilities  of  these  males  would  increase 
(Fig.  2,  B)  until  a  maximum  value  is  reached,  coinciding  with  the 
maximum  density  of  females  in  the  zone  (Fig.  2,  C). 

For  females  the  optimum  strategy  would  be  to  mate  with  the 
males  of  the  best  quality  available  at  any  given  moment.  Males 
with  larger  ornaments  or  weapons,  greater  body  size,  or  higher 
rates  of  courtship  showed  greater  survivorship  or  longevity  (Jen- 
nions  et  al.  2001).  From  this  standpoint  late  migrants  should  be 
genetically  superior,  conveying  genetic  benefits  to  females  by  ris- 
ing the  mean  offspring  fitness  caused  by  inheritance  of 
"good  genes,"  that  may  enhance  survivorship  or  longevity  of 
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Figure  2.  Mating  opportunity  hypothesis.  A,  B  and  C  represent  3  periods  corresponding  to  the  initial,  inlerniediate  and  I'lnal  stages  of  migration 
(see  Introduction  lor  details). 


offspring  and  increase  tlie  sexual  attractiveness  (Jennions  &  Petrie 
2000). 

Tliis  study  is  a  detailed  analysis  of  the  timing  and  synchroni- 
zation at  the  individual  and  population  levels  of  processes  related 
to  the  terminal  molt,  gonad  maturation,  accumulation  of  energy 
reserves  and  migration  in  the  spider  crab.  Intra  and  intersexual  and 
intrapopulation  variability  in  the  earlier  mentioned  processes  are 
analyzed.  Our  results  will  allow  comparison,  at  least  in  part,  the 
hypotheses  proposed  earlier  related  to  the  causes  of  the  timing  and 
synchronization  of  the  processes  linked  to  migrations. 

MATERIAL  AND  METHODS 

Monthly  samplings  were  carried  out  between  December  1997 
and  November  1999.  From  late  summer  until  autumn,  sampling 
effort  was  increased  to  obtain  more  detailed  information  on  the 
migration  of  adults.  .Sampling  was  earned  out  using  experimental 
traps  (50-cm  height,  with  upper  and  lower  diameters  of  1 10  cm  and 
100  cm  respectively,  and  an  entry  of  22  cm  and  a  .50-inm  mesh. 
Corgos  and  Freire.  submitted  a).  Soak  time  was  24  h  and  traps 
were  baited  with  fresh  horse  mackerel  iSmmher  sciiiiihri(s).  The 
sampling  area  was  the  Ri'a  de  A  Coruiia.  a  small  oceanic  bay 
located  otT  the  NW  coast  of  Galicia  (NW  Spain).  One  shallow 
water  (5-15  m)  sampling  station  was  selected  in  the  inner  area  of 
the  n'a  (Bastiagueiro)  and  another  one  in  deeper  waters  (25-30  m) 
in  the  central  channel  of  the  ria.  which  constitutes  the  migration 
corridor  for  postpubertal  adults.  In  the  inner  area  of  the  n'a.  where 
there  is  high  abundance  of  Maja  bnulndactyla.  sampling  was 
carried  out  along  a  transect  on  the  longitudinal  axis  of  the  rfa 
where  seven  tows  were  carried  out  deploying  the  traps  parallel  to 
the  coast.  Tows  were  separated  approximately  180  m  from  each 
other  (Fig.  .3). 

The  following  data  were  recorded  for  each  specimen  captured; 
sex.  morphometric  maturity  (Corgos  2004.  Corgos  &  Freire.  in 


press.  Sampedro  et  al.  1999).  stage  of  the  intermolt  cycle  (esti- 
mated by  the  hardness  of  the  exoskeleton  and  the  presence  of  a 
new  internal  carapace  in  crabs  approaching  molt,  Sampedro  2001) 
and  the  relative  age  based  on  the  degree  of  epibiosis  and  carapace 
wear  (see  Fernandez  et  al.  1998).  to  distinguish  the  recent  postpuber- 
tal adults  froin  specimens  that  had  reached  maturity  in  previous  years. 

To  analyze  the  reproductive  stage  and  physiological  condition 
of  males  and  females,  adult  females  and  juvenile  and  adult  males 
were  sampled  monthly  from  July  to  December  1998  (morphology 
of  the  abdomen  allow  to  determine  the  maturity  stage  directly  in 
females:  Sampedro  et  al.  1999).  The  maturity  stage  of  males  was 
determined  later  based  on  their  morphometry.  Samples  were  ob- 
tained from  shallow  areas  and  the  central  channel,  although  for 
several  reasons  in  the  channel  data  were  obtained  only  for  females 
in  September  and  November,  and  for  males  in  November.  Males 
w  ilh  CL  >  60  mm  were  selected  and  divided  into  size  classes  of  20 
mm  with  a  final  class  of  specimens  of  over  160  mm.  A  sample 
made  up  of  a  maximum  of  10  males  belonging  to  each  size  class 
captured  in  the  shallow  area  was  transported  to  the  laboratory.  A 
sample  of  five  males  from  the  three  larger  size  classes  was  ob- 
tained from  the  captures  in  the  channel,  because  smaller-sized 
crabs  were  not  caught  in  this  area.  Adult  females  with  a  CL  >  100 
mm  were  selected  and  grouped  into  size  classes  of  40  mm  and  a 
sample  of  5  speciirtens  from  each  size  class  of  crabs  caught  in  the 
shallow  area  and  the  channel  was  taken  to  the  laboratory. 

The  crabs  were  dissected  to  determine  the  gonad  maturity  stage 
in  females  (following  the  classification  proposed  by  Gonzalez- 
Gurriaran  et  al.  1993.  Gonzalez-Gurriaran  et  al.  1998).  gonad  dry 
weight,  fullness  and  the  number  of  sperm  masses  in  the  spermath- 
ecae  in  the  case  of  females  (following  the  classification  proposed 
by  Gonzalez-Gurriaran  et  al.  1993.  Gonzalez-Gurriaran  et  al. 
1 998 ).  and  the  presence  of  spermalophores  and  gonad  dry  weight 
in  males.  The  gonad,  hepatopancreas  and  the  muscle  of  the  second 
right-hand  pereiopod  of  each  specimen  were  extracted  and  held  for 
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Figure  3.  Location  and  sampling  areas  in  the  Ria  de  A  Coruna.  The 
transect  comprising  7  trap  tows  in  the  inner  shallow  area  is  shown. 
Latitude  is  given  for  each  tow  on  the  transect  (see  Figure  6). 

4S  h  at  60°C  to  obtain  the  dry  weight  (Corgos  &  Freire.  in  press). 
Morphometrically  juvenile  males  were  omitted  from  the  analysis 
of  the  physiological  condition. 

Data  Analysis 

The  energetic  status  of  each  indi\idual  was  estimated  by  means 
of  condition  indices  (CI)  based  on  the  dry  weight  of  the  gonad, 
muscle  and  hepatopancreas.  The  condition  indices  were  estimated 
as  the  residuals  of  an  allometric  regression  (Log  Y  =  log  a  +  b  ■ 
log  CD  of  the  dry  weight  of  each  type  of  tissue  respect  to  the 
carapace  length  (Fig.  4).  The  regressions  were  fitted  to  the  data 
from  the  adult  specimens  caught  between  June  and  December 
1998.  Multiparous  adults  and  juveniles  were  not  included  in  the 
analyses. 

The  differences  in  the  condition  indices  between  migrators  and 
nonmigrators  over  time,  according  to  the  predictions  from  the 
hypotheses,  were  analyzed  using  the  time  series  corresponding  to 
the  condition  indices  of  the  crabs  captured  in  shallow  waters  was 
fit  to  a  second  order  polynomial  regression:  CI  =  a  +  b  •  date  + 
cdate".  Next,  the  condition  index  from  specimens  captured  in  the 
channel  (these  data  were  only  obtained  in  some  of  the  months) 
were  compared  with  the  trend  of  data  from  Bastiagueiro.  Signifi- 
cant differences  between  the  two  areas  were  accepted  when  the 
mean  CI  of  the  channel  fell  outside  the  95%  confidence  band  of  the 
regression  for  the  shallow  area. 

The  molt  stage  was  used  as  an  additional  body  condition  indi- 
cator, because  the  crabs  in  postmolt  are  in  poorer  condition  than 


those  in  the  intermolt  or  premolt  stage.  The  differences  in  the  molt 
stage  between  migrators  (early  and  late)  and  nonmigrators  were 
determined  by  means  of  a  log-linear  analysis  on  the  frequency  of 
males  and  females  in  postmolt  in  Bastiagueiro  and  in  the  channel 
HI  September  and  October  1998. 

An  analysis  of  variance  (ANOVA)  was  performed  to  test  dif- 
ferences on  the  mean  body  sizes  of  the  migrators  and  nonmigra- 
tors. using  data  from  males  and  females  caught  in  Bastiagueiro  and 
the  channel  in  September  and  October  1998. 

RESULTS 

Seasonality  and  Sexual  Differences  in  the  Terminal  Moll 

Adult  males  in  postmolt  began  to  appear  in  the  catches  t'rom 
Bastiagueiro  in  April,  with  their  abundance  undergoing  a  rapid 
increase,  reaching  high  levels  in  June  and  a  maximum  in  July.  In 
September,  the  abundance  of  postmolt  adults  dropped  sharply  and 
continued  to  decrease  more  gradually  until  the  complete  disap- 
pearance of  these  crabs  in  December  (Fig.  5).  Postmolt  females 
started  to  be  caught  in  shallow  waters  in  July,  attaining  maximum 
abundance  in  August.  They  dropped  sharply  in  September  and  had 
practically  disappeared  by  October  (Fig.  5 1.  The  pattern  was  re- 
peated in  1998  and  1999  and  males  were  found  to  cany  out  the 
terminal  molt  one  month  earlier  than  females.  The  maximum  num- 
bers of  postmolt  adult  males  and  females  were  found  in  July  and 
August  respectively.  The  terminal  molt  period  in  males  lasted 
longer  than  in  females  (postmolt  males  were  found  from  April 
until  November  in  1998).  In  1999,  there  would  seem  to  be  greater 
synchronization,  because  adult  males  started  to  be  caught  in  June. 

Gonad  Development  and  Mating 

Adult  females  showed  a  clear  seasonal  pattern  of  gonad  matu- 
ration. After  the  terminal  molt,  females  had  gonads  in  the  early 
stages  of  development  (between  July  and  October  9?9r  of  the 
females  were  in  stage  I)  and  until  November  females  did  not  attain 
more  advanced  developmental  stages  (II  and  III).  No  females  were 
found  with  gonads  in  an  advanced  stage  of  development  (IV)  in 
either  the  shallow  area  or  in  the  channel.  In  the  channel  64%  of  the 
females  had  gonads  in  stage  II  and  27%  in  stage  III  between 
November  and  December.  Therefore  in  females  the  gonads  began 
to  mature  between  two  and  three  months  after  the  terminal  molt, 
during  the  period  immediately  proceeding  or  during  their  migra- 
tion to  deep  waters. 

The  analysis  of  the  spermathecae  of  primiparous  females  re- 
vealed that  the  number  of  matings  in  the  shallow  zone  was  low, 
because  97%  of  females  {n  =  124)  showed  empty  spermathecae. 
An  increase  in  mating  frequency  was  observed  in  the  channel, 
given  that  over  21%  of  the  females  studied  («  =  23)  had  mated. 
These  results  would  indicate  that  mating  may  be  carried  out  in  the 
migration  corridors,  but  most  likely  it  is  in  the  deep  waters  where 
most  of  the  mating  activity  takes  place  (Table  I ).  AH  the  females 
analv/ed  exhibited  a  single  sperm  mass.  In  the  shallow  area,  in 
contrast,  two  multiparous  females  that  were  captured  had  7  sperm 
masses  in  each  spermatheca,  presenting  differences  in  color  and 
volume,  which  would  point  to  the  existence  of  long  intervals  be- 
tween matings  (Gtinzalez-Gurriaran  et  al.  1998). 

After  examining  the  gonads  of  the  male  crabs,  it  was  evident 
that,  unlike  the  females,  gonad  maturation  takes  place  prior  to 
morphonictric  maturity.  Over  60%  of  the  juveniles  examined  (/;  = 
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Figure  4.  Relation  between  body  size  and  drj  weight  ol  the  tissue  analyzed  (gonad,  muscle  and  hepatopancreas)  to  estimate  the  physiological 
condition  of  each  sex.  The  allometric  regression  fitted  in  each  case  is  shown. 


382)  had  spermatophores,  and  more  than  76%  of  the  juveniles  with 
a  CL  >  96  mm  as  well  as  all  of  the  morphometrically  mature  crabs 
had  spermatophores.  Therefore,  males  are  functionally  mature  and 
ready  to  mate  immediately  after  the  terminal  molt  (see  Corgos  & 
Freire,  submitted  a). 

Sexual  Differences  in  Ihe  Timing  of  the  Start  of  Migration 

Based  on  the  sampling  cairied  out  in  the  inner  n'a.  it  was 
possible  to  carefully  monitor  the  small-scale  movements  of  the 
adults  and  the  start  of  their  migration  (Fig.  6 1.  In  July  1998  the 
mean  CPUE  of  males  was  much  greater  than  that  of  females  (4.2 
and  0.5  crabs  •  trap"'  respectively).  Males  were  also  found  to  be 
sparse  around  the  innermost  part  of  the  ria  and  near  the  shoreline. 


In  August  the  average  CPUE  of  females  found  in  the  inner  ria 
increased  (.■5.8  crabs  •  trap"'),  and  males  had  moved  to  the  outer- 
most zone  near  the  channel.  By  September,  the  large  concentration 
of  males  in  the  outer  part  of  the  inner  area  had  disappeared,  which 
would  imply  that  they  had  started  migration,  whereas  the  females 
had  moved  to  the  outer  zone.  In  October,  the  few  males  left  in  the 
area  started  moving  to  the  outer  zone  and  leaving  the  area,  whereas 
the  females  were  concentrated  in  the  outer  part  of  the  shallow  area. 
In  November,  the  catches  yielded  few  adults,  although  some  fe- 
males were  still  found  in  the  outermost  area,  which  means  that  the 
females  migrated  between  October  and  November.  By  December 
practically  all  the  adults  had  left  the  area. 

The  catches  taken  in  the  channel  confirm  this  seasonal  migra- 
tory pattern  (Fig.  7).  They  were  concentrated  in  the  mtmths  of 
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Figure  5.  A  comparison  of  the  monthly  evolution  of  the  proportion  of 
adult  males  and  females  in  postmolt  stage  (related  to  total  catches 
including  adults  and  juveniles)  captured  in  shallow  waters. 


September  and  October;  however  maximum  catches  of  males  were 
obtained  in  September  and  those  of  females  in  October.  Males 
exhibited  stable  catches  between  September  25  and  October  23 
(Fie.  7).  The  first  females,  on  the  other  hand,  were  caught  on 


TABLE  1. 

Temporal  evolution  of  spermathecae  repletion  (percentage  of 

specimens  with  sperm  I  of  primiparous  females  in  shallow  water  and 

the  in  migration  corridor  of  the  Ria  de  .\  Coruiia. 


Shallow 

Water 

Migration 

Corridor 

N 

% 

N 

•7r 

Jul  ys 

20 

10.0 

Aug 

19 

0.0 

Sep 

32 

0.0 

9 

0.0 

Oct 

24 

0.0 

1 

0.0 

Nov 

15 

0.0 

11 

45.5 

Dec 

14 

7.1 

2 

0.0 

Total 

124 

2.4 

23 

21.7 

September  25.  from  which  time  catches  increased  gradually  until 
they  reached  a  clear  peak  on  October  23. 

Body  Condilioii  at  the  Start  of  Migration 

From  July  to  December,  adult  males  in  Bastiaguciro  underwent 
a  progressive  increase  in  the  relative  weight  of  the  muscle,  giinad 
and  hepalopancreas  (Fig.  8).  It  was  only  possible  to  compare  the 
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Figure  6.  Spatial  structure  of  the  adult  population  in  Bastiagueiro  in  the  period  prior  to  and  at  the  start  of  migration.  The  catch  per  unit  of  effort 
is  given  (crahs  ■  trap  '  and  a  95 Tr  conlidencc  inter\al  of  the  meani  along  the  transect  sampled  (each  lOth  of  a  degree  is  equivalent  to  IS2  m) 
(see  Figure  3). 
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The  mean  size  (CL)  ot  males  and  lemales  was  eompaied  be- 
tween Bastiagueiro  and  the  channel  in  September  and  October. 
Females  were  significantly  larger  than  males,  and  in  Bastiagueiro 
as  well  as  in  the  channel  for  males  and  females,  the  largest  sizes 
were  found  in  October  (ANOVA,  /;  =  1198;  effect  of  date  and 
sex.  P  <  0.001;  effects  of  sampling  station  and  all  interactions. 
P  >  0.2).  None  of  the  interactions  proved  to  be  significant,  which 
was  an  indication  that  the  smaller-sized  specimens  of  males  and 
feinales  started  migrating  earlier  (Table  3). 

DISCUSSION 

This  study  provides  evidence  as  to  the  existence  of  synchroni- 
zation in  the  timing  of  the  terminal  molt,  gonad  development  and 
migration  in  the  spider  crab.  The  inter-  and  intra-sexual  differences 
related  to  these  phenomena  may  retlect  different  types  of  behavior 
and  reproductive  strategies  that  would  be  compatible  with  the  mat- 
ing opportunity  hypothesis  discussed  earlier.  However,  our  results 
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Fi);urf  7.  Abundance  iif  adults  in  the  channel  (mean  crabs  •  trap' 
with  a  ^5't  confidence  interval  of  the  mean)  durin}>  each  month  of  the 
sanipiinj;  (upper),  and  on  each  day  of  samplins  during  migration 
(lower)  in  1998. 


physiological  condition  in  the  channel  zone  (migrators)  and  shal- 
low area  (nonmigrators)  in  November.  During  this  month  migra- 
tors presented  condition  indices  siinilar  to  those  of  nonmigrators  in 
all  the  tissues  analyzed. 

The  condition  index  in  females  found  in  the  shallow  areas 
showed  a  gradual  increase  in  the  case  of  the  gonad,  but  this  was  not 
so  in  the  case  of  the  muscle  or  hepatopancreas  (except  for  very  low 
values  in  the  latter  tissue  in  September).  The  adult  females  cap- 
tuied  in  the  channel  had  slightly  higher  gonad  condition  values  in 
November  as  compared  with  the  shallow  zone,  whereas  no  differ- 
ences were  observed  in  September  (Fig.  9).  The  physiological 
condition  of  the  muscle  was  similar  in  November,  which  was  the 
only  month  in  which  information  was  available  for  the  channel. 
The  physiological  condition  of  the  hepatopancreas.  however,  was 
similar  in  the  two  areas  in  September  and  November. 

The  percentage  of  postmolt  males  and  females  in  each  zone 
was  higher  in  September  than  October  (Table  2).  and  in  both 
months  the  percentage  was  higher  in  the  channel  than  in  Basti- 
agueiro (log-linear  analysis  of  the  effects  of  sampling  .station,  date 
and  sex  on  the  percentage  of  specimens  in  the  postmolt  stage, 
showed  the  significant  variables  to  be  sampling  station  and  date. 
X-  =  5.53,  P  =  0.35).  This  would  imply  that  the  condition  of  the 
early  migrators  is  poorer  than  crabs  that  migrate  later. 
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Figure  8.  Temporal  evolution  of  the  condition  index  (CI)  of  each  tissue 
in  adult  males  in  Bastiagueiro  (individual  observaticms,  sample  size  for 
each  month  and  polvn<imial  regression  with  95%  confidence  interval 
are  shown)  and  in  the  central  channel  (mean  and  95%  confidence 
interval,  only  in  November,  n  =  14). 
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Figure  9.  Temporal  evolution  of  the  condition  index  (CI I  of  each  tissue 
in  adult  females  in  Bastiagueiro  (individual  observations,  sample  size 
for  each  month  and  polvnomial  regression  «ith  V5'>  confidence  in- 
terval are  shown)  and  in  the  central  channel  (mean  and  95'V  confi- 
dence interval,  only  in  September  and  November,  ;/  =  14). 

contradict  some  of  the  predictions  made  in  the  physiological  hy- 
pothesis. 

To  mate,  an  organisdi  must  be  in  the  appropriate  physiological 
condition,  as  well  as  having  a  suitable  location  in  space  and  time 
(Correa  &  Thiel  2003).  In  M.  hmchyilacryUi.  males  probably  reach 
maturity  and  develop  gonads  before  females  to  be  physiologically 
prepared  to  mate  at  the  time  and  place  where  the  encounter  with 
the  adult  female  occurs.  Considering  the  date  when  migration 
starts  and  the  fact  that  in  December  and  January,  ovigerous  fe- 
males begin  to  appear  in  the  catches  in  the  shallow  areas  (unpub- 
lished data),  aggregation  and  mating  in  deep  waters  must  occur 
over  the  course  of  a  short  period.  Because  females  have  spermath- 
ecae,  they  are  able  to  mate  when  their  gonads  are  in  early  stages  of 
development,  fertilizing  the  broods  later. 

In  the  Ri'a  de  A  Coruna,  the  terminal  molt  takes  place  in  shal- 
low waters  between  April  and  August.  Males  undergo  the  terminal 
molt  one  month  earlier  than  females.  Gonzalez-Gurriaran  et  al. 
( 1995)  obtained  siniilar  results  with  this  species  under  culture  con- 
ditions, whereas  in  more  northern  latitudes,  the  cycle  is  delayed, 
owing  possibly  to  the  differences  in  the  thernial  regimen.  In  the 


TABLE  2. 

Miinlhl)  percentage  of  adult  males  and  females  in  postmoult  (stage 

B)  captured  in  Bastiagueiro  and  in  the  migration  corridor  in  the 

migration  period.  Sample  size  is  indicated  in  each  case. 


Date 


Sampling  Station 


%  in 
Sex  N  Postmoult 


September  9H         Bastiagueiro 


Males  1 24  S.5 

Females  252  2.4 

Migration  comdor        Males  87  I1..S 

Females  73  9.6 

October  I99S        Bastiagueiro                  Males  94  1.1 

Females  250  0.4 

Migration  corridor         Males  97  4.1 

Females  20 1  4.0 


English  Channel  the  crabs  undei'go  the  terminal  molt  in  late  sum- 
mer and  early  fall  and  adults  that  have  recently  reached  the  post- 
pubeilal  stage  start  to  be  captured  in  August-September,  presenting 
maximuiTi  catches  in  early  fall  (Le  Foil  1993.  Meyer  1993). 

An  analysis  of  the  captures  in  the  channel  during  the  migration 
shows  that  over  the  entire  period  males  and  females  migrated,  as 
would  be  expected  in  a  species  where  the  females  are  polyandric 
(Zonneveld  1992).  In  view  of  the  captures  obtained  in  the  migra- 
tion corridor,  males  showed  stable  catches  during  the  migration 
period  without  a  specific  peak,  whereas  females,  which  started 
niigration  at  the  same  time  as  males,  exhibited  a  clear  peak  on 
October  23.  1998.  after  which  catches  were  virtually  nonexistent. 
These  results  indicate  that  the  migration  of  iT)ales  is  not  as  syn- 
chronized as  that  of  females,  rather  males  carried  out  migration 
gradually  over  a  30-day  period,  whereas  most  females  migrated 
between  October  15  and  28.  1998. 

Mating  takes  place  generally  after  migration,  in  the  deep-water 
wintering  habitats,  although  copulation  could  occur  also  during 
migration  (2l'/f  of  the  females  caught  in  the  channel  had  sperm  in 
the  spermathecae).  These  data  largely  coincide  with  those  reported 
by  Gonzalez-Gurriaran  et  al.  (1998)  in  the  Ri'a  de  Arousa.  where 
the  spermathecae  of  lOO^r  of  the  primiparous  females  caught  in 
the  shallow  zone  were  found  to  be  empty.  On  the  other  hand, 
catches  of  multiparous  females  having  several  sperm  masses, 
along  with  direct  observations  by  fishermen,  support  the  hypoth- 
esis that  mating  does  occur  in  shallow  waters,  but  probably  re- 

TABLE  3. 

Mean  size  (Carapace  length,  CL,  with  standard  deviation.  SD)  of 

the  adult  males  and  females  captured  in  Bastiagueiro  and  in  the 

migration  corridor  at  the  start  of  migration.  Sample  size  is  indicated 

in  each  case. 


Sampling  Station 

Sex 

N 

CL 

Date 

Mean 

SD 

September  9S 

Bastiagueiro 

Males 

134 

138.9 

14.63 

Females 

258 

148.7 

11.25 

Migration  corridor 

Males 

87 

1-^9.9 

11.19 

Females 

72 

150.8 

1 1 .34 

October  1998 

Bastiagueiro 

Males 

95 

144,0 

14.13 

Females 

254 

151.4 

12.91 

Migration  corridor 

Males 

97 

143.0 

13.38 

Females 

201 

152.2 

12.30 
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slricted  to  multiparous  females.  In  latitudes  liieated  t'ailher  to  the 
north,  matings  were  observed  in  shallow  v\aters  from  May  to  July 
on  the  Irish  coast  (Brosnan  1981).  and  starting  in  June  on  the 
French  coast  (Kergariou  1984).  Based  on  these  ob.servations.  these 
authors  report  that  mating  generally  occurs  in  summer,  although  to 
support  this  hypothesis,  it  would  be  necessary  to  cairy  out  an  analysis 
iii  the  spennathecae  content  of  females  in  wintering  habitats. 

The  analysis  of  catches  in  the  shallow  area  and  the  migration 
corridor  and  condition  indices  may  be  used  as  indicators  of  the 
reproductive  strategies  of  M.  hrachydactyla.  The  condition  indices 
of  the  tissues  analyzed  were  similar  in  the  shallow  area  and  the 
migration  corridor  (i.e..  no  differences  were  observed  in  the  body 
condition  between  migrators  and  nonmigrators).  which  would 
clearly  imply  that  the  physiological  hypothesis  is  not  supported  in 
this  case.  The  physiological  condition  increased  oxer  time  in  males 
and  females  both  in  crabs  caught  in  Bastiagueiro  and  the  migration 
corridor.  Consequently,  crabs  that  migrate  first,  do  so  in  poorer 
physiological  condition.  Moreover,  the  early  migrators  were 
smaller  in  size  than  the  late  migrators.  These  evidences  support  the 
mating  opportunity  hypothesis.  Poorer  quality  males  (smaller  sized 
and  in  poorer  physiological  condition)  migrated  earlier,  which 
gives  them  mating  opportunities  that  would  not  be  feasible  if  they 
had  to  compete  with  the  late  migrators  that  are  larger  in  size  and 
in  better  physiological  condition. 

In  both  majids  (Conan  &  Conieau  1986.  Elner  &  Beninger 
199.'i.  Ennis  et  al.  1990.  Sainte-Marie  et  al.  1997,  Rondeau  & 
Sainte-Marie  2001.  Stevens  et  al.  1993)  as  well  as  other  decapods 
(Correa  et  al.  2003.  Jivoff  1997b.  Van  Der  Meeren  1994,  Wada  et 
al.  1997)  agonistic  interactions  have  been  observed  between  males 
prior  to  mating,  in  which  the  large-sized  individuals  exclude  the 
smaller  ones.  At  other  tiines  the  small  males  are  rejected  by  the 
females  (Goshima  et  al.  2000).  For  this  reason  the  larger-sized 
males  are  more  likely  to  mate  than  the  smaller-sized  animals.  This 
hypothesis  is  coiToborated  by  observations  in  the  field,  where  mat- 
ing majid  males  were  seen  to  be  generally  larger  than  the  females 
(Brosnan  1981.  Conan  &  Comeau  1986.  Ennis  et  al.  1988,  Paul 
1992,  Powell  et  al.  1972). 

The  less  competitive  (smaller-sized)  male  decapod  crustaceans 
tend  to  a\'oid  direct  agonistic  encounters  with  larger  males  (Clark 
1997.  Ra'anan  &  Sagi  1985)  and  they  adopt  alternative  mating 
strategies,  such  as  intercepting  females  moving  to  the  mating  areas 
(Van  Der  Meeren.  1994)  or  copulating  quickly,  whereas  two  dom- 
inant males  are  competing  for  a  receptive  female  (Clark  1997. 
Correa  et  al.  2003).  In  this  study  the  less  competitive  males  mi- 
grated earlier  to  the  mating  zones,  probably  to  be  able  to  copulate 
before  the  more  competitive  males  arrived. 

In  other  majids  such  as  Chionoecetes  opilio  (Sainte-Marie  et  al. 


2000)  and  liuwhus  i>hahii\i;n<m  (Diesel  1990).  the  sperm  masses 
are  stored  dorsoventrally  in  the  spermathecae  when  they  are  not 
too  full  (i.e..  the  last  sperm  mass  is  stored  closer  to  the  oviduct). 
This  stratification  favors  that  the  sperm  of  the  last  male  fertilize  the 
brood,  and  therefore  the  paternity  is  attributed  to  only  one  male.  In 
both  species  males  used  several  strategies  to  promote  their  own 
paternity.  Males  of  C.  opilio  invest  more  sperm  in  females  that  had 
mated  previously  than  in  virgin  females  to  displace  and  isolate  the 
sperm  deposited  earlier  (Rondeau  &  Sainte-Marie  2001 ).  whereas 
males  of  /.  pimlangium  displace  previously  deposited  masses  by 
transferring  large  amounts  of  seminal  plasma,  which  hardens  form- 
ing a  gel  that  completely  seals  off  the  previously  deposited  masses 
(Diesel  1990).  All  of  these  strategies  favor  the  paternity  of  the  last 
male  to  mate  with  a  female.  In  our  study,  the  high-quality  males 
(larger  and  in  better  physiological  condition)  would  be  the  last  to 
mate.  In  A/,  hnwliydactyla.  however,  the  arrangement  of  the  sperm 
masses  is  different  than  what  was  observed  in  the  previously  men- 
tioned species.  When  several  masses  are  present,  they  are  arranged 
parallel  to  the  main  axis  of  the  spermathecae,  and  if  the  spermath- 
ecae are  full,  the  airangcment  is  not  stratified  (Gonzalez-Gurriaran 
et  al.  1998;  Freire.  inipublished  data).  Although  all  of  these  authors 
reported  some  differences  in  the  size  of  the  masses,  they  were 
attributed  to  different  storage  time  or  the  possibility  of  having  been 
used  in  part  to  fertilize  a  brood,  and  not  to  the  existence  of  sperm 
competition.  Based  on  these  findings,  there  is  no  evidence  that  the 
last  males  to  mate  (those  of  better  quality)  have  a  greater  prob- 
ability of  ensuring  their  paternity.  However,  the  results  of  this 
study  seem  to  suggest  that  high-quality  males  will  inseminate  fe- 
males after  these  might  have  received  sperm  from  low-quality 
males.  This  would  only  be  a  successful  strategy  if  last  males  have 
fertilization  advantages  in  M.  bnicindactyla.  Future  studies  are 
required  to  examine  whether  sperm  precedence  in  this  species 
follows  the  same  pattern  as  suggested  for  other  majid  species  (i.e., 
last  male  precedence).  The  present  results  of  diverging  tactics  of 
males  during  mating  migration  also  seem  to  call  for  this  pattern  in 
M.  bracliydactyla. 
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EFFECT  OF  DIFFERENT  LEVELS  OF  DIETARY  a-TOCOPHEROL  ON  OVARIAN 

MATURATION  AND  REPRODUCTIVE  PERFORMANCE  OF  BROODSTOCK 
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SHAOBO  DU,'*  CHAOQUN  HI,'  SHIQING  CAI,'  QI  SHEN'  AND  SHIXUAN  ZHENG" 

Tlic  Key  Ldhonitory  of  Applied  Marine  Bioloi^y.  Si  mill  China  Sea  Insliiure  oj  Oeeanoloiix.  Chinese 
Academy  of  Sciences.  510301,  Guangzhou.  People's  Republic  of  China:  'Yuehai  Feed  Limited.  524017. 
Zhanjiani^.  People's  Republic  of  China 

ABSTRACT  Effects  of  4  grade  levels  of  dietary  a-tocopherol  (37. S2,  1  I5.ft4.  349.42  and  522.56  mg  kg"'  diet)  on  ovarian  maturation 
and  reproductive  performance  of  broodstock  shrimp,  Liiopenaeus  vannainei  were  investigated.  The  a-tocopherol  concentrations  in 
hepatopancreas.  ovaries,  eggs  and  muscle  of  female  shrimp  increased  significantly  as  dietary  a-tocopherol  levels  increased.  Survival, 
spermatophore  weight,  sperm  count,  gonadosoniatic  index  (GSI),  hepatosomatic  inde.x  (HSI),  fecundity  and  egg  diameter  were  not 
significantly  affected  by  dietary  a-tocopherol  levels.  Average  daily  spawns,  hatching  rate  and  fertilization  rate  significantly  increased 
as  dietary  a-tocopherol  levels  increased.  Results  of  this  study  confirmed  the  importance  of  supplementation  of  a-tocopherol  to 
broodstock  diets  fed  to  L.  viinnamei.  and  suggested  that  at  least  350  mg  a-tocopherol  kg"'  of  diet  was  needed  to  achieve  significantly 
better  ovarian  maturation  and  reproductive  performance. 

KEY  WORDS:     a-locopherol.  broodstock,  Liloinuaciis  vuiiminici.  maturation,  reproductive  performance 


INTRODUCTION 

In  penaeid  shrimp,  broodstock  nutrition  is  a  key  factor  influ- 
encing sexual  maturation,  reproductive  performance  and  offspring 
quality  (Harrison  1990).  To  develop  suitably  performing  formu- 
lated diet.s  for  shrimp  broodstock,  understanding  nutrition-repro- 
duction interactions  and  determining  the  specific  nutrient  require- 
ments for  successful  maturation  and  spawning  are  necessary. 

Vitamin  E  (tocopherols)  is  considered  to  be  an  essential  dietary 
nutrient  for  crustaceans  (Conklin  1997).  Available  data  have 
shown  that  a-tocopherol,  the  most  active  form  of  vitamin  E.  is  the 
predominant  fonn  in  shrimp/or  prawn  tissue  (Cavalli  et  al.  2001. 
Wouters  et  al.  2001 1,  and  DL-tx-tocopherol  acetate,  a  stable  form 
of  a-tocopherol.  is  the  most  commonly  used  vitamin  E  supplement 
in  animal  feeds  (National  Research  Council  1983).  The  biological 
role  of  a-tocopherol  is  widely  accepted  to  be  a  lipophilic  antioxi- 
dant, protecting  membranes  of  cells  and  organelles  frotii  oxidation 
by  scavenging  organic  free  radicals  (Burton  &  Trabor  1990).  an 
activity  which  may  be  especially  important  during  embryonic  and 
larval  development.  The  importance  of  vitamin  E  for  fish  repro- 
duction has  long  been  recognized  (Watanabe  &  Takashima  1977. 
Watanabe  et  al.  1985).  but  the  importance  of  this  vitamin  in  shritiip 
reproduction  has  only  been  recently  detnonstrated.  Alava  et  al. 
(1993)  reported  that  a  a-tocopherol-detlcient  diet  resulted  in  re- 
tarded gonadal  maturation  of  Marsupenaeus  japnniciis.  Chamber- 
lain (1988)  found  a  correlation  between  the  percentage  of  abnor- 
mal spertn  and  dietary  vitamin  E  deficiency  in  L.  setifenis.  In  a 
trial  using  Feuuciopeitaeiis  imlieus  spawners,  Cahu  et  al.  (1995) 
demonstrated  that  hatching  percentage  increased  when  dietary 
a-tocopherol  levels  increased  from  40-350  mg  kg"'.  In  wild  fe- 
male broodstock  L.  vaivuimei.  Wouters  et  al.  (2001)  detected  an 
increase  in  a-tocopherol  concentrations  in  the  ovary  prior  to  sexual 
maturation.  All  these  results  suggest  that  vitamin  E  plays  a  critical 
role  in  the  shrimp  maturation  process. 

Information  about  the  effect  of  dietary  a-tocopherol  on  ovarian 
maturation  and  reproduction  of  L.  vuiiiniinei  is  lacking.  In  a  pre- 
vious study,  we  successively  substituted  a  natiual  diet  consistina  of 
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50<7f  blood womi  (Clyceni  chiriiri)  and  50%  oyster  {Crassnstrea 
liviilaris)  with  a  formulated  diet  for  L  vamiamei  broodstock  (Du 
et  al.  2004a).  In  the  current  study,  this  previously  successful  for- 
mulated diet  was  used  as  the  basal  diet,  and  ROVIMIX  E50 
(Roche  Sunve  Vitamins  Ltd,  Shanghai,  P.R.  China)  was  added  as 
a  a-tocopherol  source  to  investigate  the  effect  of  dietary  a-tocoph- 
erol on  the  maturation  and  reproductive  performance  of  L  van- 
namci.  The  effect  of  dietary  levels  of  a-tocopherol  on  a-tocoph- 
erol concentrations  in  ovaries,  hepatopancreas,  eggs  and  muscle 
was  also  determined. 

MATERIALS  AND  METHODS 

Animals  and  Trialmiiu 

Pond-reared  L.  viiiuuiiitfi  breeders  were  obtained  fonn  Dong- 
fang  Co.  (Zhanjiang.  P.R.  China).  They  were  held  in  tnaturation 
tanks  for  3  wk  to  acclimate  to  the  experitnental  conditions  and  fed 
the  basal  diet  without  any  supplement  of  a-tocopherol  acetate 
(Diet  El).  A  unisex  system  as  described  by  Browdy  et  al.  (1996) 
was  used:  each  of  4  maturation  tanks  was  stocked  with  15  females 
each  and  each  of  another  4  maturation  tanks  with  15  males.  They 
were  divided  into  four  groups:  E1-E4,  each  consisting  of  a  tnale 
tank  and  a  female  tank.  After  acclimation,  female  shrimp  were 
unilaterally  eyestalk-ablated  with  a  pair  of  flamed  tweezers  to 
enhance  the  rate  of  ovarian  maturation.  To  identify  each  female 
within  the  same  group,  part  of  the  telscni  w  as  cut  w  ith  the  excep- 
tion of  five  females  and  latter  sampled  to  test  gonadosoniatic  index 
(GSI)  and  hepatosomatic  index  (HSI).  The  duration  of  the  post- 
ablation  phase  of  the  experiment  was  50  days,  during  which, 
broodstock  shrimp  representing  treatment  E1-E4  were  fed  diets 
EI-E4.  respectively.  All  treatments  were  randomly  assigned  to  the 
maturation  tanks. 

The  maturation  tanks  were  rectangular-shaped  cement  tanks 
(2x3  m",  55  cin  water  depth)  in  which  sand-filtered  and  UV- 
treated  seawater  was  exchanged  at  a  rate  of  200%  daily.  The 
physicochemical  parameters  of  the  water  were:  mean  temperature. 
28.5  ±  rC:  tnean  salinity.  30  +  0,5  mg  L"';  mean  pH,  8.2  ±  0.1; 
photoperiod,  12  hr  lighl/12  hr  dark;  and  light  intensity,  200  Ix, 
Under  these  conditions,  the  level  of  dissolved  oxygen  remained 
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close  to  saturalion;  6.2  g  m  \  and  ammonia,  nitrate  and  nitrite 
levels  did  not  exceed  0.03.  0.01  and  0.25  mg  L"'.  respectively. 

Diets  and  Feeding 

Ingredient  composition  of  the  basal  diet  is  presented  in  Table  1 . 
The  alpha-tocopherol  source  used  was  Roche  ROVIMIX  E50,  an 
alpha-tocopheryl  acetate  containing  500  mg  a-tocopherol  g"'. 
ROVIMIX  E50  was  added  at  different  levels,  compensated  by 
appropriate  additions  of  carbo.xy  methylcellulose  as  filler  (Table 
2).  Levels  of  a-tocopherol  added  in  the  dietary  treatment  were  0. 
100.  300  and  500  mg/kg.  To  prepare  the  diets,  all  dried  ingredients 
were  smashed  and  sieved,  and  then  thoroughly  mixed  with  35% 
(w/w)  water.  The  resulting  stiff  dough  was  pelleted  with  a  mincer 
with  a  3-mni  die.  and  dried  at  room  temperature.  The  dried  "spa- 
ghetti like"  strands  were  then  crumbled  to  about  5-mm  long  pieces 
and  kept  in  sealed  plastic  bags  at  -20°C  until  use.  Shrimp  were  fed 
at  a  daily  rate  of  5%  of  the  tank  biomass  (wet  weight),  propor- 
tionately divided  over  4  times  daily  (8:00.  1  1;00.  14:00  and  1S:00). 
Uneaten  food  was  collected  daily. 

Broodstoek  Matiiralion  and  Spawning 

After  unilateral-ablation,  females  were  visually  examined  for 
ovarian  maturation  stages  each  day  at  20:00  according  to  Wouters 
et  al.  (2001).  When  the  majority  of  the  females  showed  some 
degree  of  ovarian  maturation,  and  just  before  the  first  mature  fe- 
male with  intact  telsons  was  ready  to  spawn,  all  females  with  intact 
telsons  from  each  treatment  were  weighed  and  dissected  to  deter- 
mine the  gonadosomatic  index  (GSI  =  100  x  gonad  weighl  /  total 
body  weight)  and  hepatosomatic  index  (HSI  =  100  x  hepatopan- 
creas  weight  /  total  body  weight). 

TABLE  L 
Ingredients  and  proximate  bioclieniical  composition  of  (lie  basal  diet 


TABLE  2. 
Levels  of  a-tocopherol  acetate  supplemented  to  the  experimental  diets 


Ingredients 


Weight  (g  kg"'  diet) 


Fish  meal  (CIPSSA.  Puerto  Montt.  Peru) 

Oyster  iCiassosrrea  rivulciri\t  meal 

Bloodworm  {Glycera  chimri]  meal 

Alpha  slarch§ 

Shrimp  head  meal  (50%  CP)S 

Cod  liver  oilS 

Soybean  leeithin§ 

Ca(H,P03),  •  H,0 

Cholesterol 

Sodium  alginate 

Vitamin  C  (Stay  C-35)t 

Vitamin  mix* 

Proximate  biochemical  composition 

Moisture 

Ashf 

Crude  proteinf 

Total  lipid"! 


340 
200 
100 

206.714 
50 
40 
15 
10 
5 
20 
2.286 
10 
{%) 
6.01  ±0.18 
15.58  ±0.25 
49.66  ±  0.82 
12.14  ±0.49 


§  Alpha  starch,  shrimp  head  meal,  soybean  lecithin  and  cod  liver  oil  were 
supplied  by  Yuehai  Feed  Co  Ltd.  China. 

t  Stay  C-35  (Roche  Sunve  Vitamins  Ltd..  Shanghai),  mainly  monophos- 
phate, containing  350  mg  L-ascorbic  acid  g~'. 

*  Vitamin  composilion  (mg/IU  kg"'  diet):  vitamin  A  palmitate  100  000  IV: 
vitamin  D,  10  000  lU;  biotin  7  mg;  ascorbic  acid  800  mg;  meso-inositol 
800  mg.  nicotinic  300  mg;  Ca-pantothenale  600  mg;  pyridoxine  HCI  100 
mg;  riboflavin  120  mg;  thiamin  HCI  50  mg;  folic  acid  13  mg;  cyanoco- 
balamin  1  mg;  menadione  bisulfite  60  mg;  choline  chloride  2,000  mg. 
11  Ash,  protein  and  lipid  content  was  calculated  based  on  dry  matter. 


Diets 

Variable  Ingredients 

El 

E2 

E3 

E4 

Carboxymethylcellulo.se  (mg  kg"'  diet) 
a-tocopherol  acetate  (mg  kg"'  diet)* 
u-tocoplierol  equivalent  (mg  kg"'  diet) 

lOOO 
0 
0 

soo 

200 
100 

400 
600 
300 

0 
1000 
500 

*  ROVIMIX  E-50  (Roche  Sunve  Vitamins  Ltd.,  Shanghai),  containing  500 
mg  o-locopherol  g"'. 


During  the  postablation  period,  the  remaining  females  were 
examined  daily  and  those  with  mature  ovaries  were  transferred  to 
tanks  containing  the  corresponding  group  of  males  to  mate.  Each 
mature  female  with  an  attached  spermatophore  was  placed  into  an 
individual  1 20-L  spawning  tank.  In  the  next  morning,  spawns  were 
examined  and  shrimp  were  returned  to  their  respective  maturation 
tanks.  Fecundity  (number  of  eggs  per  spawn)  was  estimated  by 
counting  three  50-mL  samples  of  water  in  the  spawning  tank  after 
vigorous  mixing  to  ensure  a  homogenous  suspension  of  eggs.  Fer- 
tilization rate,  based  on  the  presence  of  a  double  membrane  and/or 
embryonic  development  in  eggs,  was  determined  from  examina- 
tion of  three  50-mL  samples  from  each  spawn.  A  sample  of  10,000 
eggs  from  each  spawn  was  individually  incubated  at  29"C  to  es- 
timate the  hatching  rate  ('f  nauplii/lertili/cd  eggs).  Hatching  rate 
was  calculated  by  counting  the  number  of  nauplii  per  spawn 
sample  through  collection  by  positive  phototropism.  Egg  diameter 
was  estimated  by  measuring  50  eggs  from  each  spawn  with  a  light 
microscope  and  microineter.  About  100  mg  of  eggs  were  sieved 
from  each  spawn  and  immediately  rinsed  in  freshwater  and  stored 
at  -70°C.  Egg  samples  from  the  same  group  of  females  were 
pooled  to  obtain  sufficient  tissue  for  a-tocopherol  analysis.  At  the 
end  of  the  experiment,  five  stage  II  females  from  each  group  were 
dissected.  Hepatopancreata,  ovaries  and  muscle  of  females  from 
each  dietary  treatment  were  pooled  and  stored  at  -70°C  for  latter 
a-tocopherol  analysis.  Spermatophore  quality  was  based  on  sperm 
count  and  spermatophore  weight  according  to  Alfaro  &  Lozano 
(1993).  Al  the  end  of  the  experimental  period,  five  males  with 
mature  spermatophores  from  each  treatment  group  were  selected, 
and  their  spermatophores  were  extruded  by  gently  pressing  around 
the  coxae  of  the  fifth  pair  of  pereopods.  Both  sides  of  the  com- 
pound spermatophore  were  weighed  to  the  nearest  1  mg.  The 
quantities  of  sperm  were  determined  by  homogenizing  the  com- 
pound spermatophore  in  a  calcium-free  solution  and  by  counting 
the  sperm  cells  under  light  microscopy. 

Biochemical  Analysis 

Triplicate  biochemical  analysis  of  the  basal  diet  was  conducted 
according  to  the  following  standard  procedures  (AOAC  1990). 
Moisture  was  determined  by  oven  drying  to  constant  weight  at 
I05°C.  Crude  protein  (N  x  6.25)  was  derived  from  Kjeldahl  ni- 
trogen analysis.  Ash  was  determined  as  the  residue  after  muffie 
furnace  ignition  at  550°C  for  6  h.  Total  lipid  content  was  de- 
termined after  Soxhiet  extraction  with  petroleum  ether  at  60°C 
lor  S  h. 

Tissue  a-tocophei-ol  content  was  deteiniincd  triplicatcly  with 
HPLC  (HP  1  100)  using  methods  nujdified  slightl)  from  those  of 
Alava  et  al.  (1993)  and  Huo  et  al.  (1999).  The  analytical  condition 
of  HPLC  was  as  follows:  detection  at  UV-284  nm;  cokniin  tern- 
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perature.  35"C;  eliienl,  iiiethaiml-water  (96:  4,  v7v);  flow  speed. 
1.0  niL/min.  a-tocopheiol  was  extracted  form  samples  by  the 
method  of  Huo  et  al.  ( 1996).  Alpha-tocopherol  was  extracted  from 
0.2  g  of  free/e-dried  samples  by  homogeiii/.ation  in  2  mL  of 
methanol  containing  butylhydroxytoliiene  ( 1  mg/niL).  The  homog- 
cnates  were  clarified  by  centrifugation  and  passed  through  a  0.45 
[j.m-pore-size  syringe  filter  (SIGMA).  Twenty  microliters  of  the 
filtrate  were  introduced  into  the  HPLC  injection  port.  Alpha- 
tocopherol  (95%,  SIGMA)  was  used  as  standard. 

SlatislUal  A tialysis 

An  individually  marked  female  within  the  same  treatment 
group  was  considered  to  be  an  experimental  unit  for  statistical 
analysis.  This  is  the  most  commonly  used  statistical  procedure 
applied  in  shrimp  reproduction  trials  (Wouters  et  al.  2002).  Data  of 
GSI.  HSI.  fecundity,  daily  spawns  per  female,  egg  diameter,  fer- 
tilization rate  and  hutching  rate  from  each  group  were  subjected  to 
1-way  ANOVA  and  subsequent  Duncan's  multiple-range  test  to 
determine  difference  in  means.  Prior  to  analysis.  Levene's  test  for 
homogeneity  of  variances  was  used  to  verify  the  assumptions  for 
further  analysis.  There  was  no  need  to  transform  data.  A  regression 
analysis  was  used  to  determine  if  a  relationship  existed  between 
either  fecundity,  egg  diameter,  fertilization  rate  or  hatching  rate 
and  the  spawn  order.  No  relationships  were  detected,  and  spawn 
order  was  not  considered  to  be  a  factor  to  include  in  the  evaluation. 
An  alpha  level  for  all  tests  was  set  at  0.05.  Statistical  analysis  was 
performed  using  Systat  package  (Systat  Software  Inc.  1996). 

RESULTS 

Average  initial  weight  of  female  and  male  broodstock  was  5 1 .4 
±  3.56  g  and  48.02  ±  5.39  g.  respectively.  Survival  of  male  and 
female  broodstock  within  the  different  groups  is  pre.sented  in  Table 
3.  A  slight  loss,  probably  induced  by  manipulation,  occuired  in  all 
groups  during  the  experiment;  therefore,  lumiber  of  spawns  was 
calculated  based  on  per  female  per  day. 

Alpha-tocopherol  concentrations  in  hepatopancreata,  ovaries, 
eggs  and  muscle  of  female  L.  vannamei,  as  well  as  in  the  experi- 
mental diets  are  presented  in  Table  4.  The  actual  a-tocopherol 
concentrations  in  the  experimental  diets  were  higher  than  the 
supplemented  amounts  because  the  ingredients  of  the  basal  diet 
contained  37.82  mg  kg"'  a-tocopherol.  In  the  present  study,  fe- 
male shrimp  sampled  to  determine  a-tocopherol  content  were  at 


maturation  stage  II.  w  ith  mean  GSI  values  of  1 .45  ±  0.07  for  group 
El.  1.52  ±  0.05  for  group  E2,  1.60  ±  0.04  for  group  E3  and  1.63 
±  0.07  for  group  E4,  respectively.  Results  showed  that  the  a-to- 
copherol content  of  tissue  was  significantly  affected  by  dietary 
a-tocopheiol  levels.  Concentrations  of  a-tocopherol  in  the  ovaries 
and  eggs  were  higher  than  those  in  the  hepatopancreata.  Levels  of 
a-tocopherol  in  the  ovaries  of  shrimp  in  groups  E3  and  E4  ( 186.43 
mg  kg''  and  207.37  mg  kg"' )  were  significantly  higher  than  those 
of  shrimp  in  groups  E2  (93.77  mg  kg"')  and  EI  (75.04  mg  kg"'). 
Alpha-tocopherol  concentrations  in  the  hepatopancreata  and  eggs 
increased  significantly  as  levels  of  dietary  a-tocopherol  increased, 
and  generally  values  for  each  of  the  groups  differed  significantly 
from  one  another.  Supplementation  of  a-tocopherol  acetate  also 
increased  the  a-tocopherol  content  in  muscle.  The  a-tocopherol 
concentration  in  muscle  of  shrimp  from  group  E2  (50.6  mg  kg"') 
was  significantly  higher  than  that  of  shrimp  from  group  El  (24.5 
mg  kg"' ).  but  was  significantly  lower  than  that  of  either  group  E3 
(89.3  mg  kg"')  or  group  E4  (104.6  mg  kg"'). 

Ovarian  maturation  and  reproductive  performance  of  shrimp 
representing  the  different  treatments  are  presented  in  Table  3.  For 
male  broodstock  L.  vaiiiuimci.  spermatophore  weight  and  sperm 
count  were  not  significantly  different.  As  dietary  a-tocopherol 
levels  increased,  GSI  and  HSI  values  of  female  broodstock  did  not 
differ  significantly.  Average  daily  spawns  per  female  were  signifi- 
cantly affected  by  dietary  a-tocopherol  levels.  Females  in  treat- 
ment E3  gave  the  highest  daily  spawns,  significantly  higher  than 
those  in  treatments  E2  and  El.  Daily  spawns  of  females  in  treat- 
ments E3  and  E4  were  not  significantly  different. 

Fecundity  and  egg  diameter  were  not  significantly  different 
among  the  dietary  treatments.  Supplementation  of  a-tocopherol 
acetate  to  the  basal  diet  significantly  increased  the  fertilization 
rates  for  treatments  E3  (59.6%)  and  group  E4  (61.45%)  relative  to 
treatments  E2  (51.3%)  and  El  (45.470).  The  hatching  rates  for 
treatments  EI  (31.2%)  and  E2  (34.2%)  were  significantly  lower 
than  those  for  treatments  E3  and  E4. 

DISCUSSION 

The  current  study  showed  that  a-tocopherol  content  in  the  basal 
diet  (37.82  mg  kg"')  was  sufficient  to  maintain  normal  survival, 
successive  maturation  and  spawns  of  L.  vunnamei:  however,  to 
achieve  significantly  higher  daily  spawns,  fertilization  rates  and 


TABLE  3. 

Maturation  and  reproductive  performance  of  broodstock  L.  vannamei  fed  diets  supplemented  with  different  levels  of  a-tocupherol.  Values 

are  mean  ±  S.D.  (n),  except  for  survival. 


Dietary  Treatment 


El 


E2 


E3 


E4 


Survival  (females) 

Survival  (males) 

Spermatophore  weight  (g) 

Sperm  count  (xlO") 

GSI' 

HSl- 

Daily  spawns  per  female* 

Fecundity  (xlO') 

Egg  diameter  ((j,m) 

Fertilization  rate  (%)* 

Hatching  rate  (%)* 


9()f'r 

86.7'/f 

0.066  ±0.019  (5) 

12.43  ±4.94  (5) 

2.36  ±0.81  (5) 

3.20  ±0.57  (5) 

0.030  ±0.013-' (7) 

128.84  ±20.96  (10) 

266.54  ±6.21  (50) 

45.37  ±4.17^  (10) 

31.15  ±2.76"  (10) 


H0'> 

93.3% 

0.071  ±0.020(5) 

14.16  ±5.36  (5) 

2.22  ±0.44  (5) 

3.37  ±0.45  (5) 

0.042  ±0.015"  (8) 

130.15  ±22.80  (15) 

268.31  ±5.76(50) 

5 1.26  ±5.96-' (15) 

34.22  ±6.22-' (15) 


90"* 

SO'/f 

0.075  ±0.021  (5) 

13.22  ±42.7  (5) 

2.52  ±0.48  (5) 

3.62  ±0.74  (5) 

0.074  ±  0.030^  (9) 

130.91  ±29.26(29) 

265.87  +  4.30(50) 

59.59  ±7.05*"  (29) 

55.20  ±6.25"  (29) 


90'-; 

86.7% 

0.073  ±  0.024  (5) 

14.53  ±4.1 1  (5) 

3.12  ±0.77  (5) 

3.60  ±0.50  (5) 

0.071  ±0.02r(9) 

123.25  ±31.17  (29) 

267.83  ±2.34  (50) 

61.09  ±4.25"  (29) 

53.15  ±  10.69"  (29) 


'-  Values  in  the  same  row  with  different  superscripts  are  significantly  different  {P  <  0.05) 
'  GSI.  gonadosomatic  index;  "HSI,  hepatosomatic  index. 
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TABLE  4. 

a-tocopherol  concentrations  (mg  kg"')  in  experimental  diets,  and  in  eggs,  ovaries,  hepatopancreata  and  muscle  of  female  L.  vaimamei  fed  the 

different  diets 


Dietary  Treatment 


El 


E2 


E3 


E4 


Experimental  diets 

Hepatopancreas 

Ovary 

Eg? 

Muscle 


37.82+  1.45 
10.00  ±  1.24" 
75.04  ±5.31-' 
56.60  ±  1.24-' 

24.51  ±2.9" 


1 15.64  ±3.S2 
47.90  ±  6.53" 
93.77  ±  3.69-' 

163.80  ±7.2'' 

50.58  ±  1.86'' 


349.42  ±  5.83 
112.65  ±6.56"= 

186.43  ±7.14" 
280.42  ±  7.00' 

89.27  ±  7.6'-' 


522.56+  10.41 
156.65  ±4.43'' 
207.37  ±  7.48" 
391.01  +5.34" 
104,55  ±4.6" 


a-tocopherol  concentrations  were  based  on  dry  weight.  Values  are  means  ±  SD  [n 
significantly  different  (P  <  0.05). 


3).  Within  the  same  row.  values  with  differeni  superscripts  are 


hatching  rates,  supplementation  of  a-tocopherol  to  broodstock  di- 
ets is  essential. 

The  increase  in  a-tocopherol  concentrations  in  eggs,  hepato- 
pancreata and  ovaries  of  female  L.  vaniiamei  as  dietary  a-tocoph- 
erol levels  increased  was  similar  to  the  results  obtained  by  Cahu  et 
al.  (1995).  In  their  study,  a-tocopherol  concentration  in  eggs  of 
Fen.  indicus  increased  from  177  mg  kg"'  to  587  mg  kg"'  as  dietary 
a-tocopherol  levels  increased  from  82  mg  kg"'  to  354  mg  kg"'. 
The  beneficial  action  of  a-tocopherol  is  most  probably  related  to 
its  antioxidant  properties.  The  a-tocopherol  accumulated  in  the 
egg  yolk  acts  as  a  natural  antioxidant  (Harrison  1997).  and  may  be 
especially  important  for  the  embryonic  and  larval  development. 
This  positive  effect  has  been  verified  in  the  study  of  Cahu  et  al. 
(1995).  who  showed  that  hatching  rate  of  Fen.  indicus  increased 
significantly,  from  28%  to  55%.  when  egg  a-tocopherol  concen- 
tration increased  from  177  mg  kg"'  to  587  mg  kg"'.  In  the  present 
study,  elevation  of  a-tocopherol  content  in  ovaries  and  eggs  rela- 
tive to  dietary  supplementation  inight  also  suggest  its  positive 
effect  on  ovarian  maturation  and  embryonic  development.  Wouters 
et  al.  (2001)  found  that  a-tocopherol  concentrations  in  ovaries  of 
wild  L.  vannamei  increased  as  sexual  maturation  proceeded,  and 
suggested  that  this  vitamin  has  a  critical  role  in  ad\ancing  the 
shrimp  maturation  process.  Similarly.  Cavalli  et  al.  (2001 )  detected 
a  sharp  increase  of  a-tocopherol  in  the  ovaries  of  wild  Macro- 
hrachium  vosenbergii  during  the  initial  gonadal  development  from 
stage  I  to  III.  They  also  suggested  the  dietary  importance  of  this 
vitamin  to  serve  as  a  major  antioxidant  agent  during  ovarian  matu- 
ration. For  penaeid  shrimp,  hepatopancreas  and  muscle  tissues  are 
the  main  storage  organs  for  a-tocopherol  (Cahu  et  al.  1995).  The 
lower  concentration  assayed  in  muscle  of  females  of  groups  El 
and  E2  might  indicate  that  this  vitamin  was  transported  from 
muscle  to  ovary  during  vitellogenesis.  as  was  reported  in  Fen. 
indicus  (Cahu  et  al.  1995)  and  Mar.  japonicus  (Alava  et  al.  1993). 

Little  information  on  the  effect  of  broodstock  nutrition  on  re- 
productive performance  of  male  broodstock  shrimp  is  available.  In 
the  present  study,  lack  of  a  significant  change  in  spermatophore 
weight  and  sperm  count  as  levels  of  dietary  a-tocopherol  increased 


suggests  that  further  studies  need  to  be  conducted  to  evaluate  the 
effect  of  higher  dietary  a-tocopherol  levels  on  the  sperinatophore 
qualitv  of  male  broodstock  L.  vannamei.  GSI  and  HSl  indicate  the 
accumulation  of  nutrients  in  the  ovaries  and  hepatopancreata  of 
female  L.  vannamei.  Similar  to  a  previous  study  conducted  by  Du 
et  al.  (2004b).  the  period  between  eyestalk  ablation  and  the  first 
maturation  of  females  with  intact  telsons  was  only  6  days,  and  the 
similar  values  of  GSI  and  HSl  might  be  attributed  to  the  relatively 
short  period  of  lime.  In  the  present  study,  females  fed  diets  con- 
taining 349.42  and  522.56  mg  kg"'  a-tocopherol  gave  signifi- 
cantly higher  daily  spawns,  suggesting  that  at  least  349.42  mg  kg"' 
of  a-tocopherol  in  broodstock  diet  was  needed  to  significantly 
enhance  the  ovarian  maturation  of  female  L.  vannamei.  Alava  et  al. 
(1993)  also  demonstrated  the  positive  effect  of  a-tocopherol  on 
ovarian  maturation,  and  showed  that  482  mg  kg"'  a-tocopherol  in 
the  broodstock  diet  was  necessary  to  cause  ovarian  maturatiim  of 
Mar.  japonicus. 

Alpha-tocopherol  is  also  an  important  factor  to  improve  the 
fertilization  and  hatching  performance  of  shrimp  eggs.  In  the  study 
conducted  by  Cahu  et  al.  (1995).  hatching  rate  increased  signifi- 
cantly, from  28%  to  55%,  when  dietary  a-tocopherol  levels  in- 
creased from  82  mg  kg"'  to  354  mg  kg"'.  The  positive  effect  of 
high  dietary  a-tocopherol  content  on  the  improvement  of  egg 
hatchability  was  concluded.  Similarly,  egg  hatching  rate  was  also 
positisely  correlated  with  a-tocopherol  concentration  of  eggs  in 
the  studies  conducted  by  Cahu  et  al.  (1991.  1993).  Results  of  this 
study  showed  that  diets  containing  a-tocopherol  levels  of  at  least 
349.42  mg  kg"'  and  fed  to  L.  vannamei  broodstock  could  signifi- 
cantly increase  the  fertilization  rate  and  hatching  rate  of  eggs. 
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ABSTRACT  .\n  aged-based  pcipulaticui  model  was  used  tci  sinuilale  slinnip  [Paiidulus  horculis  Kroverl  age  and  stage  structures  at 
different  groutli  rates  and  the  results  compared  with  stage  structures  of  populations  with  known  growth  rates.  Both  simulations  and 
field  data  indicate  that  different  growth  rates  result  in  characteristic  stage  structures,  which  can  be  used  to  infer  spatial  and  temporal 
differences  in  growth  rates.  It  is  concluded  that  the  mean  carapace  lengths  of  all  life  history  stages  ordered  chronologically  (stage 
structure),  contains  more  information  on  growth  characteristics  than  the  carapace  length  of  individual  stages  (e.g..  length  at  sex  change. 
L51))  alone.  In  the  absence  of  growth  information,  based  on  direct  ageing  methods,  it  is  recommended  that  the  complete  .stage  structure 
be  used  when  inferring  growth  characteristics  from  carapace  length  data.  In  addition  to  allowing  specific  spatial  and  temporal 
comparisons  of  growth  rates,  stage  structure  analysis  allowed  inference  of  the  following  growth  characteristics,  including:  growth  rates 
are  highly  site  specific  and  sensitive  to  environmental  conditions  such  as  food  availability  and  temperatures;  environmental  influences 
on  growth  rates  tend  to  affect  all  size  categories  (i.e.,  stages  and  ages)  simultaneously  and  without  tnne  lags;  the  "invariant'"  relationship 
between  L,,,  and  maximum  size  (L„,,J  is  not  unique  to  these  stages  and  simply  a  consequence  of  environmental  intluences  on  the 
growth  rate  of  all  stages  simultaneously;  length  at  sex  change  is  directly  related  to  growth/metabolic  rates;  length  and  age  at  sex  change 
are  highly  flexible,  occurring  at  the  age  and  size  a  shrimp  happens  to  be  when  growth/metabolic  rates  determine  sex  change.  The 
usefulness  of  stage  structure  analysis  as  an  indicator  of  ecosystem  change  is  discussed  in  light  of  the  results. 

KEY  WORDS:     northern  shrimp.  Painlultis  horealis,  growth,  sex  change,  life  history  stage,  ecosystem  indicators 


IMRODLCTION 

Measuring  the  growth  of  crustaceans  is  limited  by  their  lack  of 
hard  parts  that  could  be  used  to  directly  determine  age  with  con- 
fidence. Length-based  methods,  such  as  modal  analysis  (e.g..  Mac- 
Donald  cS;  Pitcher  1979).  can  be  used  to  deterniiiie  length-at-age  of 
crustaceans  in  lien  of  more  direct  determinations.  However,  these 
methods  are  fraught  with  inaccuracies,  primarily  because  modes 
become  more  difficult  to  distinguish  and  associate  with  a  particular 
age  or  year  class  as  age  and  length  inci'ease.  In  northern  shrimp 
Pandalit.s  horeaUs  (hereafter  also  called  shrimp),  longevity  can 
vary  from  4-8  y  or  more  depending  on  locality  and  time  (Shumway 
et  al.  1985,  Bergstrom  2000),  yet  for  many  stocks  only  ages  2  and 
3  are  most  consistently  identifiable  as  distinct  modes  in  length 
frec|uencies.  This  has  seriously  limited  the  de\elopment  of  quan- 
titative, age-based  assessment  methods  and  research  on  spatial  or 
temporal  variations  in  growth  rates  (Frechette  &  Parsons  1982). 

Carapace  lengths  at  se.x  transition,  and  other  life  history  stages, 
have  been  used  to  infer  growth  characteristics  for  P.  borealis.  For 
example,  Koeller  et  al.  (200.^)  concluded  that  on  the  Scotian  Shelf 
the  size  at  which  these  protandric  hermaphrodites  change  sex  from 
male  to  female  (L,,,),  and  their  maximum  size  (L,„,,^l,  are  largely 
determined  by  growth  rate.  Wieland  (2004)  and  Koeller  et  al. 
(2006)  used  size  at  sex  transition  and  of  other  stages  to  infer 
temporal  changes  in  growth  rate  off  West  Greenland  and  on  the 
Newfoundland-Labrador  Shelf  Older  age  classes  are  seldom  iden- 
tifiable by  distinct  modes,  but  they  can  often  be  differentiated  in 
length-frequency  analyses  by  separating  female  life  history  stages. 
Thus,  distinguishing  between  primiparous  females  (about  to  spawn 
for  the  first  time)  and  multiparous  feinales  (spawned  before)  using 
the  presence  or  absence  of  sternal  spines  often  allows  identifica- 
tion of  two  female  age  classes  (Frechette  &  Parsons  1982).  Al- 
though the  youngest  age  classes  may  he  distinguishable  by  the 
presence  of  distinct  modes,  and  the  oldest  by  sternal  spines,  inter- 
mediate male  year  classes  immediately  before  sex  change  are  often 
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indistinguishable  such  that  it  is  difficult  to  relate  size  at  sex  change 
to  growth  rate.  Consequently,  an  increase  in  the  length  at  sex 
change  could  be  because  of  an  increase  or  a  decrease  in  growth 
rate,  depending  on  whether  longevity,  specifically  the  number  of 
male  age  classes  has,  respectively,  rciiiained  the  same  or  has  in- 
creased. 

.'Another  problem  with  relating  L,,,  to  growth  is  the  possibilit) 
that  L„|  is  determined  by  factors  other  than  growth,  such  as  sex 
ratio  and  social  interactions,  associated  with  the  "sex  allocation 
theory"  of  Charnov  (1982).  Another  theory  by  the  same  author 
advocates  that  the  ratio  of  Ljr/L,.,,.,^  in  P.  Iwrealis  is  a  biological 
invariant  (Charnov  1993,  Charnov  &  Skuladottir  2000)  that  pro- 
vides insight  into  the  evolutionary  mechanisms  behind  sex  change 
in  a  wide  variety  of  species.  In  addition  to  being  somewhat  con- 
tradictory with  the  former  (Koeller  et  al.  2003),  the  latter  theory 
has  recently  come  under  attack  for  fundamental  analytical  reasons 
(Cipriani  &  Collin  2005,  Nee  at  al.  2005,  de  Jong  2005). 

This  paper  takes  a  more  comprehensive  look  at  the  use  of 
shrimp  life-history  stage  length  statistics  in  the  inference  of  growth 
characteristics  and  discusses  the  results  in  relation  to  current  theo- 
ries on  the  factors  controlling  sex  change.  The  approach  taken  is  to 
compare  different  growth  rates  and  the  "stage  structures"  they 
generate  using  an  age-based  population  model,  and  to  compare  the 
simulated  stage  .structures  with  those  from  populations  haxing 
known  growth  characteristics.  The  main  hypothesis  is  that  the 
shape  of  the  curve  created  by  joining  the  means  of  life-history 
stage  carapace  lengths  ordered  chronologically  (i.e.,  the  stage 
structure  as  opposed  to  the  age  structure  of  the  population)  can 
provide  more  information  on  growth  characteristics  and  other  as- 
pects of  shrimp  biology  than  that  produced  when  stages  are  con- 
sidered in  isolation,  or  in  combination  w  ith  only  one  other  stage, 
such  as  the  ratio  of  Lj^/L^,,,^. 

METHODS 

Calculation  of  Stage  Statistics 

Note  that  the  term  "stage  length"  used  throughout  refers  to  the 
mean  carapace  length  of  that  stage  and  not  the  stage  duration.  The 
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mean  lengths  of  six  life  history  stages  were  included  in  the  analy- 
sis: 

L„„„ — the  carapace  length  of  the  smallest  shrimp  in  a  sample, 
averaged  over  a  number  of  samples.  This  is  the  size  at  which 
shrimp  first  assume  a  more  benthic  life  style  and  begin  to  be 
retained  by  bottom  trawls.  This  metric  must  be  strongly  influenced 
by  mesh  size  and  other  gear  selectivity  factors.  However,  under 
certain  conditions  L„„„  may  also  be  indicative  of  growth  between 
hatching  and  the  lime  of  capture.  An  important  condition  is  that  the 
gear  captures  some  of  the  smallest  (i.e..  in  the  youngest  year  class) 
individuals  in  the  population  and  that  the  subsample  (of  the  total 
catch)  size  is  large  enough  to  measure  at  least  one  of  these.  Shrimp 
trawls  usually  do  capture  (and  samples  show  the  presence  of  some, 
although  not  many)  very  small  individuals  (<1()  mm).  On  the 
Scotian  Shelf,  shrimp  caught  with  special  juvenile  sampling  gear 
in  the  June  survey  are  -1.25  y  old  (~8  mm  average  carapace 
length)  and  have  been  on  the  bottom  for  at  least  8  mo  (Koelier  et 
al.  2005).  The  length  distribution  is  normal  with  a  standard  devia- 
tion of  -1.5,  consequently  the  largest  members  of  the  first  year 
class  will  be  several  millimeters  longer  than  their  mean  size,  and 
should  be  present  in  many  trawl  samples.  There  is  usually  little  or 
no  overlap  between  the  lengths  of  ages  1  and  2  (mean  size 
~14mm),  so  it  is  likely  that  shrimp  <10  mm  are  from  the  first  year 
class,  at  least  on  the  Scotian  Shelf.  Two  other  conditions  that  are 
necessary  to  relate  L„„„  to  growth  for  comparison  between  areas 
and  times  is  that  selectivity  should  not  change,  and  that  samples 
should  be  collected  at  the  same  time  of  year.  These  conditions  are 
usually  met  within  a  survey  series,  but  not  between  series  using 
different  gear  types,  cod-end  mesh  sizes  or  survey  times,  or  for 
samples  collected  from  commercial  fishery  catches,  which  are  ob- 
tained from  different  vessel  and  trawl  gear  types. 

L,„ — the  average  size  of  males  in  a  sample,  averaged  over  a 
number  of  samples.  In  addition  to  growth,  this  statistic  will  be 
influenced  by  other  population  dynamics  including  recruitment 
and  mortality.  For  example,  in  a  population  of  four  male  age 
classes  where  the  three  youngest  had  average  recruitment  and  the 
oldest  strong  recruitment.  L„,  will  be  larger  than  if  recruitment  had 
been  the  same  for  all  year  classes.  Note  that  shrimp  generally 
mature  as  males  when  quite  small — usually  (and  in  this  paper)  no 
distinction  is  made  between  mature  and  immature  males. 

L.^11 — the  length  at  which  half  of  the  shrimp  in  a  sample  are 
female,  averaged  over  a  number  of  samples.  This  statistic  was 
estimated  by  fitting  a  logistic  model  to  cumulative  percent  (fe- 
male) length-frequencies  of  individual  samples  and  estimating  the 
length  at  which  50%  of  the  shrimp  were  female  as  described  in 
Skiiladottir  ( 1998).  All  model  fitting  was  carried  out  using  the  ,t;//« 
function  in  S-PLUS  Version  6.2  (Insightful  Corp.)  with  the  logit 
function  link  to  the  equation: 


V  =  1/(1  +e- 


') 


where  y  is  the  estimated  proportion  of  females,  v  is  the  carapace 
length,  a  is  the  regression  coefficient  and  b  is  the  steepness  coef- 
ficient of  the  logistic  curve.  This  statistic  can  also  be  influenced  by 
changes  in  population  dynamics.  All  other  factors  like  growth  rate 
being  equal,  L,,,  will  be  larger  if  the  last  male  year  class  is  more 
abundant  than  the  others.  It  will  decrease  if  the  population  of  first 
year  (primiparous)  females  is  larger,  or  their  mortality  is  less  than 
average.  Sampling  time,  or  annual  variability  in  the  time  and  speed 
at  which  sex  change  in  the  population  occurs  may  also  affect  this 
statistic,  for  example,  if  a  larger  percentage  of  males  than  usual 
have  changed  sex  before  the  survey  period  then  the  average  size  at 


sex  change  will  be  lower,  and  vice-versa.  The  methods  of  calcu- 
lation used  by  different  workers  may  lead  to  different  results  de- 
pending on  which  component  of  the  female  population  is  used  to 
calculate  the  percentage  of  females.  In  this  paper  it  is  calculated 
using  primiparous  females  wherever  possible,  because  it  is  these 
females  that  are  changing  sex  during  the  sampling  year.  However, 
ill  Newfoundland  the  survey  is  conducted  in  November-December 
at  a  time  v.  hen  only  a  small  number  of.  or  no.  primiparous  females, 
which  have  not  become  ovigerous  are  present.  In  this  area  L^,,  was 
calculated  from  the  percentage  of  total  females.  In  addition  to  the 
above  factors.  L^,,  may  also  be  inlluenced  by  seasonal  sampling 
times.  However,  variation  because  of  this  factor  are  minimized  by 
identifying  transitional  (undergoing  sex  change)  individuals  and 
including  them  in  the  female  category  when  sampling  occurs  dur- 
ing the  relatively  short  (several  months)  period  when  shrimp  are 
actively  changing  sex. 

L,| — the  average  size  of  primiparous  females  in  a  sample,  av- 
eraged over  a  number  of  samples.  Primiparous  females  are  iden- 
tified as  females  with  sternal  spines  (McCrary  1971).  These  spines 
are  located  in  the  abdominal  area  where  eggs  are  brooded  and  tend 
to  be  lost  when  the  female  first  extrudes  eggs.  A  female  with 
sternal  spines  has  therefore  not  spawned  before  and  probably  be- 
longs to  the  youngest  female  age  class.  In  this  paper  L, ,  includes 
shrimp  that  have  been  identified  as  "transitional"  (i.e..  in  the  pro- 
cess of  changing  sex)  because  this  stage  is  relatively  short  and  all 
shrimp  in  this  category  will  join  the  primiparous  population  that 
year. 

L|2 — the  average  size  of  multiparous  females  in  the  sample, 
averaged  over  a  number  of  samples.  Multiparous  females  are  iden- 
tified as  females  without  sternal  spines,  and  so  have  spawned 
before.  Because  natural  mortality  is  high  after  two  years  as  fe- 
males, most  females  in  this  category  will  usually  be  second  year 
females.  However,  a  certain  number  of  older  females  are  likely 
present,  especially  if  the  length-frequency  distribution  of  this  stage 
is  skewed  to  the  right.  Note  that  the  time  of  sampling  within  the 
annual  spawning  cycle  determines  if  Lf,  and  Lf2  can  be  distin- 
guished from  each  other.  Because  most  Lf,  females  will  have 
spawned  by  fall,  a  survey  at  this  time  will  usually  not  be  able  to 
distinguish  these  stages  (e.g..  the  Newfoundland  survey  series). 
Moreover,  commercial  samples  in  this  study  do  not  distinguish 
between  the  two  stages  of  females  even  if  both  are  present.  In  these 
cases  mean  female  size  is  calculated  from  all  females  combined 
and  is  designated  as  L,. 

L,n.,x — Ihe  largest  shrimp  in  a  sample,  averaged  over  a  number 
of  samples.  This  can  be  taken  as  a  proxy  for  L,  in  the  Von 
Bertalanfy  growth  equation.  Unlike  L„,|„.  selectivity  should  have 
little  effect  on  this  parameter,  because  most  shrimp  in  this  size 
range  are  likely  to  be  retained  by  the  fishing  gear.  However,  as 
with  Lrn,„,  sample  size  (number  of  shrimp  per  sample)  may  be  a 
factor.  For  example,  a  heavily-fished  population  will  have  fewer  of 
the  largest  shrimp.  Although  some  will  still  be  present  in  the 
population,  a  larger  sample  size  may  be  required  to  ensure  they  are 
also  present  in  the  sample.  The  largest  shrimp  are  likely  older  than 
the  second  female  year  class,  particularly  if  the  female  length 
frequency  is  right-skewed. 

Simulations 

A  simple  age-based  model  was  used  to  simulate  shrimp  growth 
and  the  population  length,  age  and  stage  structure  for  the  areas 
under  consideration,  using  a  range  of  growth  rates  and  longevities 
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encompassing  those  reported  in  the  hteratiire  lor  the  areas  under 
consideration  (Table  I).  The  number  of  male  age  classes  was 
varied  between  2  and  5.  which  encompasses  the  number  of  male 
age  classes  in  the  Gulf  of  Maine  (2-3).  the  Scotian  Shelf  (3^)  and 
the  southern  Newfoundland  Shelf  (4-5).  It  was  assumed  that  all 
populations  had  only  two  female  age  classes  corresponding  to  the 
common  primiparous  and  multiparons  designations  (L,,  and  L,t 
above).  Although  there  may  be  more  than  two  female  age  clas.ses 
present  in  the  population,  in  general  mortality  is  considered  to  be 
high  after  the  second  year  as  females  and  relatively  few  survive  a 
third  year.  The  length  structure  for  each  age  class  was  generated 
with  a  normal  distribution  function  using  parametric  standard  de- 
viations (sigmas)  similar  to  those  seen  in  shrimp  modal  analyses 
with  the  MIX  computer  program  (Macdonald  &  Pitcher  1979). 
Sigmas  ranged  between  I  and  1 .6  and  were  increased  by  incre- 
ments of  0.1  units/year  with  increasing  age.  held  constant  for  all 
simulations.  Modal  lengths  of  age  classes  (i.e..  growth)  were  de- 
termined by  a  von  Bertalanfy  growth  function  using  parameters 
determined  from  available  length  at  age  data  for  specific  stocks. 
Generally.  lengths  at  age  and  growth  for  P.  horecdis  stocks  are 
determined  with  modal  analysis.  This  is  best  done  by  an  experi- 
enced analyst  having  local  knowledge  of  the  stock.  Lengths-at-age 
information  for  the  three  stocks  (Table  1 )  examined  here  were 
therefore  obtained  from  stock  assessment  documents  or  other 
sources  as  follows:  Gulf  of  Maine.  Anon.  (2004);  Scotian  Shelf. 
Koeller  et  al.  (2005);  Newfoundland  Labrador  Shelf.  Orr  et  al. 
(2003);  Parsons  et  al.  (1986,  1989).  Year-class  strengths  were  held 
constant  and  equal  for  all  age  classes  unless  the  sensitivity  to 
changes  in  year-class  strength  was  being  tested.  Selectivities  were 
determined  by  a  logistic  curve  using  the  same  equation  described 
under  L^,,  above,  but  where  y  is  the  selectivity  factor,  a  =  0.5  and 
/;  =  15.  This  provided  a  typical  sigmoid  cumulative  selectivity 
curve  resulting  in  a  50'7r  retention  length  of  15  mm  with  a  length 
range  of  4.4—30  mm.  Because  it  was  assumed  that  all  ages  and 
stages  were  represented  in  the  population  (sample),  variations  of 
the  selectivity  function,  while  changing  the  relative  abundance  of 
ages  and  stages  considerably,  had  little  affect  on  average  age  and 
stage  lengths.  Consequently  selectivity  was  held  constant  for  all 
simulations.  The  total  mortality  factor  (constant  for  all  simula- 
tions) was  set  at  a  survival  rate  of  0.5  (Z  =  0.70)  (i.e..  half  of  the 
population  died  each  year  until  the  second  year  as  females)  when 
mortality  was  total.  This  is  considered  a  rea.sonable  rate  of  natural 
mortality  (M)  for  this  species  in  stock  assessments  and  was  used  as 

TABLE  1. 

Lengths  (mm)  at  age  (in  years)  and  parameters  from  von  Bertalanfy 
growth  curves  fitted  to  them.  Length  and  age  data  sources:  Anon 
20114.  Koeller  et  al.  2005.  Orr  et  al.  200.V  Parsons  et  al.  1986.  1989. 


Age 
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total  mortality,  because  fishing  mortality  or  other  impacts  other 
than  selectivity  were  not  simulated.  The  above-mentioned  combi- 
nation of  selectivity  and  mortality  resulted  in  a  typical  survey 
length  frequency  distribution.  Sex  change  was  assumed  to  occur 
within  one  year  with  all  males  from  the  last  male  year  class  chang- 
ing to  primiparous  females.  Stage  statistics  (mean  lengths  for  L,„,„. 
L,„.  L^o-  L,|,  L,.2  and  L^,,^)  were  then  calculated  as  population 
parameters  (i.e.,  sampling  was  not  simulated). 

Suney  Data 

Length  statistics  were  examined  hiim  three  stratified  random 
shrimp  survey  .series  used  in  the  stock  assessments  of  three  distinct 
stocks,  including  the  Gulf  of  Maine  (Anon  2004),  the  eastern 
Scotian  Shelf  (Koeller  at  al.  2005)  and  the  Newfoundland  Shelf 
(Orr  et  al.  2003).  Survey  methods,  which  are  provided  in  the 
publications  above,  differ  somewhat  between  these  regions,  but 
within  each  series  all  use  standardized  survey  tow  lengths  and 
shrimp  trawls.  Within  each  series,  surveys  are  conducted  at  the 
same  time  of  year.  All  surveys  use  the  same  carapace  length  mea- 
surement technique  (oblique  length  from  the  posterior  edge  of  the 
eye  socket  to  the  posterior  middorsal  edge  of  the  carapace)  and 
criteria  for  distinguishing  life  hi.story  stages  (i.e.,  between  males 
and  females.  Allen  1959)  and  between  primiparous  and  multipa- 
rous  females  (McCrary  1971).  An  important  difference  between 
methodologies  is  survey  time — the  Gulf  of  Maine  and  the  Scotian 
Shelf  surveys  are  conducted  during  spring  or  early  summer  (May 
to  June),  whereas  Newfoundland  surveys  are  conducted  during  fall 
winter  (November-January).  Because  the  population's  stage  struc- 
ture changes  seasonally,  this  must  be  taken  into  consideration 
when  comparing  stage  structures  between  areas,  for  example  the 
lack  of  primiparous  females  in  the  Newfoundland  series  described 
earlier.  Because  some  survey  catches  can  be  small  and  sample 
carapace  lengths  inaccurate  only  samples  with  at  least  200  shrimp, 
including  both  males  and  females,  were  included  in  the  analysis. 
.'M'ter  filtering  the  data  according  to  this  criterion  a  total  of  about 
5,500  survey  samples  from  the  three  survey  series  remained  avail- 
able for  analysis  (Table  2).  The  locations  of  the  primary  areas 
considered  in  this  paper  are  shown  in  Figure  I . 

Commercial  Fisheries  Data 

In  addition  to  survey  samples,  a  large  number  O20.000)  of 
commercial  samples  were  collected  between  1 990  and  2002  from 
47°N  (off  Newfoundland)  to  67°N  (Davis  Strait).  These  were  col- 
lected by  trained  observers,  with  onboard  analyses  similar  to  sur- 
vey samples,  including  carapace  length  measurements  to  the  near- 
est 1/10  mm.  and  determination  of  life  history  stage,  although  the 
latter  was  limited  to  identification  of  males  and  females  only  (i.e.. 
transitionals,  primiparous  and  multiparous  females  were  not  dis- 
tinguished). The  large  number  of  samples  allowed  more  detailed 
analyses  of  stage-length  statistics,  particularly  the  relationship  be- 
tween stages,  and  between  stage  size  and  environmental  param- 
eters. The  total  number  of  samples  that  were  available  for  analysis 
by  area,  year  and  data  source  is  given  in  Table  2. 

RESULTS 

Growth  Simulations 

In  the  first  set  of  simulations  (Fig.  2A),  growth  rates  were  held 
constant,  but  longevities  varied  from  4-7  y  (2-5  male  age  classes, 
2  female  aae  classes).  The  most  notable  result  is  that  the  shape  of 
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TABLE  2. 

The  total  immber  of  samples  which  were  available  for  analysis  by 

area,  )ear  and  data  source.  Gulf  of  Maine,  Scotian  Shelf  and 

Newfoundland-Labrador  surveys  were  conducted  in  May,  June  and 

October  to  January,  respectively.  Commercial  samples  were 

collected  throughout  the  year. 
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49 

— 

— 

953 
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37 

— 

— 
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48 

48 

171 

1351 

1 996 

40 

57 
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1383 

1997 

48 

55 

468 

1667 

1998 

44 

59 

514 

1476 

1999 

50 

57 

525 

1 556 

2000 

46 

58 

363 

1972 

2001 

44 

65 

430 

1632 

2002 

50 

57 

185 

1753 

200.3 

43 

64 

453 

— 

2004 

— 

52 

256 

— 

Total 

915 

732 

3789 

20591 

the  stage  structure  ch;iiiged  significantly  with  the  nnniber  of  male 
age  classes.  The  shortest  longevity  (lowest  number  of  male  age 
classes)  had  the  straightest  stage  stmcture.  whereas  the  longest  had 
the  greatest  curvature  characterized  by  a  rapid  increase  in  length  to 
a  peak  at  L,,,,  a  decrease  at  the  first  female  stage,  followed  by  an 
increase  to  L^^^.  Intermediate  longevities  had  intennediate  de- 
grees of  curvature  to  their  stage  structures.  With  growth  rates  held 
constant,  longer  longevities  and  greater  curvatures  also  have  cor- 
respondingly larger  stage  lengths  for  all  stages  except  L„„„.  Note 
that  this  simulation  is  intended  to  be  illustrative  rather  than  real- 
istic, because  one  would  expect  increased  longevities  to  be  asso- 
ciated with  decreased  growth  rates. 

In  the  second  simulation  (Fig.  2B)  longevities  were  held  con- 
stant at  the  6  age  classes  typical  for  many  shrimp  stocks  (4  male. 
2  female)  but  growth  rates  varied.  In  these  simulations  stage  struc- 
ture (curve  shape)  changed  little.  All  exhibited  the  rapid  increase 
in  length  to  L^(,,  decreased  rate  of  increase  to  the  female  stages  and 
more  rapid  increase  to  L,„,^  noted  in  the  previous  simulation.  All 
stage  lengths,  including  L„,|„,  increased  with  growth  rate. 

A  third  set  of  simulations  (Fig.  2C)  used  typical  growth  rates 
and  longevities  reported  for  the  three  study  regions  (Table  I ).  The 
fastest  reported  growth  rate  and  shortest  longevity  (only  2  male 
age  classes)  is  from  the  Gulf  of  Maine.  The  Scotian  Shelf  simu- 
lation used  4  and  the  Newfoundland-Labrador  Shelf  4  and  5  male 
age  classes.  Longevities  reported  for  the  Newfoundland-Labrador 
Shelf  vary  considerably  from  4-6  male  age  classes,  with  4  and  5 
being  the  most  common  (Parsons  et  al.  1986,  1989).  Growth  rates 
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Newfoundland  north 


Newfoundland  south 
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Figure  \.  Map  showing  the  .3  main  study  areas  (Gulf  of  Maine,  Scotian 
.Shelf  and  the  Newfoundland-Labrador  Shelf).  The  latter  is  divided 
into  northern  and  southern  parts. 


reported  for  the  Scotian  Shelf  are  somewhat  faster  than  those  for 
the  New  foundland  Shelf.  As  would  be  expected  from  Figure  2A, 
the  simulation  using  the  short  longevities  reported  from  the  Gulf  of 
Maine  showed  the  straightest  stage  structure.  Stage  lengths  are 
about  the  same  as  for  other  areas,  not  smaller  as  would  be  expected 
if  growth  rates  were  the  same.  Apparently  the  much  higher  growth 
rate  in  the  Gulf  of  Maine  compensated  for  the  shorter  longevity. 
particularly  in  the  three  oldest  stages,  which  were  considerably 
larger  than  those  in  the  other  areas.  Because  of  its  slower  growth 
rate,  the  Newfoundland-Labrador  curve  with  only  four  male  age 
classes  fell  well  below  that  oi  the  Scotian  Shelf  When  fi\e  male 
year  classes  are  used  for  the  Newfoundland-Labrador  Shelf  the 
curves  for  these  two  areas  are  indistinguishable  despite  their  being 
based  on  different  longevities.  The  increase  in  stage  lengths  ex- 
pected with  increased  longevity  alone,  as  in  Figure  2A.  compen- 
sated for  the  decrease  in  stage  length  expected  from  lower  growth 
rate  alone,  as  in  Figure  2B. 

A  final  set  of  simulations  (Fig.  2D)  explored  the  effects  of  a 
large  recruitment  event  in  which  a  strong  year  class  { 100  x  average 
recruitment)  moves  through  the  population.  Longevities  and 
grow  th  rates  were  held  constant,  using  values  characteristic  for  the 
Gulf  of  Maine,  whose  shrimp  population  size  and  fishery  are 
highly  dependent  on  such  events.  The  effects  of  the  strong  year 
class  changed  stage  structure  considerably  in  the  younger  stages, 
including  L.;,,.  On  the  other  hand,  L,„„,,  which  in  this  case  was 
determined  by  selectivity  alone,  was  not  changed.  The  appearance 
of  a  large  number  of  young  males  decreased  L^  in  Year  I.  In  Year 
2  the  larce  number  of  males  about  to  chance  sex  increased  the 
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Figure  2.  Simulation  results  includlni^  lAl  constant  growth  rates  but  longevities  varying  from  2-5  male  year  classes:  (Bl  constant  longevities  (4 
male  and  2  female  age  classes!  but  varying  growth  rates;  (Cl  observed  growth  rates  and  longevities  for  the  (iulf  of  .Maine.  Scotian  Shelf  and 
southern  Newfoundland  Shelf.  The  latter  includes  curves  for  4  and  5  male  age  classes.  (D)  simulated  annual  stage  lengths  where  a  strong  year 
class  1100  X  average  recruitment!  appears  at  Year  1  and  moves  through  the  population  over  the  next  2  y.  The  population  has  two  male  and  two 
female  age  classes  as  in  the  Gulf  of  Maine. 


estimate  of  Lj,,  because  more  females  are  needed  to  reach  the  50% 
point,  which  are  found  farther  along  the  ascending  limb  (at  longer 
carapace  lengths)  of  the  female  frequency  distribution.  In  Year  3 
the  strong  year  class  was  in  its  first  year  as  females,  and  L^q  had 
decreased  almost  back  to  its  pre-event  (Year  0)  value.  Stage  sizes 
after  Lj,,  were  unchanged  during  all  years. 

Survey  Data 

The  age  and  stage  structures  for  two  survey  years  ( 1 993  and 
2000)  where  both  are  available  in  all  three  areas  are  shown  in 
Figure  3.  Both  years  show  the  exceptional  growth  rate  and  shorter 


longevity  usually  exhibited  by  Gulf  of  Maine  shrimp.  Despite  the 
large  difference  in  growth  rates,  shrimp  on  the  Scotian  Shelf  and 
the  Gulf  of  Maine  change  sex  at  about  the  same  length  (-22-23 
mm)  and  achieve  similar  maximum  lengths  of  29-30  mm  (Fig.  3 
C.  D!.  However.  Gulf  of  Maine  shrimp  change  sex  after  only  2  y 
as  males,  whereas  on  the  eastern  Scotian  Shelf  there  are  usually 
four  male  year  classes.  Growth  rates  on  the  southern  Newfound- 
land Shelf  are  somewhat  slower  than  on  the  Scotian  Shelf,  al- 
though longevities  appear  to  be  similar.  Sizes  at  sex  change  (-21- 
22  mm)  and  maximum  size  (25  mm)  are  considerably  less  on  the 
Newfoundland  Shelf  compared  with  those  on  the  Scotian  Shelf. 
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Figure  3.  Carapace  lengths  at  age  for  the  Gulf  of  Maine,  Scotian  Shelf  and  southern  Newfoundland-Labrador  Shelf  survey  data  for  1995  (A) 
and  2000  (B)  illustrating  the  main  differences  in  growth  characteristics  between  these  areas.  The  sizes  and  ages  at  sex  change  are  indicated  by 
diagonal  lines.  The  corresponding  stage  structures  are  shown  in  C  and  I). 


Growth  rates  are  lower  (Fig.  3 A.  B)  and  stage  lengths  are 
shorter  (Fig.  3C.  D)  on  the  Newfoundland-Labrador  Shelf  eom- 
pared  with  those  for  Scotian  Shelf  shrimp  during  both  years.  This 
suggests  that  longevities  for  these  two  areas  are  the  same  (i.e..  4 
male  age  classes)  because  simulations  indicate  that  a  longevity  of 
five  male  year  classes  on  the  Newfoundland-Labrador  Shelf  versus 
four  on  the  Scotian  Shelf  should  have  resulted  in  similar  stage 
sizes  (Fig.  2  C).  The  large  difference  in  growth  rates  between  the 
Gulf  of  Maine  and  the  other  areas  is  not  reflected  in  the  younger 
(than  L||)  stage  lengths,  which  are  similar  to  those  on  the  Scotian 


Shelf.  This  is  as  expected  from  the  simulation  (Fig.  2C)  (i.e..  the 
longer  longevity  on  the  Scotian  Shelf  compensated  for  the  slower 
growth  rate)  resulting  in  similar  stage  sizes.  However,  the  older 
stages  in  the  Gulf  of  Maine  surveys  are  also  about  the  same  size  as 
on  the  Scotian  Shelf,  but  these  were  considerably  larger  in  the 
siinulation.  Differences  in  the  shape  of  the  curves  defined  by  sur- 
vey mean  stage  sizes  in  the  three  areas  are  consistent  with  simu- 
lations. The  Gulf  of  Maine  curves  are  relatively  straight  compared 
with  those  for  the  other  areas  in  both  years.  The  consistency  of  the 
differences  in  curve  shapes  and  stage  lengths  between  areas  is  .seen 
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in  Figure  4  where  the  averages  of  the  annual  stage  mean  lengths 
are  plotted  for  all  survey  years  since  \995.  along  with  standard 
deviations. 

Figure  5  shows  annual  differences  in  stage  structures  for  each 
of  the  three  areas.  The  Gulf  of  Maine  (Fig.  5A)  has  the  longest 
time  series  of  targeted  shrimp  surveys  in  the  north  Atlantic,  and 
exhibited  a  wide  range  of  stage  lengths,  4-6  mm  for  all  stages 
except  L„|,^,  which  had  a  narrower  range  (2  mm).  The  shape  of  the 
annual  stage  structures  varied  widely  in  this  area.  Many  of  the 
plots  lor  the  first  10  years  of  the  series  exhibit  a  greater  curvature 
and  longer  stage  lengths,  but  some  years  during  this  period  also 
have  straighter  curves  and  shorter  stage  lengths  than  the  others 
(e.g.,  1983,  1992).  Similarly,  many  of  the  annual  plots  during  the 
last  II  y  of  the  series  appear  to  be  straighter  than  during  the 
previous  period,  however  there  is  also  considerable  variability.  On 
the  Scotian  Shelf  (Fig.  5B)  the  earlier  years  clearly  exhibit  a 
greater  curvature  and  longer  stage  lengths  than  the  later  years, 
which  is  opposite  to  the  case  for  the  Gulf  of  Maine.  The  Scotian 
Shelf  stage  structures  more  clearly  separate  into  tw  o  time  periods 
(i.e.,  I982-19S8)  and  1995-2004. 

The  Newfoundland-Labrador  Shelf  survey  series  is  the  shortest 
and  has  the  least  consistent  spatial  coverage  of  all  the  three  main 
areas.  The  time  period  shown  (1996-99,  Fig.  5C)  includes  years 
when  survey  data  are  available  in  both  the  northern  and  southern 
areas  of  the  shelf  and  significant  decreases  in  shrimp  lengths  were 
observed  (Orr  et  al.  200.^.  Koeller  et  al.  2006).  In  the  two  early 
years  the  curves  in  the  northern  area  are  straighter  and  all  stages, 
especially  L„„„  and  L„,,  much  longer  than  those  in  the  south.  The 
greater  curvature  during  the  last  two  years  in  the  north  is  associ- 
ated with  shorter  stage  lengths  of  all  stages,  but  especially  of  the 
largest,  oldest  stages.  These  decreased  greatly  to  carapace  lengths 
comparable  to  (1999),  or  smaller  than  (1998)  in  the  south. 

Figure  5D  shows  4  y  extracted  from  Figure  5A  during  which 


29 


-.  24 

E 
E. 

£ 

O) 

c 
o 


o 
u 
n 

a. 

2 
n 
O 


19 


14 


Gulf  of  Maine 
Scotian  Shelf 
Newfoundland  south 


Lmin 


Male 


F2 


Lmax 


L50  F1 

Stage 

Figure  4.  Average  stage  structures  in  the  Gulf  of  Maine,  Scotian  Shelf 
and  Newfdundland-I.abrador  Shelf  surveys  for  years  ( I995-2()().1) 
when  survey  information  was  available  for  all  three  areas.  Krror  bars 
represent  ±1  standard  deviation. 


the  large  1982  y  class  moved  (hrough  the  Gulf  of  Maine  popula- 
tion. The  actual  stage  structure  is  sinnlar  to  those  for  the  simulated 
recruitment  event  shown  in  Figure  2D.  including  the  similar  L^,„^ 
(except  for  1983),  progressively  older  stage  lengths  becoming 
larger  in  sequence,  and  convergence  of  the  largest  stage  sizes. 
However,  this  convergence  occurred  at  L,^  in  the  surveys  versus 
L|,  in  the  simulations. 

Commercial  Fishery  Versus  Survey  Data 

L,,,  carapace  lengths  are  plotted  against  all  other  identified 
stage  lengths  for  all  available  commercial  (20,596)  and  survey 
samples  (2,158  samples  with  >200  shrimp/sample)  in  Figure  6. 
The  slopes  of  the  regressions  between  L^,,  (dependant)  and  other 
stages  are  all  positive  and  significantly  different  from  0.  The  stage 
structures  around  the  median  and  the  1st  and  3rd  quartile  hinges  of 
L„,  within  each  data  set  are  shown  in  Figure  7.  Commercial  stage 
structures  are  noticeably  straighter  than  those  obtained  from  sur- 
vey samples.  All  commercial  stages  are  significantly  larger  than 
survey  stages,  although  the  difference  is  considerably  less  for  L50S. 

In  simple  paired  conelations  the  lengths  of  all  stages  were 
usually  significantly  correlated  with  all  environmental  (density, 
depth),  spatial  (shrimp  fishing  areas)  and  temporal  (year  and 
month)  factors  available  for  analysis  in  both  data  sets  i.e.,  42  out 
of  50  (5  factor  x5  stages  x2  data  sets)  correlations  significant  at 
P  <  0.05.  Depending  on  the  stage  used  as  the  dependant  variable, 
all  these  factors  combined  accounted  for  32%  to  73%  and  33%  to 
40%  of  the  variability  in  stage  size  for  commercial  and  survey 
samples,  respectively,  in  linear  multiple  regression  analysis,  al- 
though most  of  this  was  caused  by  area  and  year  effects  (Table  3). 
In  addition  to  environmental,  spatial  or  temporal  factors,  stage 
lengths  were  also  significantly  related  to  each  other  (Table  3,  Fig. 
6).  Depending  on  the  stage  used  in  multiple  regressions,  53%  to 
78%  and  45%  to  68%  of  the  variability  of  any  stage  was  accounted 
for  by  the  length  of  the  other  stages  in  commercial  and  survey 
samples,  respectively.  The  strength  of  the  relationships  between 
stages  tended  to  decrease  with  increasing  differences  in  length 
(Table  4).  For  example,  the  relationship  between  L511  in  commer- 
cial samples  was  strongest  with  L,„  and  L,,  the  next  smallest  and 
next  largest  stage,  respectively,  and  weaker  with  the  smallest  and 
largest  stages  (i.e.,  L„„„  and  L„,^J  Similarly,  L„„„  was  correlated 
most  strongly  with  L„,  and  less  so  for  the  longer  (older)  stages. 
Finally,  L^j,^  was  most  strongly  correlated  with  L,,  and  less  so  for 
the  smaller  (younger)  stages,  including  L,,,.  Similar  results  were 
found  for  survey  data  (Table  4). 

Table  5  shows  the  relationship  between  L^,,  and  L„^.^^  as  the 
ratio  and  its  standard  deviation,  summarized  in  various  ways,  in- 
cluding by  sample,  area,  years  within  areas,  and  groups  of  years 
within  areas.  The  ratios  Lsi/L,,,.,,,  from  this  study  and  those  sum- 
marized by  area  over  a  number  of  years  for  Icelandic  shrimp  stocks 
(Chamov  &  Skiiladottir  2000)  are  remarkably  similar  and  not  sig- 
nificantly different  from  each  other,  in  agreement  with  the  obser- 
\ation  that  this  ratio  is  a  biological  "invariant"  (Chamov  1993, 
Chamo\'  &  Skiiladottir  2000).  However,  this  also  holds  for  the 
ratio  of  L„,/Lsi,  and  L,„/L,„,,^  for  the  same  data  groupings  in  Table  5. 

DISCUSSION 

Stage  Structure  and  Growlli  Determinations 

The  results  indicate  that  stage  structure  (i.e.,  the  combination  of 
the  shape  of  the  line  joining  the  chronologically-arranged  mean 
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Figure  5.  Stage  structures  for  individuul  survey  years  in  tlie  GulfofMaine  (A  I,  Scutian  Shelf  (B),  northern  (Nl  and  southern  (S)  Newfoundland- 
Labrador  Shelf  (C)  and  the  Gulf  of  Maine  survey  for  4  y  during  which  a  strong  year  class  (1982)  was  present  (D). 


stage  lengths),  and  the  stage  lengths  themselves,  can  provide  more 
information  about  the  growth  characteristics  of  P.  horcalis  than  the 
mean  lengths  of  individual  stages  taken  in  isolation.  For  example, 
both  simulations  and  survey  samples  showed  a  straighten  stage 
structure  for  populations  with  shorter,  and  greater  curvature  for 
populations  with  longer,  longevities.  If  longevities  do  not  change 
over  time,  as  indicated  by  unchanged  curvatures,  then  an  increase 
or  decrease  in  the  lengths  of  all  stages  can  be  taken  as  an  increase 


and  decrease  in  growth  rate,  respectively.  Two  time  periods  on  the 
.Scotian  Shelf  previously  shown  to  have  different  longesities 
(Koeller  et  al.  2003)  had  distinctly  different  stage  structures,  in- 
cluding a  greater  curvature  for  the  period  known  to  have  longer 
longevities.  This  period  also  had  longer  stage  lengths,  suggesting 
that  the  longer  longevity  was  not  associated  with  growth  rates  low- 
enough  to  compensate  for  the  associated  increase  in  stage  sizes,  as 
seen  when  comparing  Scotian  Shelf  and  GulfofMaine  stage  struc- 
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Figure  6.  Individual  sample  tstimatts  of  1.5,,  plotted  against  I.„„„,  L,„. 
L,  and  L„,„^  in  the  same  sample  for  (A)  all  commercial  samples  and  (B) 
survey  samples  with  >2(l()  shrimp. 

tures.  The  differences  in  stage  structures  between  areas  were  re- 
markably consistent  over  time  and  reflected  the  known  differences 
in  growth  characteristics  between  areas.  The  Gulf  of  Maine  stock 
has  the  shortest  longevity  of  those  examined  and  the  straightest 
stage  structure.  It  also  has  the  fastest  growth  rate,  which  is  re- 
flected by  its  stage  sizes  that  are  the  same  or  larger  than  the  slower 
growing  shrimp  on  the  Scotian  Shelf  and  Newfoundland  Shelf. 
The  faster  growth  rate  compensates  for  the  smaller  stage  sizes 
expected  from  shorter  male  longevity  alone.  The  slower  growth 
rate  but  similar  longevity  of  the  Newfoundland  Shelf  relative  to  the 
Scotian  Shelf  is  reflected  in  its  shorter  stages  and  similar  stage 
structure.  A  greater  longevity,  such  as  has  been  reported  for  parts 
of  the  Newfoundland  Shelf  (e.g..  Parsons  at  al.  1989)  in  combi- 
nation with  slower  growth  would  have  resulted  in  similar  stage 
lengths  but  greater  curvature  of  the  stage  structure. 

An  Example  Applicaliaii  of  Stane  Slnicliire  Analysis 

Koeller  et  al.  (2006)  showed  that  the  carapace  lengths  of  most 
shrimp  stages  decreased  on  the  entire  Newfoundland  shelf  during 
the  1990s,  with  the  greatest  decrease  occurring  from  1996-1999  in 
the  northern  part  of  the  shelf  (Fig.  5C).  In  addition,  shrimp  on  the 
northern  shelf  are  generally  larger  than  those  in  the  south.  Figure 
5C  shows  that  before  the  laree  decline  in  stage  sizes  (1996-1997) 


-Commercial  1st  quartile 
-Commercial  median 
-Commercial  3rd  quartile 
-  Survey  1st  quartile 
■  Sun«y  median 
.  Survey  3rd  quartile 
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Figure  7.  Stage  structure  for  commercial  and  survey  samples  at  the 
median  and  the  1st  and  .^rd  (|uarlile  houndaries  of  I,,,,.  The  number  of 
samples  used  to  calculate  medians  and  means  around  the  quarliles  are 
-l,(l()()  for  commercial  and  21«)  for  survey  samples.  Standard  devia- 
tions are  shown  only  for  the  median. 

the  shape  of  the  stage  curves  on  the  northern  area  are  straighter  and 
all  stage  sizes  larger  than  on  the  southern  Newfoundland  Shelf, 
suggesting  that  shrimp  in  the  north  have  both  a  shorter  longevity 
and  faster  growth.  This  is  also  supported  by  the  larger  L„„„s  in  the 
north — shrimp  are  much  larger  before  they  begin  to  enter  survey 
nets  here,  suggesting  that  they  grow  very  quickly  during  their  first 
year.  The  greater  curvatures  in  the  north  during  1998-1999  may 
then  be  because  of  an  increased  longevity,  but  with  a  concurrent 
decrease  in  growth  rates  because  the  stages  are  not  larger.  These 
slower  growth  rates  could  have  resulted  from  decreased  primary 

TABLE  3. 

Multiple  regression  R-squares  of  the  average  length  of  each  stage 

versus  the  length  of  other  stages  within  each  sample.  Also  shown  are 

R-squares  for  the  length  of  each  stage  versus  environmental  (shrimp 

density,  depth),  spatial  (Shrimp  Fishing  Area)  and  temporal  (month, 

yearl  factors.  Samples  are  from  commercial  and  scientillc  surveys 

collected  between  1^90  and  20(12  on  the 

Newfoundland-Labrador  shelf. 


Commercial 

Survey 

Density 

Density 

Depth 

Depth 

Area  (sfa) 

Area  (sfa) 

Year 

Other 

Year 

Other 

Independanis 

Month 

Stages 

Month 

Stages 

L,,,,,, 

0.-^215 

0.5261 

0.3601 

0.5696 

L,„ 

0.5.5X7 

0.7256 

()..^yy7 

0.6755 

Dependant 

L,„ 

0.604(1 

0.5852 

03}?il 

0.4533 

L| 

().7.M8 

0.7848 

t)3'^)M^ 

0.6811 

L„M. 

0.5242 

0.6571 

0.4016 

0.6322 

n 

2().5S7 

20.587 

2158 

2158 
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TABLE  4. 

Pearson  correlation  coefficient  matrix  for  average  stage  lengths  in 
all  commercial  (V  =  ZO.Smi  and  survey  (A'  =  21581  samples  collected 

on  the  Newfoundland-Labrador  shelf  from  19^0-2002.  Individual 

commercial  values  are  shown  in  Figure  6.  All  coefficients  are  highly 

significant  at  p  <  O.OOOI.  \  alues  for  commercial  and  survey  samples 

are  below  and  above  the  diagonal,  respectively. 


Survev 


Commercial 

l^min 

L,„ 

L, 

1^5,, 

L„,„, 

L,„n, 



0.8420 

0.4758 

0.3866 

0.4049 

L. 

0.7347 

— 

0.6929 

0.7257 

0.5776 

L, 

0.4412 

0.5337 

— 

0.8236 

0.8637 

L,„ 

0.2235 

0.4469 

0.4981 

— 

0.6084 

L 

0.3599 

0.4866 

0.6839 

0.1393 

— 

production  during  the  late  1990s  by  the  mechanism  suggest  by 
Fuentes-Yaco  et  al.  (2006).  They  hypothesized  that  the  shrimp 
stages  on  the  northern  Newloundlimd  Shelf  are  much  larger  be- 
cause of  faster  growth  rates  from  the  enhanced  primary  production 
at  and  near  the  mouth  of  Hudson  Strait  (Sutcliffe  et  al.  1983, 
Drinkwater  &  Harding  2001 ),  and  that  the  greater  size  decrease  in 
this  area  was  because  of  slower  growth  from  a  greater  decrease  in 
this  enhanced  production.  The  latter  could  have  occurred  if  the 
greater  amount  of  freshwater  runoff  received  by  the  northern  New- 
foundland Shelf  through  Hudson  Strait  during  the  warming  trend 
of  the  late  1990s  increased  water  column  stratification  and  de- 
creased nutrient  influ.x  into  the  euphotic  zone.  This  theory  is  in 
contrast  to  the  generally  accepted  explanation  of  why  shrimp  in 
more  northern  areas  are  usually  larger:  that  they  grow  more  slowly 
in  colder  northern  waters,  but  are  larger  because  they  live  longer. 
Limited  sampling  in  the  northern  areas  did  not  allow  satisfactory 
modal  analysis  to  detennine  growth  rates  and  longevities  more 
directly.  Note  that  results  from  the  Gulf  of  Maine  also  contradict 
the  general  observation  that  faster  growth  and  shorter  life  spans 
lead  to  smaller  maximum  sizes.  L,„  ,^,  and  other  stage  lengths  in 
this  area,  appear  to  be  at  least  as  large  as  in  the  slower  growing 
northern  stocks. 

Stage  Structure  and  Theories  of  Sex  Change 

Stage  structure  analysis  may  provide  insight  into  existing  theo- 
retical treatments  of  protandry  (Charnov  1982,  Chamov  1993. 
Charnov  &  SkijladtJttir  2000)  and  the  sometimes-conflicting  ob- 
servational evidence  supporting  them  (Bergstrom  1997.  Koeller  et 


al.  2000,  Koeller  et  al.  2003.  Cipriani  &  Collin  2005.  Gardner  et  al. 
2003.  de  Jong  2005,  Nee  et  al.  2005).  The  most  controversial 
theory  derived  from  field  observations  of  sex  change  in  P.  borealis 
invohes  the  apparent  invariance  of  the  ratio  L^,/L,„,^  off  Iceland, 
which  Charnov  &  Sktiladottir  (2000)  use  to  surmise  fundamental, 
mathematically-expressed  (in  terms  of  common  growth  and  mor- 
tality parameters)  rules  defining  the  size  at  which  animals  change 
sex.  Nee  et  al.  (2005),  de  Jong  (2005)  and  Cipriani  and  Collin 
(2005)  demonstrated  that  the  test  for  invariance  (i.e.,  a  slope  of  1 
for  regressions  of  log-transformed  variable  pairs  suspected  of  be- 
ing invariant)  is  al.so  positive  when  bounded  variables  are  gener- 
ated randomly.  However,  Cipriani  and  Collin  (2005)  also  showed 
that  the  results  of  Charnov  and  Sktiladottir  (2000),  when  expressed 
as  ratios  of  L^i/L,,,,,,  rather  than  regression  statistics,  support  the 
hypothesis  that  the  Icelandic  results  arose  from  life-history  invari- 
ant-related, and  not  random,  processes.  The  present  results  suggest 
that  the  ratio  L,,/L,„_,^  is  indeed  invariant  for  other  P.  borealis 
stocks  and  not  statistically  different  from  the  Icelandic  results. 
However,  they  also  indicate  that  its  status  as  an  invariant  is  not 
iMiique — similarly  insignificantly  different  mean  ratios  and  low 
standard  deviations  were  obtained  for  other  ratios,  including  ones 
without  L511  as  one  of  the  parameters  e.g..  L„^/L„,.,^.  Clearly,  al- 
though the  in\ariance  of  L^i/L,.,,^^  does  not  appear  to  be  an  "illu- 
sion" as  suggested  by  Nee  et  al.  (2005).  the  contention  that  it 
constitutes  a  fundamental  principle  in  the  evolution  of  .sex  chang- 
ing animals  should  be  examined  in  light  of  the  present  results. 

Within-sample  relationships  between  L^f,  and  the  other  stages, 
including  the  apparent  invariance  between  stages,  manifest  them- 
selves statistically  only  when  the  average  stage  lengths  of  many 
samples  are  regressed  against  each  other  (Fig.  6A).  or  when 
within-sample  average  stage  lengths  are  averaged  over  many 
samples  (Table  5).  Whereas  the  relationships  between  stages  are 
relatively  constant  or  invariant  "on  average"  there  is  still  a  large 
amount  of  residual  variation  as  shown  by  the  wide  scatter  around 
the  regression  lines  in  Figure  6.  Gi\en  that  the  within-sample 
relationships  between  stages  are  mainly  determined  by  growth 
processes,  which  in  turn  are  driven  by  local  food  availability  and 
temperature,  the  "cigar-shaped"  edges  of  the  scattergrams  in  Fig- 
ure 6  must  represent  the  physiological  limits  of  length  and  growth 
for  all  stages.  This  is  supported  by  the  decreasing  scatter  at  either 
end  of  the  "cigars."  More  constraints  and  less  variation  are  to  be 
expected  near  these  limits,  a  situation  analogous  to  the  decrease  in 
variation  of  winning  statistics  at  extreme  levels  of  sports  achieve- 
ments, which  are  near  the  physiological  limits  of  the  species  con- 
cerned. Under  these  circumstances  it  is  not  surprising  that  the 


TABLE  5. 

Ratios  of  various  stage  pairs  .summarised  by  sample,  area  and  year,  including  L,,/!,,,,,^,  the  ratio  considered  to  be  a  biological  ■•in>arianl" 
(Charnov  &  Sktiladottir  200(1).  There  is  no  significant  difference  between  the  means  within  any  set  of  ratios.  .\ll  samples  were  collected  from 

scientific  surveys  except  for  Newfoundland  commercial  samples. 


L,„/L™ax 

L,„/L5, 

L5,/L„,ax 

Mean 

SD 

Mean 

SD 

Mean 

SD 

aggregation 

N 

NFLD  commercial 

0.68 

0.05 

0.88 

0.05 

0.77 

0.04 

Sample 

19705 

NFLD  survey 

0.65 

0.06 

0.82 

0.08 

0.80 

0.07 

Sample 

2158 

Iceland  (Chamov  and  Skuladottir 

2000) 

— 

— 

0.80 

0.01 

Area 

21 

Scotian  Shelf  (1982- 

-88) 

0.66 

0.03 

0.87 

0.02 

0.76 

0.03 

Year 

7 

Scotian  Shelf  (1995- 

-2004) 

0.66 

0.02 

0.84 

0.03 

0.79 

0.01 

Year 

10 

Guir  of  Maine 

0.65 

0.05 

0.84 

0.05 

0.78 

0.04 

Year 

21 
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ratios  of  stage  lengths  are,  on  the  average,  invariant.  The  regres- 
sion lines  in  Figure  6  and  ratios  in  Table  5  represent  average  stage 
lengths  and  growth  rates  over  a  wide  range,  bounded  by  the  "cigar" 
shapes.  Pro\ided  that  there  are  enough  samples  to  represent  this 
average  adequately,  it  should  always  converge  to  the  same  num- 
ber. 

These  results  suggest  that  it  is  the  variance  in  growth  rates  and 
size  of  life  history  stages,  not  the  invariance  in  the  ratios  between 
stages,  which  is  most  remarkable  and  informative  about  the  biol- 
ogy of  P.  borealis.  Although  the  ultimate  mechanisms  behind  the 
evolution  of  a  protandric  life  history  strategy  is  beyond  the  scope 
of  this  paper,  the  present  results  suggest  that  this  plasticity  in 
growth  rates  and  sizes  of  life  history  stages  should  be  an  important 
consideration  in  theoretical  treatments,  at  least  for  P.  borealis. 

A  Conceptual  (irowlli  Model  for  P.  borealis 

The  two  most  remarkable  and  informative  aspects  of  the  stage 
structure  of  P.  borealis  are  the  observations  that  stage  lengths  are 
strongly  related  to  each  other  within  samples  and  that  environmen- 
tal, temporal  and  spatial  factors  influence  the  lengths  of  all  stages. 
If  the  relationship  between  L,(,  and  L,„,^  (i.e..  the  apparent  invari- 
ance of  the  ratio  L.;i/L,„,,^  I  results  largely  from  growth  process  as 
suggested  by  Charnov  and  Skuladottir  (2()()()).  Koeller  et  al.  (2003) 
and  this  paper,  one  would  expect  this  relationship  to  manifest  itself 
only  after  the  application  of  appropriate  time  lags  to  summarized 
data  averaged  by  area  and  year.  The  achievement  of  maximum  size 
in  P.  borealis  follows  sex  change  by  at  least  two  years,  because 
there  are  at  least  two.  and  probably  more,  female  age  classes.  Why 
is  a  relationship  between  life  history  stages  separated  in  time, 
purportedly  because  of  growth,  so  evident  in  individual  samples 
where  spatial,  not  temporal  relationships  should  be  most  promi- 
nent? One  obvious  answer  is  that  the  observed  within-sample  re- 
lationships between  stages  do  not  result  from  grov\th  but  rather 
from  schooling  or  migratory  behavior  that  brings  similar  sizes 
together  at  the  same  locations.  Ontogenetic  migrations  into  deeper 
water  have  been  inferred  from  the  common  iibservation  that 
shrimp  sizes  (including  average  stage  sizes)  often  increase  with 
depth  (reviewed  in  Shumway  et  al.  1985).  Becau.se  larger  shrimp 
are  expected  to  migrate  faster  this  mechanism  would  tend  to  seg- 
regate size  groups  along  depth  gradients.  Another  possible  mecha- 
nism is  vertical  migration  and  associated  horizontal  displacement. 
Different  sizes  of  shrimp  tend  to  have  different  vertical  migration 
ranges  (Shumway  et  al.  1985),  consequently  a  size  group  migrat- 
ing vertically  into  layers  with  faster  horizontal  current  speeds  will 
be  displaced  farther  than  other  groups.  Over  time  this  would  have 
a  "winnowing"  effect,  bringing  shrimp  of  similar  size  to  the  same 
areas.  However,  this  does  not  explain  the  temporal  changes  ob- 
served within  areas,  where  length  differences  between  years,  or 
groups  of  years,  tend  to  affect  all  stages  (e.g.,  Scotian  Shelf.  Fig. 
3B).  In  addition,  it  seems  unlikely  that  such  migrations  or  dis- 
placements, which  must  be  quite  \  ariable  between  areas  and  times, 
would  result  in  such  invariant  relationships  between  stages. 

Assuming  that  the  observed  within-sample  relationships  be- 
tween stages  result  from  growth  processes,  these  relationships 
could  have  come  about  only  if  growth  rates  of  all  stages  (and  ages) 
were  highly  sensitive  and  responsive  to  changes  in  local  condi- 
tions, especially  food  availability  and  temperature.  Shrimp  of  all 
sizes  consume  phytoplankton.  detritus  (i.e..  senescent  phytoplank- 
ton  blooms),  or  small  herbivorous  zooplankton.  therefore  growth 
of  all  stages  is  strongly  influenced  by  a  common  factor — food 
availability,  as  determined  by  primary  production  and  shrimp  den- 


sity (Koeller  et  al.  2006,  Fuentes-Yaco  et  al.  2006).  In  addition, 
shrimp  of  all  stages  at  any  location  and  time  are  subject  to  the  same 
temperatures,  arguably  the  second  most-important  modifier  of 
growth  rates  (after  food  availability)  in  poikilotherms.  Conse- 
quently, the  growth  rate  of  shrimp  of  all  sizes,  stages  and  ages 
present  at  any  location  will  respond  simultaneously  to  changes  in 
the  physico-biological  conditions  in  the  area,  especially  food  avail- 
ability and  temperature.  Moreover,  in  a  situation  where  P/B  ratios 
and  natural  mortality  are  high  (M  of  0.75  has  been  used  in  stock 
assessments),  temporal  changes  in  growth  should  become  evident 
through  a  simultaneous  change  in  all  mean  stage  sizes  almost 
immediately  (i.e..  in  the  same  year).  Significant  correlations  be- 
tween environmental  variables  and  the  size  (growth)  of  the  later 
life  history  stages  are  therefore  expected  without  time  lags,  as 
found  by  Fuentes-Yaco  et  al.  (2006). 

The  strong  positive  relationship  between  depth  and  all  shrimp 
stages  off  Newfoundland  supports  the  conclusion  that  the  within- 
sample  relationship  between  stages  is  caused  by  growth  processes. 
In  this  area  depth  is  strongly  (positively)  related  to  temperature  and 
can  be  used  as  a  proxy  for  temperature,  albeit  without  temporal 
components.  In  addition,  the  abundance  of  the  high  organic  con- 
tent sediments  and  particulate  organic  carbon  deposition,  which 
form  an  important  food  source  for  shrimp,  tends  to  increase  with 
depth  (Ramseier  et  al.  2000).  Because  temperature  and  food  avail- 
ability increase  with  depth,  growth  rates  are  expected  to  do  the 
same.  Similar  site  (depth)  specific  growth  rates  caused  by  differ- 
ences in  local  conditions  have  been  observed  for  scallops  in  the 
Bay  of  Fundy  (Smith  et  al.  2001 ).  For  shrimp,  the  strong  relation- 
ship between  environmental,  temporal  and  spatial  factors  other 
than  depth  and  all  shrimp  stages  is  further  support  for  the  conclu- 
sion that  the  within-sample  relationship  between  stages  arises  be- 
cause these  factors  influence  the  growth  rate  of  all  stages  simul- 
taneously and  are  highly  site-specific. 

The  growth  rate  of  P.  borealis.  a  poikilothemi.  is  strongly 
influenced  by  temperature  and  food  availability,  both  of  which 
vary  widely  spatially  and  temporally  in  its  huge  geographic  range 
(-2400  nautical  miles  between  latitudes  40'N  and  80''N).  Conse- 
quently, growth  rates  must  vary  widely,  spatially  and  temporally. 
Most  eggs  are  produced  by  only  2-yr  classes  (Fl  and  F2  females). 
If  sex  change  were  triggered  by  size  alone,  a  decrease  in  growth 
rate  caused  by  changes  in  en\ironmental  conditions  could  delay 
sex  change  by  a  year  or  more  before  this  size  would  be  achieved, 
leading  to  a  large  decrease  in  egg  production  during  the  delay 
period  if  other  factors  affecting  egg  production,  such  as  population 
size  and  spawning  frequency,  remain  constant.  Changing  sex  after 
a  fixed  number  of  years  ensures  a  stable  annual  egg  production. 
However,  because  the  number  of  eggs  a  female  produces  is  di- 
rectly related  to  its  size  (Schumway  et  al.  1985),  changing  sex  at 
a  fixed  age  will  result  in  significant  decreases  in  egg  production  if 
growth  rates  are  very  slow.  Consequently,  the  highly  variable 
growth  rates  caused  by  environmental  influences  forces  a  compro- 
mise between  stability  and  quantity  in  egg  production.  How  might 
a  sex  changer  manage  this  balance  and  become  as  successful  in 
terms  of  abundance  and  geographical  range  as  P.  borealis'l  Be- 
cause a  fixed  age  or  size  at  sex  change  coupled  with  highly  vari- 
able growth  rates  can  carry  major  penalties  for  fecundity,  the  an- 
swer must  lie  in  flexibility.  This  flexibility  is  achieved  if  the  size 
at  sex  change  is  fundamentally  (i.e.,  physiologically)  linked  to 
growth  and  metabolic  rates,  which  in  turn  are  linked  to  environ- 
mental changes  in  temperature  and  food  availability.  This  appears 
to  be  the  case  for  P.  borealis  (Koeller  et  al.  2003,  Charnov  and 
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Skiiladottir  2000).  Given  that  stage  structures  result  from  growth 
processes,  the  strong  relationship  between  all  stages  (including 
size  at  sex  change)  shown  in  this  study  further  support  this  theory. 
Formally  and  simply  stated,  sex  change  occurs  earlier  in  time  when 
growth  rates  are  faster  and  later  in  time  when  they  are  slower. 

Because  environmental  conditions  tend  to  be  relatively  stable 
within  limited  geographical  boundaries  (e.g..  within  SFAs  or 
stocks),  growth  rates,  stage  lengths  and  size/age  at  sex  change  vary 
less  within  subareas  and  stocks  than  between  them.  Under  stable 
environmental  conditions  within-stock  growth  rates  are  similar  and 
sex  change  occurs  at  the  same  year  and  size.  However,  the  number 
of  male  year  classes  does  change  occasionally  within  stocks,  either 
between  environmental  regimes  (Fig.  5B,  Koeller  et  al.  2003),  or 
when  only  part  of  a  large  year  class  changes  sex,  a  situation  which 
is  known  to  occur  with  large  year  classes,  which  tend  to  have 
slower  growth  because  of  density-dependant  factors  (Koeller  et  al. 
2005,  M.  Aschaan.  pers.  comm.  U.  Skuladoltir.  pers.  comm.).  If 
growth  rates  decrease  greatly  because  of  decreasing  temperatures 
and  food  availability,  sex  change  will  come  later  in  time.  However, 
sex  change  is  constrained  to  a  short  "window  of  opportunity"" 
within  the  annual  physiological/reproductive  cycle,  consequently 
if  slower  growth  rates  delay  sex  change  in  time  this  window  may 
be  missed  and  sex  change  delayed  by  a  year.  The  opposite  occurs 
if  growth  rates  increase  because  of  increasing  temperatures  and 
food  availability.  In  this  model  the  year  and  size  at  sex  change  are 
not  magic  numbers  but  simply  the  age  and  size  a  shrimp  happens 
to  be  at  the  time  sex  change  occurs,  as  dictated  by  growth/ 
metabolic  rates,  and  the  yearly  life  cycle.  .Similarly,  the  relation- 
ship between  the  size  at  sex  change  and  the  maximum  size 
achieved  (i.e.,  Lj|/L,„_,^)  are  "invariant"'  only  because  growth  rates 
are  largely  environmentally  driven  and  affect  the  sizes  of  all  stages 
including  males,  transitionals.  females  and  L^^,. 

Limitations  and  Potential  of  Stage  Structure  Analysis 

As  used  above,  stage  structure  analysis  allows  for  only  quali- 
tative, or  semiquantitative  observations  on  the  relative  differences 
in  growth  characteristics  between  areas  and  time  periods  (e.g., 
growth  rates  are  slower  or  faster,  longevity  is  longer  or  shorter). 
More  sophisticated  modeling  approaches,  such  as  tuning  model 
results  to  observed  stage  structures,  may  provide  more  quantitative 
results,  however,  the  present  approach  can  still  be  useful  in  com- 
parative studies,  e.g.  the  Newfoundland-Labrador  shelf  problem 
described  above. 

The  application  of  the  model  used  in  this  study  to  infer  growth 
characteristics  of  other  invertebrates  is  limited.  Modeled  longevity 
is  solely  caused  by  differences  in  the  number  of  male  year  classes, 
the  number  of  female  year  classes  is  constant  at  2.  and  the  mor- 
tality of  females  older  than  2  y  is  total.  Although  not  completely 
correct  in  detail,  this  appears  to  capture  the  main  aspects  of  P. 
horealis  life  history,  as  evidenced  by  the  similarity  of  simulations 
and  field  observations.  However,  it  is  specific  to  protandic  her- 
maphrodites such  as  Paiulalid  shrimp.  Still,  the  general  approach 
of  comparing  or  tuning  nK)del  life  history  stage  and  age  structures 
with  known  growth  characteristics  may  be  applicable  to  non-sex 
changing  invertebrate  species  with  distinct  life  history  traits  that 
are  fairly  short  in  duration. 

Stage  structure  must  also  be  influenced  by  factors  other  than 
growth,  which  may  limit  its  usefulness  for  making  inferences  on 
growth  in  certain  situations.  This  is  illustrated  by  the  large  differ- 


ences in  stage  structure  between  commercial  and  survey  samples 
(Fig.  7).  Because  they  cover  the  same  stock  (Newfoundland- 
Labrador),  these  differences  may  be  because  of  factors  other  than 
growth,  in  particular  sampling  time  (throughout  the  year  for  com- 
mercial, late  fall  for  survey),  sampling  strategies  (seeking  concen- 
trations of  large  shrimp  for  commercial  versus  randomly  distrib- 
uted throughout  its  range  for  surveys)  and  fishing  gear  (square 
mesh  cod-ends  and  Nordmore  selectivity  grids  for  commercial, 
small  mesh  cod-end  liners  for  survey).  Despite  these  different 
methodologies  much  of  the  difference  in  stage  structure  in  Figure 
7  can  still  be  attributed  to  differences  in  growth,  specifically  to 
different  growth  rates  in  the  locations  sampled  by  these  two  meth- 
ods. Commercial  fishing  operations  concentrate  in  deep  water 
where  larger  shrimp  of  all  stages  are  found,  presumably  caused  by 
faster  growth,  consequently  all  stages  are  larger  and  the  stage 
structure  is  straighter  for  commercial  data.  Nevertheless,  some  of 
the  differences  in  lengths,  especially  for  smaller  stages  like  L,,,,,,, 
are  probably  caused  by  differences  in  cod-end  mesh  sizes.  The 
site-specific  nature  of  stage  lengths/growth  rates  and  the  large 
differences  between  locations  within  years  implies  that  within-year 
spatial  xariability  must  be  accounted  for  when  making  between- 
year  comparisons,  especially  for  survey  samples.  Another  impor- 
tant modifier  of  stage  structure  other  than  growth  is  the  passage  of 
large  year  classes  through  the  population.  Shrimp  recruitment  is 
strongly  influenced  by  environmental  factors  (Koeller  2000)  and 
this  tends  to  be  exacerbated  in  highly  exploited  populations,  like 
the  Gulf  of  Maine  stock.  However,  the  passage  of  year  classes 
through  the  stage  structure  is  sequential,  and  should  be  distinguish- 
able from  a  change  in  growth  rate,  which  tends  to  be  simultaneous. 
Comparisons  between  survey  series  may  be  complicated  by  large 
differences  in  survey  times,  for  example,  comparisons  between  the 
spring-summer  surveys  in  the  Gulf  of  Maine  and  Scotian  Shelf 
versus  the  fall-winter  Newfoundland-Labrador  surveys  must  take 
into  account  growth  and  other  processes  between  survey  times  that 
may  have  influenced  stage  structure.  More  v\ork  is  required  to 
clarify  the  effect  of  various  processes  on  population  stage  struc- 
ture, including,  hut  not  necessarily  restricted  to,  gear  selectivity, 
mortality  and  recruitment  i.e..  the  influence  of  strong  year  classes 
and  associated  density-dependant  effects  on  growth  rate. 

Changes  in  the  abundance  of  Pandalid  species  have  been  used 
as  indicators  of  ecosystem  regime  shift  in  the  North  Pacific 
(Anderson  2000)  and  the  North  Atlantic  (Koeller  2000,  Lilly  et  al. 
2000).  In  both  oceans  changes  in  Pandalid  abundance  are  associ- 
ated with  both  climatological  change  and  predator  abundance. 
Shrimp  are  uniquely  situated  trophically  and  are  potential  indica- 
tors of  changes  in  both  "top  down"  and  "bottom  up"  processes 
throughout  the  marine  ecosystem.  In  terms  of  the  latter,  their 
growth  is  affected  by  primary  production  processes,  because  they 
consume  phytoplankton  and  small  herbivorous  zooplankton  (Fu- 
entes-Yaco  et  al.  2006).  Climatological  changes  that  affect  water 
temperatures  will  also  affect  shrimp  growth.  A  change  in  the 
growth  rate  of  a  shrimp  stock  as  determined  by  a  simultaneous 
increase  or  decrease  in  the  carapace  lengths  of  all  stages  may  be  an 
early  indicator  of  fundamental  environmental  and  ecological 
changes  that  will  eventually  affect  other  ecosystem  components. 
The  results  in  this  paper  suggest  that  the  great  plasticity  of  shrimp 
growth  rates  in  response  to  environmental  changes  is  a  property 
that  can  also  be  used  to  practical  advantage  in  fisheries  and  eco- 
system management  (i.e.,  as  an  early  indicator  of  ecological 
change  in  the  lower  trophic  levels). 
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CONCI.l'SIONS 

1.  Stage  structure  analysis  is  useful  in  spatial  and  temporal 
comparisons  of  growth  rates  for  P.  horculis.  It  is  more  in- 
formative about  growth  rates  than  an  examination  of  single 
stages,  such  as  the  size  at  sex  transition.  L^,,.  or  the  maxi- 
mum size,  L,„^,^.  in  isolation. 

2.  When  longevities  do  not  change,  as  evidenced  by  a  constant 
.shape  of  the  stage  structure  in  time,  a  simultaneous  increase 
in  the  mean  length  of  all  stages  is  indicative  of  an  increase 
in  growth  rates,  and  vice  versa. 

3.  The  passage  of  a  strong  year  class  through  the  population 
can  have  a  significant  effect  on  stage  structure,  however  it  is 
a  sequential  event,  distinguishable  from  a  change  in  growth 
rate,  which  tends  to  affect  mean  size  of  all  stages  simulta- 
neously. 

4.  Growth  rates  of  P.  borealis  are  highly  site-specific  and  sen- 
sitive to  environmental  influences,  particularly  temporal  and 
spatial  changes  in  food  a\ailability  and  temperature. 

5.  The  time  of  sex  change  is  directly  related  to  growth  and 
metabolic  rates  (i.e..  sex  change  comes  later  when  growth 
rates  are  slow  and  earlier  when  growth  rates  are  faster). 
Consequently,  the  age  and  length  at  sex  change  is  highly 
flexible,  and  only  constrained  b\  the  timing  of  the  annual 


reproductive  cycle.  This  avoids  the  negative  impacts  of  a 
fixed  age  or  length  at  sex  change  on  egg  production  in  a 
species  whose  growth  rates  are  dependent  on  highly  variable 
environmental  factors,  and  whose  fecundity  is  strongly  re- 
lated to  size. 

6.  The  "invariant"  relationship  between  Ljo  and  L^^^  is  not 
unique  to  the.se  stages  and  simply  a  consequence  of  the 
strong  relationship  between  environmental  factors  and 
growth  rates  of  all  stages. 

7.  The  stage  structures  of  P.  borealis  populations  could  be 
early  indicators  of  fundamental  en\ironmental  and  ecologi- 
cal changes  in  the  ecosystem. 
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ABSTRACT  The  relationship  between  artificial  tidal  restrictions  and  shellfish-water  quality  was  studied  within  otherwise  sparsely 
developed  estuaries  on  Cape  Cod  (Massachusetts,  USA).  The  primary  study  site,  the  600-ha  diked  Herring  River  (Wellfieet,  MA) 
estuary,  has  had  a  long  history  of  shellfish-water  closures  because  of  water-column  fecal-coliform  (FC)  contamination  despite  the  lack 
of  human  fecal  sources.  Ongoing  efforts  to  restore  tidal  flow  to  the  system  have  raised  questions  about  the  effects  on  microbiological 
water-quality  on  extensive  beds  of  wild  oysters  (Crassostrea  virginicu)  and  cultured  hard  clams  (Mercenaria  merccnaria)  in  the  river 
mouth.  This  study  combines  observations  of  current  spatial  and  temporal  (tidal)  patterns  of  water-column  contamination  with  recent 
hydrodynamic  modeling  to  predict  the  effects  of  proposed  tidal  restoration  on  shellfish-water  quality.  Under  presently  tide-restricted 
conditions,  high  FC  is  restricted  to  about  1000  m  on  either  side  of  the  dike  structure  and  only  during  low  tide,  preventing  the  harvest 
of  extensive  natural  oyster  beds;  farther  downstream,  hard-clam  aquaculture  is  marginally  protected  by  relatively  coliform-free, 
high-salinity  Cape  Cod  Bay  waters.  Modeling  of  Herring  River  under  tide-restored  conditions  showed  that  a  predicted  13-fold  increase 
in  river  intertidal  volume,  over  existing  tide-restricted  conditions,  would  dilute  measured  FC  to  concentrations  that  are  acceptable  for 
shellfish-growing  waters.  Restored  tidal  flow  would  also  reduce  coliform  survival  time  by  increasing  salinity,  dissolved  oxygen  and 
pH.  all  presently  depressed  throughout  the  system  because  of  the  biogeochemical  disturbance  of  diking  and  drainage.  Results  from 
Herring  River,  plus  a  preliminary  survey  of  other  diked  Cape  Cod  estuaries,  suggest  a  direct  relationship  between  the  degree  of  tidal 
restriction  and  surface-water  FC.  which  should  be  studied  further. 

KEY  WORDS:     fecal  coliform.  diking,  salt-marsh  restoration,  aquaculture 


INTRODUCTION 

Efforts  to  restore  native  habitats  in  historically  tide-restricted 
salt-marsh  estuaries  priniarily  focus  on  removing  artificial  baniers 
to  tidal  exchange.  In  the  context  of  past  diking,  filling  and  drain- 
age, it  is  generally  agreed  that  re-establishment  of  the  original 
hydrology,  hydrography,  and  salinity  distribution  is  fundamental 
to  restoring  an  estuarine  ecosystem  (Niering  &  Wanen  1980.  Bur- 
dick  et  al.  1997.  Roman  et  al.  1995).  Although  this  is  an  ecologi- 
cally reasonable  approach  for  restoring  dominant  estuarine  pro- 
cesses and  biota,  actual  restoration  management  must  also  consider 
human-land-use  changes  that  can  affect  the  nature,  and  social  ac- 
ceptability, of  system  response. 

A  most  obvious  recent  land-use  change  along  the  US  coast  is 
the  rapid  increase  in  human  population  and  development.  One 
outcome  of  the  development  increase  has  been  an  apparent  decline 
in  microbiological  water  quality,  typically  monitored  using 
coliform  indicator  bacteria.  In  partictilar.  fecal  coliform  (FCl  con- 
tamination has  forced  the  closure  of  shellfish  beds  throughout  the 
US  coasts.  Although  this  pollution  is  usually  attributed  specifically 
to  an  increase  in  development-related  sources  (e.g.,  agriculture, 
impermeable-surface  runoff  and  wastewater,  Mallin  et  al.  2001 ). 
coastal  development  has  also  likely  affected  bacterial  transport  and 
dilution,  through  altered  coastal  hydrography  including  tide  re- 
strictions. 

Tides  were  first  restricted  in  New  England  coastal  wetlands, 
predominantly  for  road  and  railway  construction  and  mosquito 
control,  in  the  late  19th  and  early  20th  centuries.  Tide  restrictions 
reduce  the  tidal  prism  and  thereby  limit  seawater  flushing  and 
dilution  of  constituents  delivered  to  the  estuary  in  discharging 
freshwater;  this  dilution  is  redticed  both  landward  and  seaward  of 
the  restricting  structure.  In  this  purely  physical  way.  tide  restric- 
tions may  effectively  increase  fecal  coliform  concentrations  in 
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coastal  waters.  Increasing  development,  road  runoff  and  bacterial 
loading  would  have  exacerbated  the  problem. 

In  addition,  disturbance  to  salt  marsh  biogeochemical  cycling 
and  resulting  water-quality  degradation  caused  by  diking  could 
contribute  to  FC  survival  and  management  problems  in  diked  wet- 
lands. The  blockage  of  tides  reduces  salinity;  tide-restricted 
marshes  are  poorly  flushed,  leading  to  high  oxygen  demand  and 
low  summertime  dissolved  oxygen  (Portnoy  1991):  and  drainage 
causes  acid  sulfate  soil  formation  and  low  water-column  pH  (Gos- 
ling &  Baker  I9S0,  Sammut  et  al.  1995,  Portnoy  1999).  Low 
salinity  increases  coliform  survival  times  in  the  environment  (Car- 
lucci  &  Pramer  1960,  Goyal  et  al.  1977,  Morinigo  et  al.  1990. 
Coelho  et  al.  1999,  Lipp  et  al.  2001,  Gabutti  et  al.  2000,  Mallin  et 
al.  2000,  Bordalo  et  al.  2002). 

Conversely,  tidal  restoration  would  reduce  fecal  bacteria  con- 
centrations, regardless  of  their  source,  first  through  simple  dilution 
because  of  a  much-increased  tidal  prism.  In  addition,  increased 
salinity  would  reduce  the  survival  time  of  enteric  bacteria  in  the 
environment,  as  studies  elsewhere  have  consistently  demonstrated 
(Mallin  et  al.  1999.  Coelho  et  al.  1999.  Gabutti  et  al.  2000.  Mallin 
et  al.  2000,  Lipp  et  al.  2001 ).  Finally,  laboratory  and  field  experi- 
ments have  shown  that  tidal  restoration  can  quickly  restore  water- 
column  pH  (Portnoy  &  Giblin  1997a,  Easton  &  Marshall  2000), 
further  depressing  coliform  survival. 

Chronically  high  fecal  coliform  and  shellfish-waters  closures 
just  seaward  of  a  large  Cape  Cod  estuary  planned  for  tidal  resto- 
ration prompted  this  study.  Extensive  beds  of  eastern  oyster  (Cras- 
sostrea viri^inica.  Gnielin  1791 )  up  to  2  km  seaward  of  the  diked 
600-ha  Herring  River  estuary  (Wellfleet,  MA,  USA)  have  been 
closed,  at  least  seasonally,  because  of  fecal  coliform  contamination 
since  state-wide  surveillance  increased  about  1983.  With  the  larg- 
est hard  clam  (Merceiuiria  merccnaria.  Linnaeus  1758)  aquacul- 
ture beds  in  Massachusetts  ju.st  seaward  of  the  zone  of  chronic 
closures,  there  was  public  concern  that  tidal  restoration  could  ex- 
tend the  FC  problem  to  close  a  highly  productive  fishery.  Coastal 
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wetlands  can  be  important  sources  of  public-health  indicator  bac- 
teria, reportedly  because  of  the  abundance  of  organic  matter,  nu- 
trients and  high  water-column  turbidity  promoting  bacteria  sur- 
vival (Jenson  et  al.  1980).  Enterocci  produced  in  a  California  tidal 
marsh  affected  surf-zone  water  quality  under  specific  near-shore 
tlow  conditions  (Grant  et  al.  2001). 

The  Herring  River  estuary  is  largely  undeveloped,  with  very 
few  cesspools  or  septic  systems  near  the  river  and  few  road  cross- 
ings, because  of  incoiporation  of  80%  of  the  floodplain  into  Cape 
Cod  National  Seashore  in  1961.  Therefore,  we  began  the  stud> 
with  the  assumption  that  wildlife  within  the  river  basin  was  prob- 
ably the  major  ultimate  source  of  FC  in  surface  water.  Waterfow  I 
and  other  birds  can  be  abundant  in  or  near  the  river  and  are  prob- 
ably a  major  ultimate  source  of  coliform  bacteria;  these  microbes 
can  reportedly  survive  and  perhaps  grow  in  sediment  (Gerba  & 
McLeod  1976,  Struck  1988).  If  this  is  the  case  for  Herring  River. 
bacteria  could  be  resuspended  with  surficial  sediment  during  pe- 
riods of  high  freshwater  discharge  and/or  tidal  tlow.  to  constitute 
an  important  proximate  source  to  the  receiving  water  column 
(Mallin  et  al.  1999.  Grant  et  al.  2001 ).  Because  this  source  has  not. 
given  land-use  history,  recently  changed,  nor  is  it  likely  to  sub- 
stantially change  with  tidal  restoration,  we  focused  instead  on  the 
water  quality  and  hydrodynaniic  factors  that  would  affect  colifonii 
survival  and  transpoil  under  both  existing  and  tide-restored  con- 
ditions. The  general  goal  was  to  use  existing  conditions  together 
with  recent  hydrodynaniic  modeling  results  (Spaulding  &  Grilli 
2001,  2005)  to  predict  the  effects  of  tide  restoration  on  bacteria 
concentrations  in  downstream  shellfish-growing  waters. 

Specific  objectives  were:  ( 1 )  to  describe  where  and  when  pub- 
lic-health bacteria  contaminate  presently  restricted  estuarine  sur- 
face waters  and  (2)  to  predict  how  restored  tidal  exchange  would 
affect  shellfish-water  quality. 

STUDY  AREA 

Herring  Rher 

The  600-ha  Hening  River  estuarine  complex  (42°N.  70°W), 
occupying  a  glacial  outwash  valley  on  the  eastern  shore  of  Cape 
Cod  Bay  (Fig.  1 ).  is  the  largest  diked  wetland  systein  on  Cape  Cod 
(Portnoy  1991).  Tidal  tlow  to  most  of  the  original  salt  marsh  was 
eliminated  by  inlet  closures  in  the  eighteenth  and  nineteenth  cen- 
turies, and  by  a  dike  built  across  the  mouth  of  the  main  stream  in 
1909.  Stream  channelization  and  ditch  drainage  began  before  dike 
construction  but  intensified  immediately  thereafter;  channel  and 
ditch  maintenance  continued  until  1984.  The  modern  dike  structure 
includes  three  4-m-  rectangular  sluiceways  providing  a  large  open- 
ing for  freshwater  discharge  (ranging  0.2-0..5  m^  s"')  at  low  tide. 
During  high  tide,  hydraulic  pressure  closes  top-hinged  doors  (clap- 
per valves)  on  two  of  the  sluiceways,  preventing  seawater  flow 
upstream.  The  third  sluiceway  is  partially  open  (cross-sectional 
area  about  1  m")  allowing  some  seawater  entry;  however,  seawater 
nov\  up  the  main  channel  and  onto  the  diked  marsh  surface  is 
limited  to  1,0(J0  m  upstream.  The  dike  reduces  tidal  range  from 
about  2.1  m  seaward,  to  0.3  m  landv\ard  of  the  structure.  At  high 
tide  in  the  river,  saltwater  extends  only  to  Station  3;  at  low  tide, 
salinity  at  the  dike  is  about  1.3  ppt,  decreasing  to  0-3  ppt  at  Station 
4  (Fig.  1 ).  Because  of  the  previously  mentioned  lack  of  tidal  flush- 
ing and  biogeochemical  disturbance,  the  river  above  the  reach  of 
seawater  suffers  from  low  pH  and  low  dissolved  oxygen  (Soukup 
&  Portnoy  1986,  Portnoy  1991).  Approximately  1.3  ha  of  natural 


Figure  1.  Herring  River  study  area,  water-quality  sampling  stations 
and  location  of  hard-dam  aquaculture  and  oyster  beds.  Inset:  location 
of  Herring  Ri\er  and  other  studj  sites  on  outer  (ape  Cod. 

oyster  beds  and  20  ha  of  hard-clam  aquaculture  (Egg  Island)  at  the 
river  mouth,  and  seaward  of  the  dike,  are  indicated  on  Figure  1 . 

Historic  photographs  taken  just  before  the  1908  diking  show  an 
apparently  continuous  stand  of  salt  marsh  grasses  along  the  shore 
of  the  Herring  River.  Core  analyses  by  R.  A.  Orson  (Roman  1987) 
documented  the  presence  of  smooth  cord  grass  (S.  alrenntlorct, 
Loisel)  on  the  tloodplain  presently  vegetated  with  velvet  grass 
(Holcus  lanauis.  Linnaeus)),  meadowsweet  (Spiraea  latifolia, 
Ahles)  and  hardback  (5.  tomentosa,  Linnaeus)  goldenrod  iSoli- 
dafio  spp.l  and  black  cherry  {Pniiuis  serotina.  Ehrhart).  Because 
of  peat  drainage,  pore-space  collapse  and  accelerated  decomposi- 
tion (Portnoy  &  Giblin  1997b).  the  marsh  surface  elevation  is 
0.93-1.01  m  NGVD  (National  Geodetic  Vertical  Datum),  or  about 
90  cm  below  modern  unaltered  Spartimi  marsh  seaward  of  the 
Herring  River  dike. 

Regarding  sources  of  FC,  impermeable  surfaces  comprise  only 
two  paved  secondary  roads  crossing  the  tloodplain.  and  there  is 
only  one  domestic  wastewater  disposal  system  within  20  m  of 
surface  waters.  Waterbirds.  primarily  waterfowl  (Anseriformes). 
are  seasonally  abundant  and  probably  a  principal  source  of 
coliform  in  the  river  system  (Valiela  et  al.  1991). 

Other  Sites 

The  relationship  between  the  degree  of  tidal  restriction  and 
low-tide  FC  concentrations  was  studied  at  several  other  Cape  Cod 
estuaries  in  summer  2003.  Pamet  River  (Truro.  MA)  has  been 
completely  tide  restricted  since  about  1867,  with  no  seawater  pass- 
ing through  a  dike  that  cuts  off  all  tidal  flow  from  the  upper  64  ha 
of  this  wetland.  The  diked  wetland  is  vegetated  with  freshwater- 
wetland  shrubs,  nanow-leaved  cat-tail  Typlui  angiistifotia  (Lin- 
naeus) and  common  reed  (Pluaginites  atistralis.  Trinius). 

East  Harbor  (Truro.  MA)  is  a  143-ha  back-barrier  lagoon  and 
130-ha  emergent  wetland,  also  isolated  bv  diking  from  the  marine 
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environment  since  about  1868.  Salinities  have  increased  greatly  in 
the  East  Harbor  lagoon  since  2002.  from  4-20  ppt,  when  clapper 
valves  in  its  drainage  culvert  were  opened  to  improve  tlushing; 
however,  tidal  range  remains  <0..'i  m  in  creeks  immediately  abo\e 
the  culvert,  and  0  in  the  lagoon  proper  because  of  the  small  diam- 
eter of  the  culvert  relative  to  lagoon  volume.  The  East  Harbor 
emergent  marsh  is  vegetated  with  freshwater  shrubs.  Typlia  an- 
i;iistitoliii  and  Phmi;iuirc.s  austnilis. 

Hatches  Harbor  (Provincetown.  MA)  is  a  170-ha  back-buixier 
salt  marsh  bisected  by  a  dike  in  1930;  large  culverts  were  installed 
in  this  dike  and  gradually  opened  beginning  in  1999  so  that  to  date 
(200.^)  nearly  all  restriction  on  tide  height  and  salinity  distribution 
has  been  removed.  As  a  result  of  increased  salinity,  salt  marsh 
herbs  are  replacing  an  extensive  stand  of  Phniniuitcs. 

Like  Herring  River,  these  other  coastal  tloodplams  are  within 
Cape  Cod  National  Seashore,  are  consequently  sparsely  developed 
and  have  few  sources  of  anthropogenic  coliform  pollution. 

METHODS 

At  Herring  River,  water  and  sediment  sampling  focused  on  nine 
sites  spaced  roughly  0.5-1.0  km  apart  along  the  main  stem  from 
above  the  reach  of  seawater  (Station  2)  to  the  mouth  of  the  river  at 
Egg  Island  (Station  10),  a  sandbar  in  Welltleet  Harbor  used  inten- 
sively for  bivalve  aquaculture  (Fig.  1).  Other  estuaries  were 
sampled  within  50  m  above  and  below  road  crossings  that  re- 
stricted tidal  now.  Most  sampling  effort  was  directed  toward  PC 
bacteria  because  this  group  is  the  water-quality  standard  for  shell- 
fi.sh-growing  waters  per  the  US  Food  and  Drug  Administration's 
National  Shellfish  Sanitation  Program.  Field-work,  including  pe- 
riodic surface-water  sampling  and  sediment  collections,  was  con- 
ducted from  May  through  October  of  2005.  Following  preliminary 
surveys  of  FC  throughout  the  tidal  cycle,  sampling  focused  on  low 
tide  to  characterize  worst-case  conditions. 

Sediment 

Sediment  was  collected  by  Ponar  dredge  on  two  dates  at  water- 
quality  stations  in  Hening  River.  Dredged  sediment  was  dropped 
upright  into  a  basin  and  the  top  2  cm  transferred  to  a  sterile  cup 
using  a  flame-sterilized  spoon.  To  control  for  expectedly  high 
.spatial  variability,  three  randomly  located  grabs  were  collected  at 
each  sampling  station  and  combined  together  in  equal  volumes. 

In  the  laboratory,  these  composited  samples  were  thoroughly 
mixed  to  hoinogenize.  20  g  of  wet  sediment  were  removed  asep- 
tically,  inixed  with  200  mL  of  phosphate  buffer,  shaken  for  45  min. 
and  allowed  to  stand  for  30  min.  E.  coli  MPN  (most  probable 
number)  in  100  niL  of  the  supemate  was  determined  using  the 
Colilen-18  system  (IDEXX  Laboratories,  Westbrook.  Maine);  in- 
cubation temperature  was  35°C.  Remaining  sediment  was  dried  at 
105°C.  dry-sieved  for  particle  size  distribution  and  combusted  at 
550°C.  for  2  h  to  determine  organic  content.  Bacteria  concentra- 
tions were  computed  per  unit  of  dry  sediment  weight. 

Water 

Surface-water  samples  were  collected  aseptically  at  about  10- 
cm  depth,  transported  to  the  laboratory  at  4'C  and  cultured  for  FC 
using  the  membrane  filtration  method  at  44.5°C  on  M-FC  agar 
with  rosolic  acid  (APHA  1998)  within  six  hours  of  collection.  All 
water  samples  were  collected  and  cultured  for  FC  in  duplicate; 
data  are  presented  as  means  ±  1  SD.  On  two  dates  (August  4  and 
11.  2000).  samples  from  all  Herring  River  stations,  plus  Hatches 


Harbor.  East  Harbor  and  Pamet  River  study  sites  were  also  tested 
for  E.  coli  using  the  Colilert-18  system;  as  for  sediment  (above) 
incubation  temperature  was  35°C;  results  are  presented  as  MPN 
(most  probable  number)  per  100  mL.  The  Colilert  system  has  been 
shown  to  perform  as  well  or  better  than  traditional  membrane- 
filtration  methodology  for  these  bacterial  indicators  (Yakub  et  al. 
2002). 

Note  that  for  Herring  River  sediment.  E.  coli  was  cultured,  as 
opposed  to  FC  in  water  samples;  this  was  simply  because  an  FC 
method  was  not  available  for  sediment  using  the  IDEXX  system. 
We  therefore  do  not  directly  compare  densities  of  FC  in  water  and 
E.  coli  in  sediment,  but  rather  compare  their  respective  spatial 
patterns  along  the  estuarine  salinity  gradient.  E.  coli  is  of  course  a 
major  component  of  fecal  coliform. 

Salinity  was  measured  by  refractometer.  Turbidity  was  mea- 
sured with  a  Hach  21()0P  lurbidmieter.  calibrated  with  primary 
formazin  standards. 

RESULTS 

Sediment 

Highest  E.  coli  concentrations  were  found  in  sediment  at  sta- 
tions 200-1.400  m  above  the  dike  (Fig.  2).  Because  of  the  tide 
restriction,  this  is  a  reach  of  limited  tidal  range  and  flood-tide 
velocity;  therefore,  fine  particles  tend  to  deposit  directly  into  the 
channel.  In  comparison,  concentrations  above  this  river  reach  were 
relatively  low  on  both  sampling  dates.  Immediately  seaward  of  the 
dike,  sediment  bacteria  were  moderately  high  in  July  but  low  in 
August.  From  about  500  m  of  the  dike  structure  to  the  channel 
south  of  Egg  Island,  E.  coli  was  low  to  undetectable  on  both 
sampling  dates.  Bacteria  density  was  related  to  sediment  physical 
properties  as  measured  at  these  sampling  locations  (Table  1 ):  E. 
coli  appeared  highest  in  relatively  fine-grained  sediments  with  low 
bulk  density  and  high  water  content. 

Surface  Water 

A  preliminary  survey  in  May  2005  of  surface-water  FC  at  30 
min  intervals  from  midebb  to  midfiood  tide  just  seaward  of  the 
dike  structure  (Station  6.  Fig.  1).  showed  that  highest  concentra- 
tions occurred  at  lowest  salinities  coinciding  with  low  tide  in  the 
diked  river  (Fig.  3).  In  addition,  a  survey  of  all  nine  river  stations 
at  both  low  and  high  tides  on  the  same  date  in  October  (Fig.  4) 
showed  a  similar  relationship  between  tidal  stage  and  FC:  essen- 
tially. FC  varied  inversely  with  salinity  at  stations  5  through  10 
from  just  above  to  2.000  m  seaw  ard  of  the  dike;  FC  at  Stations  2-4 
in  the  diked  river  proper  was  similar  at  both  high  and  low  tide. 
Given  these  observations,  to  characterize  worst-case  conditions 
most  other  water  sampling  was  conducted  at  low  tide. 

Repeated  low-tide  sampling  throughout  the  summer  months 
corroborated  the  relationship  between  FC  and  position  along  the 
river  main  stem  (Fig.  5);  FC  was  low  to  moderate  at  Stations  2  and 
3,  high  at  Stations  4  through  8,  about  1.000  m  above  and  below  the 
dike,  respectively  and  very  low  at  Stations  9  and  1 0.  On  September 
18,  Tropical  Storm  Ophelia  delivered  one  of  only  two  substantial 
(>1  cm)  rain  events  during  the  summer  to  the  study  area.  During 
the  resulting  freshet,  low-tide  FC  increased  2-  to  4-fold  at  Stations 
2  through  8,  and  about  80- fold  at  Stations  9  and  10;  however,  the 
same  relationship  between  FC  and  river  reach  was  observed  as 
during  drier  weather,  albeit  with  much  higher  values,  indicative  of 
increased  FC  discharge  from  upstream  wetlands  (Jenson  et  al. 
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TABLE  1. 

Correlation  coefficients  (Pearson's  r)  between  E.  coli  concentrations 

and  sediment  pliysical  properties  at  Herring  River  stations  in 
summer  2005;  ;;  =  22.  Significance  levels  are  given  in  parentheses. 


Figure  1.  li.  coli  concentrations  Icolonv  forming  units  per  g  DWl  in 
Herring  River  sediment  on  July  20  (topi  and  August  16  (bottom)  2005. 

1980).  Concentrations  returned  to  background  dry-weather  condi- 
tions 5  days  after  the  September  18  rain  event. 

Although  highest  low-tide,  surface-water  concentrations  of  FC 
consistently  occurred  at  and  just  seaward  of  the  river  reach  with 
highest  .sediment  stocks  of  E.  coli  (Fig.  2).  FC  did  not  vary  v\ith 
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tuibidity  as  f]om  suspended  sediment  (R-  =  0.08.  P  <  0.05).  A 
plot  of  all  turbidity  and  FC  observations  versus  salinity  showed  a 
cojiiplex  relationship  (Fig.  6).  with  high  turbidity  at  both  freshwa- 
ter and  marine  end  members,  and  moderate  and  low  FC  respec- 
tively; lowest  turbidity  corresponded  with  highest  fecal  coliform 
concentrations  at  low-tide  salinities  of  10-2.5  ppt,  typically  within 
1.000  )ii  above  and  below  the  dike. 

Physical  Effects  of  Tidal  Resloralion 

Hydrodynamic  modeling,  conducted  to  assess  physical  alterna- 
tives for  tide  restoration  (Spaulding  &  Grilli  2001,  2005),  showed 
that  tidal  range  could  increase  from  0.5-2.0  m.  and  intertidal  vol- 
utne  from  about  7.3.000-980.000  nr\  Assuming  most  of  the  water 
that  exited  the  river  during  the  ebb  did  not  return  during  subse- 
quent flood  tides,  as  evidenced  by  consistently  high  llood-tide 
salinity,  the  increase  in  intertidal  volume  amounts  to  a  13.4-fold 
increase  in  the  dilution  of  river  water.  Given  this  dilution  factoi', 
and  assuming  that  bacterial  loading  does  not  increase,  restored 
tidal  Hushing  should  reduce  coliform  bacteria  to  concentrations 
below  the  standard  for  shellfish  waters  (Fig.  7),  except  for  low-tide 
periods  2-A  days  after  heavy  rain. 

Other  Study  Sites 

Although  seasonal  use  by  waterfowl,  larids  and  roosting  pas- 
serines may  be  one  factor  contributing  to  high  FC  above  the  Her- 
ring River  dike  structure  (Moles  2005).  another  appears  to  be  the 
effect  of  tide  restriction  itself  on  water  and  sediment  quality.  This 
is  supported  by  less  intensive  satrtpling  in  the  other  large  diked  salt 
marshes  on  Cape  Cod.  We  noted  on  two  sampling  dates  in  mid- 
sutnmer  that  low-tide  FC  and  E.  coli  in  the  water  column  at  Pamet 
River  and  both  East  and  Hatches  Harbors  related  directly  to  the 
degree  of  tidal  restriction,  indicated  by  depressed  low-tide  salinity 
(Fig.  8). 

DISCUSSION 

Current  Hydrographic  Conditions 

Chronically  high  surface-water  FC  occurred  in  the  principal 
zone  of  river-  and  bay-water  mixing,  where  low-tide  salinities 
ranged  from  10-25  ppt;  this  zone  extended  about  1 .000  m  on  either 
side  of  the  dike  tidal  restriction.  SeditiienI  in  the  upstiea)ii  jcaches 
of  this  zone  (e.g..  Stations  .3  and  4.  Fig.  1 )  had  high  E.  coli  and  may 
have  been  the  proximate  source.  Abundance  of  E.  coli  in  Herring 
River  sediment  corresponded  with  an  open-water  habitat  above  the 
dike  that  was  highly  attractive  to  waterfowl  and  larids  (Portnoy  et 
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Figure  3.  FC  concentrations  (±1  SDl  and  salinity  in  Herring  River  surface  water  from  niidebb  to  midflood  tide.  May  26,  2005. 


al.  1987)  and  roosting  passerines;  it  is  likely  that  these  animals 
seed  the  river  sediment  with  coliform  bacteria  in  their  droppings. 
There  is  increasing  evidence  that  fecal  coliform  can  survive  and 
even  grow  in  the  environment,  especially  in  sediment  (Gerba  & 
McLeod  1976,  LaLiberte  &  Grimes  1982.  Struck  1988.  Davies  et 
al.  1995.  Grant  et  al.  2001 ).  Their  survival  time  in  sediment  would 
be  extended  by  low  salinity  (Mallin  et  al.  2000.  Lipp  et  al.  2001. 
Anderson  et  al.  2005).  low  pH  (Carlucci  &  Pramer  I960),  and  high 
sediment  organic  content  (Gerba  &  McLeod  1976,  Matson  et  al. 
1978,  LaLiberte  &  Grimes  1982) — the  very  conditions  that  pre- 
vailed in  HeiTing  River  because  of  the  restriction  of  tides  and  ditch 
drainage  (Portnoy  1999). 


FC  concentrations  in  river  surface  water  were  clearly  depen- 
dent on  tidal  stage  and  the  amount  of  fresh  water  from  the  high-FC 
zone  just  above  the  dike  relative  to  the  high-salinity,  and  compara- 
tively low-FC,  Cape  Cod  Bay  end  member  (Fig.  3.  4).  Low-tide 
surveys  consistently  showed  that  high  FC.  exceeding  the  USDA 
shellfish-waters  standard  of  14  CFU  (colony-forming  units)  per 
100  niL,  was  the  norm  for  all  river  stations;  in  contrast,  dry- 
weather  FC  was  always  low  at  the  most  seaward  Stations  9  and  10 
(Fig.  5).  demonstrating  the  predominance  of  Cape  Cod  Bay  water 
in  the  salt  and  water  budget  of  Welltleet  Harbor.  It  should  be 
noted,  however,  that  the  protection  afforded  Wellfleet"s  Egg  Island 
aquaculture  industry  by  clean  Cape  Cod  Bay  water  was  marginal. 
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High-tide  salinity 


5  6  7 
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Figure  4.  Low-  and  high-tide  salinity  and  fecal  coliform  (±1  SD)  in  Herring  River.  October  20,  2005. 


614 


PORTNOY  AND  ALLEN 


1200 


23456789  10 

Stations 

Figure  5.  Low-tide  FC  (±1  SD)  at  Herring  River  stations  throughout  the  2005  summer  including  days  one  (Sep  18),  three  (Sep  20)  and  five  (Sep 
22)  after  a  8.9-cni  rain  event. 


with  observed  violations  of  the  water-quality  standard  during  wet 
weather  (Fig.  5).  Meanwhile,  under  cunent  tide-restricted  condi- 
tions, the  extensive  oyster  beds  in  the  river  mouth  between  Stations 
5  and  9  (Fig.  1 )  were  chronically  contaminated  and  closed  to 
shellfish  harvest. 

Fecal  coliforms  are  often  associated  with  sediment  (Faust  et  al. 


1973.  Valiela  et  al.  \W\)  and  can  be  released  into  the  water 
column  by  sediment  disturbance  (Rittenberg  et  al.  ]95>i.  Matson  et 
al.  1978.  Coelhoel  al.  1999.  Mallin  et  al.  1999.  Mallin  et  al.  2000). 
This  can  be  a  concern  in  tide-restoration  projects  if  hydrodynamic 
changes  trigger  resuspension  of  FC-rich  sediment  into  bathing  or 
shellfish  waters.  However.  FC  has  not  always  correlated  well  with 
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Figure  7.  Estimated  dilution  effects  on  Herring  River  fecal  coliform  concentrations,  relative  to  shellfish-waters  standard,  given  model-predicted 
increase  in  intertidal  \olumeand  Hushing  «ith  tidal  restoration.  Also  shown  are  locations  of  oyster  and  hard  clam  heds  relative  to  river  sampling 
stations. 


turbidity  us  a  measure  of  sediment  resuspension  in  studies  else- 
where (Goya!  et  al.  1977.  Jensoii  et  al.  1980).  Indeed,  sediment 
resuspension  did  not  appear  to  be  an  important  mechanism  affect- 
ing microbiological  water  quality  under  existing  conditions  in  Her- 
ring River.  Highest  FC  observed  in  the  river  channel  corresponded 
with  the  lowest  turbidities,  and  niidrange  salinities  (10-25  ppt); 


highest  turbidities  were  at  opposite  ends  of  the  salinity  gradient 
(Fig.  6).  The  high  turbidity  at  the  river  mouth  (Stations  6-10)  was 
apparently  caused  by  the  tlocculation  of  dissolved  organic  matter 
and  complexed  Fe  as  salinity  and  ionic  strength  increased  (Fig.  6|. 
a  process  that  is  well  described  for  rivers  world-wide  (Boyle  et  al. 
1977l:  it  was  not  the  result  of  sediment  resuspension.  Thus,  as 
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Figure  8.  Typical  summer  fecal  coliform  and  E.  coli  concentrations  (mean  ±  .SI),  n  =  2l  in  tide-restricted  and  restored  Cape  Cod  estuaries  at  low 
tide.  The  degree  of  anthropogenic  tidal  restriction  is  indicated  hy  low-tide  salinity,  indicated  over  bars:  with  no  restriction,  low-tide  salinity  would 
be  about  .1(1-32  ppt. 
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river  water  mixed  with  seawater  at  tlie  river  mouth  during  ebh  tide, 
turbidity  rose  and  FC  declined.  High  FC  at  midsalinity  Stations 
4-8  may  have  nevertheless  been  caused  by  tidal  stin'ing  in  the  river 
channel  (Mallin  et  al.  1999)  that  was  sufficient  to  resuspend  a 
bacteria-rich  surface  film,  but  insufficient  to  lift  enough  sediment 
to  increase  measured  turbidity  signitlcanlly.  Hydrodynamic  mod- 
eling results  indicate  that  channel  velocities  in  a  tide-restored  river 
would  be  insufficient  to  resuspend  sediment  (see  below). 

Effects  of  Tidal  Resloratinn 

Besides  dilution  (Fig.  7).  other  factors  associated  with  restored 
tidal  flow  would  depress  coliform  concentrations  even  more  in  a 
tide-restored  Herring  River  estuary.  Restoration  will  cause  a  radi- 
cal change  in  water  chemistry  (Portnoy  1999.  Spaulding  &  Grilli 
2001).  As  mentioned,  the  survival  time  of  enteric  bacteria  is  re- 
duced by  high  pH  (Carlucci  &  Pramer  1960)  and  high  salinity 
(Goyal  et  al.  1977,  Bordalo  2002).  With  tidal  restoration,  low-tide 
salinities  just  above  and  below  the  dike  structure  would  increase 
from  the  present  20-25  ppt  to  30-32  ppt  (Spaulding  &  Grilli 
2005).  decreasing  coliform  survival.  The  resaturation  of  cunent 
acid-sulfate  soils  (Portnoy  &  Giblin  1997b)  with  seawater  would 
rapidly  (weeks  to  months)  restore  circum-neutral  pH  of  marsh  peat 
and  receiving  waters  (Portnoy  &  Giblin  1997a).  In  addition,  the 
physical  alternative  for  restoration  comprises  a  wide  culvert,  w  hich 
will  not  only  increase  high  tide  heights  but  will  also  improve 
low-tide  drainage  (Spaulding  &  Grilli  2005).  greatly  improving 
tidal  flushing  with  generally  oxygen-saturated  seawater;  this 
should  alleviate  summertime  oxygen  stress  in  the  diked  estuary 
(Portnoy  1991).  All  of  these  water-quality  factors  should  drive 
bacteria  concentrations  below  that  expected  with  simple  tidal  di- 
lution. Meanwhile,  although  the  hydrodynamic  modeling  indicated 
that  channel  velocities  would  not  increase  enough  to  resuspend 
potentially  FC-rich  sediment  (Spaulding  &  Grilli  2005).  somewhat 
increased  flood-tidal  flow  velocity  and  much-increased  tide 
heights  would  shift  fine-sediment  deposition  from  river  channels 
to  the  wetland  surface,  where  both  dessicalion  and  light  would 
depress  FC  survival  (Bordalo  et  al.  2002).  Finally,  under  existing 
tide-restricted  conditions.  Herring  River  sediments  with  highest 
FC  content  are  Hooded  throughout  the  tidal  cycle;  tide  restoration 
and  better  low-tide  drainage  would  expose  these  sediments  to  solar 
UV  radiation,  further  reducing  viable  bacteria  (Fujioka  et  al.  1981. 
Sinton  et  al.  2002)  on  or  near  the  sediment  surface. 

Other  Study  Sites 

Although  many  other  differences  among  Pamet  River  and 
Hatches  and  East  Harbors  could  have  affected  enteric  bacteria, 
results  were  consistent  with  relationships  observed  at  Herring 
River  between  the  degree  of  tidal  restriction  and  microbiological 
water  quality.  All  three  tide-restricted  sites,  except  recently  tide- 


restored  Hatches  Harbor,  have  established  conditions  that  promote 
FC  retention  and  survival;  specifically  depressed  tidal  flushing, 
water-column  salinity.  pH.  aeration  and  increased  deposition  of 
fine  sediments  in  main  creek  channels. 

CONCLUSION 

The  source  of  fecal  bacteria  in  outer  Cape  Cod's  restricted,  but 
otherwise  mostly  undeveloped,  estuarine  watersheds  is  probably 
wildlife.  Because  land  use  has  changed  little  in  many  decades,  and 
it  is  not  likely  to  change  significantly  in  terms  of  wildlife  use  of 
coastal  wetlands,  attempts  to  limit  this  coliform  source  are  unlikely 
to  succeed.  Even  if  it  is  assumed  that  FC  from  wildlife  is  a  good 
indicator  of  the  presence  of  human  pathogens  (Griffin  et  al.  200 1 ). 
there  would  probably  be  strong  public  opposition  to  discouraging 
wildlife  activity.  Also,  waterfowl  (at  least)  are  most  abundant  dur- 
ing winter  when  shellfish  harvest  is  limited  (Valiela  et  al.  1991, 
Weiskel  et  al.  1996).  As  an  alternate  approach,  this  study  suggests 
that  the  hydrologic  restoration  of  tide-restricted  salt  marshes  may 
help  to  improve  shellfish-water  quality  among  its  many  other  so- 
cial and  ecological  benefits  (Roman  et  al.  1995.  Burdick  et  al. 
1997). 

Regardless  of  the  bacterial  source,  tide  restriction  has  created 
water  and  sediment  conditions  behind  dikes  that  favor  coliform 
accumulation  and  survival.  With  limited  flushing  by  relatively 
colifonn-free  Cape  Cod  Bay  water,  ebb  tides  carry  bacteria-laden 
Herring  River  water  to  downstream  shellfish  beds,  closing  many 
hectares  of  oysters  and  threatening  extensive  hard-clam  aquacul- 
ture.  In  addition,  the  dike's  restriction  on  semidiurnal  flooding 
with  aerobic  seawater  has  caused  oxygen  stress  and  low  salinity; 
and  effective  peat  drainage  has  led  to  high  acidity — all  of  which 
extend  bacteria  sur\ival  times. 

Given  observed  spatial  and  temporal  (tidal)  patterns  of  water- 
column  fecal  coliform  abundance  in  the  diked  Herring  River,  the 
projected  physical  and  water-chemical  effects  of  tidal  restoration 
should  cause  a  substantial  improvement  in  bacteriological  water 
quality.  Aside  from  increases  in  salinity,  dissolved  oxygen  and  pH 
that  should  reduce  enteric  bacteria  survival,  dilution  alone,  from 
radically  increased  intertidal  volume,  should  reduce  coliforms  to 
concentrations  that  allow  reopening  of  oyster  beds  closed  for  many 
decades.  In  addition,  increased  sediment  exposure  during  predicted 
lower  low  tides  would  further  reduce  bacteria  survival.  Assuming 
no  new  major  source  of  FC  within  the  river  system,  increased 
dilution  of  river  water  would  confer  even  more  protection  on  hard- 
clam  aquaculture  beds  from  bacterial  contamination. 

The  relationships  among  tidal  restrictions,  water  quality  and 
public  health  bacteria  should  be  studied  in  other  coastal  ecosys- 
tems, particularly  those  experiencing  shellfish-bed  closures.  These 
results  suggest  that  hydrodynamic  and  hydrographic  alterations 
may  contribute  substantially  to  coastal  coliform  contamination 
e\en  without  dense  urbanization. 
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ABSTRACT  Several  molecular  diagnoMic  assays  have  been  developed  in  an  attempt  to  replace  the  traditional  Ray's  Fluid  Thiogly- 
collute  Medium  (RFTM)  assay  for  detection  and  quantification  of  Perkmsus  munmis  in  oysters.  Real-time  PCR  technology  is  a 
state-of-the-art  method  currently  used  to  diagnose  disease  intensity  in  vertebrates.  We  developed  a  simple  (two-reagent)  real-time  PCR 
assay  to  quantify  P.  nuiriiuis  (PMAR)  and  Peikinsiis  spp.  (PERK)  In  oysters,  using  TaqMan*  assays  designed  with  Minor  Groove 
Binder  (MGB)  probes  on  an  Applied  Blosystems  7500  Real-Time  PCR  System.  Both  PERK  and  PMAR  assays  demonstrate  strong 
correlations  (R-  s  0.99)  between  parasite  cell  density  and  real-time  PCR  threshold  cycle  (Cr)  with  amplification  efficiencies  a99'7f'. 
The  PERK  assay  results  in  similar  amplification  plots  for  the  three  species  tested  (P.  marinus,  P.  olseni  and  P.  chesapeaki).  whereas 
the  PMAR  assay  detects  only  P.  marinus.  A  strong  correlation  (R"  >  0.90)  was  found  between  infection  level  determined  by  the 
traditional  RFTM  method  and  quantification  by  real-time  PCR.  based  on  internal  standards  prepared  from  P.  marinus  spiked  oyster 
tissue.  The  PCR  assays  also  detected  Perkinsus  in  oysters  diagnosed  as  negatives  using  the  traditional  method,  suggesting  that  the 
described  assay  may  be  more  sensitive.  These  assays  provide  a  nonsubjective,  specific  and  accurate  quantification  of  P.  marinus  in 
oyster  tissues  and  thus  could  potentially  replace  the  traditional  method  in  some  applications. 

KEY  WORDS:     TaqMan".  rcal-tmie  PCR,  Perkinsus.  oysters 


INTRODUCTION 

The  long  and  continuing  decline  of  eastern  oyster  {Cras.sa.'itrea 
virginiea)  fisheries  has  been  partly  attributed  to  the  persistent  and 
oftentimes  catastrophic  effects  of  the  diseases  MSX  (caused  by 
Haplosporidium  nclsoui)  and  Perkinsosis  (caused  by  Perkinsus 
marinus).  The  ability  to  develop  and  execute  effective  manage- 
ment strategies  has  necessitated  the  development  of  efficient  tools 
by  which  the  prevalence  and  intensity  of  infections  can  be  evalu- 
ated in  natural  populations.  Traditionally,  P.  mariiuis  infections 
have  been  assessed  using  the  Fluid  Thioglycollate  Medium 
(RFTM)  assay  (Ray  1966).  This  inethod  involves  the  cultuie  of  the 
parasite  prior  lo  staining  and  visualization,  and  thus  it  necessitates 
that  the  parasite  be  viable  at  the  time  of  processing.  Several  mo- 
lecular assays  have  been  developed  that  not  only  streamline  the 
diagnostic  process  but  also  can  be  used  to  assess  prevalence  of 
Perhiisus  spp.  in  archived  or  frozen  tissues,  which  could  expand 
our  understanding  of  the  patterns  in  disease  occurrence  and  the 
environmental  factors  that  may  influence  them  (see  review  by 
Villalba  et  al.  2004).  Primers  that  target  either  the  nontranscribed 
spacer  (NTS)  or  internal  transcribed  spacer  (ITS)  regions  of  the 
ribosomal  RNA  (rRNA)  gene  complex  have  been  used  in  P.  mari- 
nus specific  PCR  assays  (Marsh  et  al.  1995.  Robledo  et  al.  1998. 
Audemard  et  al.  2004).  Geneial  primers  have  also  been  designed  to 
detect  virtually  all  Perkinsus  species  (Casas  et  al.  2002). 

Real-time  PCR  technology  is  a  state-of-the-art  method  used  to 
quantify  initial  target  levels  of  RNA  and  DNA  and  has  gained  wide 
use  in  clinical  laboratory  diagnostics  (Kaltenboeck  &  Wang  200,5). 
Whereas  standard  PCR  methods  analyze  product  formation  during 
the  plateau  phase  (or  endpoint).  real-time  PCR  quantification  oc- 
curs during  logarithmic  amplification  of  the  target,  which  can  be 
more  accurately  related  to  initial  target  concentration.  This  ditter- 
ence  is  critical  for  the  development  of  assays  comparable  to  the 
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RFTM  method,  which  provides  not  only  presence/absence  of  the 
parasite  but  also  infection  intensity.  The  utility  of  real-time  PCR 
approaches  in  quantifying  Perkinsus  spp.  was  demonstrated  by 
Audemard  et  al.  (2004).  who  reported  real-time  PCR  methods  for 
the  detection  and  quantification  of  Perkinsus  in  environmental 
samples. 

Here,  we  report  the  development  of  a  simple,  efficient  real-time 
PCR  assay  to  quantify  P.  marinus  and  Perkinsus  spp.  cell  density 
in  oyster  tissues  using  TaqMan*  Assays,  designed  with  Minor 
Groove  Binder  (MGB)  probes,  detected  on  an  Applied  Blosystems 
7500  Real-Time  PCR  System  and  analyzed  with  SDS  software. 
This  real-time  PCR  method  overcomes  a  common  problem  in  real- 
time PCR  protocols,  specifically  the  need  for  efficient  amplifica- 
tion in  order  for  the  assay  to  be  accurate  in  the  quantification  of  the 
target.  The  TaqMan'  Assays  pair  specific  forward  and  reverse 
PCR  primers  to  amplify  a  relatively  short  amplicon  (<I50  bp).  The 
targeting  of  a  stnall  amplicon  serves  to  one.  increase  amplification 
efficiency  and  two,  reduce  false  negatives  that  may  result  from 
DNA  reaiTangement  events  that  can  occur  within  larger  target 
regions,  which  is  particularly  important  when  targeting  the  NTS  or 
ITS  regions.  The  specificity  of  the  real-time  PCR  measurement  is 
increased  with  the  TaqMan*  internal  probe  prepared  with  a  5' 
fluorescent  reporter  dye.  a  3 'quencher  and  an  MGB  tail  to  allow 
increased  stringency  (Kutyavin  et  al.  2000).  The  fluorescence  of 
unbound  probe  is  quenched  until  the  probe  binds  to  the  amplicon 
and  the  5'  exonuclease  activity  of  Taq  polymerase  permanently 
releases  the  5'  fluorescent  signal.  If  the  probe  is  released  without 
having  been  cleaved,  as  in  the  case  of  mismatches  encountered 
during  the  exonuclease  activity,  the  two  ends  will  resume  their 
close  association  and  no  signal  will  be  delivered. 

The  increased  specificity  provided  by  the  inclusion  of  Taq- 
Man® probes  allows  discrimination  of  comparatively  minor  dif- 
ferences between  sequences.  The  combination  of  these  factors 
(short  target  amplicons.  specific  probes)  results  in  a  sensitive,  spe- 
cific and  accurate  determination  of  P.  marinus  and  Perkinsus  spp. 
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cell  density  in  oyster  tissue  that  not  only  increases  the  efficiency  of 
diagnosing  Perkiiisas  spp.  in  oysters  but  also  provides  a  new  tool 
that  may  extend  our  understanding  of  this  important  oyster  patho- 
gen. 

MATERIALS  AND  METHODS 

In  \itro  Cultures 

P.  imivinus  (P-1)  cultures  were  obtained  from  J.  La  Peyre 
(Louisiana  State  University)  and  maintained  as  previously  de- 
scribed (Gauthier  &  Vasta  1995).  Cultured  P.  olseni  and  P.  chesa- 
peaki  were  obtained  from  the  American  Type  Tissue  Culture  Col- 
lection (ATCC  50984  and  50807.  respectively)  and  were  used  to 
test  assay  specificity. 

TaqMan*  Assay  Design 

The  assays  were  designed  and  synthesized  as  Custom  Taq- 
Man*  Gene  E.xpression  Assays  (Applied  Biosystems.  Foster  City. 
CA)  and  the  target  sequences  for  the  designs  were  submitted  after 
having  been  formatted  with  their  File  Builder  software. 

Two  target  sequences  were  chosen  for  assay  design  (Fig.  1 ), 
both  within  the  ITS  region  previously  targeted  by  Casas  et  al. 
(2002),  and  referenced  by  Audemard  et  al.  (2004).  After  aligning 
these  regions  with  similar  regions  from  other  Perkinsus  species 
(obtained  from  GenBank),  one  231  bp  region  was  identified  that 
appears  to  be  conserved  across  all  species  within  this  genus,  and 
the  Perkinsus  spp.  specific  (PERK)  assay  was  designed  to  anneal 
within  this  region.  The  second  target  sequence  was  a  region  that 
appears  to  be  conserved  in  all  P.  mahuiis  records  but  contains  a 
higher  frequency  of  substitutions  relative  to  other  species.  The  first 
P.  marinus  specific  (PMAR)  assay  was  designed  to  anneal  within 
this  region.  P.  olseni  was  identified  as  having  the  most  similar 
sequence  in  the  PMAR  region  and  was  chosen  for  testing  the 
specificity  of  the  PMAR  assay  despite  the  low  probability  of  its 
occunence  in  local  oysters.  Other  species,  such  as  P.  chesapeaki. 
are  considered  more  likely  to  coinfect  oyster  populations  in  North 
Carolina  but  exhibited  greater  differentiation  relati\e  to  P.  mari- 
nus. 

Although  the  PERK  assay  efficiently  reported  all  Perkinsus 
species  tested  (see  results)  and  the  first  PMAR  assay  efficiently 
reported  P.  marinus.  the  initial  PMAR  assay  exhibited  cross- 
reactivity  with  P.  olseni  samples.  This  could  be  attributed  to  the 
fact  that  there  was  only  a  single-base  mismatch  in  the  probe  bind- 


Ouery   1     GGTGAITAATTCCTftTGMCCATTGTaCTAGTCATSGTATCCRAATCCARTTTTGGfiTTT  6  0 

I  III  II  II   II  II  II  I  II  III  I  I  I  I  I  II  II II nil  I  I  I 

Sbjct   31    GGTGATTATCTCCTATGAACCATTGTACTAGTCACAGTATCCAAATCC— TTTTGGATTT  8  8 

Query   61    TGGTATTTCAAAACGAAATTCCAAACTCTCAACGATGGATGCCTCGGCTCGAGAATCGAT  120 

I  I  I  I  II  II  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M  III  I  I  I  II  I  I  I  I  M  I  I  I M  M  II  I  11  I  I  II  M  I  I  I  I 

SbjCC   89    TGGTATTTCAAAACGAAATTCCAAACTCTCAACGATGGATGCCTCGGCTCGAGAATCGAT  14S 


Ouery   121   GAAGGACGCAGCGAAGTGCGATAAGCACTGCGATTTGCAGAATTCCGTGAACCAGTAGAA   ISC 

I  I  M  II  I  I  M  I  I  I  I  I  I  I  M  I  1  M  I  I  I  I  II  I  I  I  I  I  I  n  I  I  M  I  I  '  III  I  I  I  I  I  i  1  I  1  I  I  '  I 
Sbjct   149   GAAGGACGCAGCGAAGTGCGATAAGCACTGCGATTTGCAGAATTCCGTGAACCAGTAGAA  2  08 


Mr,H.PmlK! 


PERK-R 


Query      IBl       ATCTrAAr.EcATACTGci^CAAAGGGteATCTITCCTCTTTGTACATACATAICAGIGTCGC      2  40 

I  I  I  M  I  II  I  I  n  I  M  I  I  M  II  I  I  I  I  I  I  II  I  M  I  I  I  I  11  M  I  I  r  ill  I  I  II  I  11  II  I  I  II 
Sbjct      209      ATCTCAACGCATACTGCACAAAGGGGATCTTTCCTCTTTGTACATACATATCAGTGTCGC     2  68 

PMAR-F 


Query      241      TCTTCTTCCCGATACAAACATTTTGTTGTTAACGCAACTCAATGCTTTGTATCCCgCTTGI     300 

I  III II  MM  11  I  Mil  I  I  I  II  M  III  II  II Hill  II  III Ill 

Sbjct      269      TCTTCTTCCCGSTACAAACATTTTGTIGTTAACGCAACTCAGTGCTTTGTATCCCGCTTG     328 
MGB.Probe  PMAR-R ♦ 

Query      301     I.AACTAACTCTlrCGGAGGTGGTTCGTTATGTGCGCTTGTGAAGGCAGGCGTAITAATT  357 

I  I  I  II  M  I  I  I  I  M  I  I     I     I  I  I  I  I  I  I  M  I  I  I  I  I  I  M  M  M  I  I  I  I  II  I  I  I  I  M  M  I  M 
.5bT^r        -<'^       GACTAACTrTTrr.GAGATAGTTCGTTATGTGCGCTTGTGAAGGCAGGCGTATTAATT  39! 

»  *    * 

Figure  1.  Primer  and  probe  design  for  PERK  and  PMAR  real-time 
PCR  assays  within  the  ITS  region  of  Perkinsus  spp.  rRN.\.  The  top 
sequence  is  P.  marinus  and  the  liottom  sequence  is  P.  olseni.  Arrow- 
heads highlight  mismatches  between  sequences. 


ing  site  in  P.  olseni  and  only  a  single-base  mismatch  in  each  of  the 
two  primers.  To  enhance  the  specificity,  two  of  the  oligonucleo- 
tides in  the  PMAR  assay  were  redesigned.  The  first  was  a  slight 
shift  of  the  reverse  primer  to  incorporate  one  additional  base  mis- 
match, whereas  retaining  its  melting  temperature  (T^)  of  about 
60°C.  The  other  modification  was  to  reduce  the  T^  of  the  probe. 
Ideally  the  MGB  probes  are  designed  to  have  a  T^,  of  70°C  (Ap- 
plied Biosystems.  Foster  City.  CA).  However,  to  provide  greater 
discrimination  between  a  perfect  match  to  P.  marinus  and  the 
slight  mismatch  to  P.  olseni.  the  probe  was  designed  with  a  T^  of 
about  66°C.  The  changes  in  the  PMAR  primers  and  probes  did  not 
increase  the  potential  for  cross  reactivity  with  the  other  Perkinsus 
species.  For  example,  when  compared  with  the  P.  chesapeaki  se- 
quence, the  new  PMAR  forward  primer  contained  4  mismatched 
base  pairs,  the  reverse  primer  contained  five  mismatched  base 
pairs,  and  the  probe  contained  six  mismatched  base  pairs — more 
than  sufficient  to  avoid  the  generation  of  a  false  positive. 

Preparation  of  P.  marinus  Standards  for  Real-time  PCR 

Cell  density  of  P.  marinus  stock  culture  was  determined  by 
triturating  cells  through  a  25-gauge  needle  and  5-mL  syringe  to 
break-up  clusters  prior  to  performing  replicate  heniocytometer 
counts.  Replicate  preweighed  uninfected  oyster  mantle  tissue 
samples  (courtesy  of  Horn  Point  Laboratory.  University  of  Mary- 
land) were  inoculated  ("spiked")  with  5.  50.  500.  5,000  or  50,000 
P.  marinus  cells  in  a  10-|JiL  volume  of  culture  medium  for  the 
preparation  of  parasite  cell  density  standards  (parasites/g  wet 
weight  oyster  tissue).  These  spiked  tissue  samples  were  immedi- 
ately lysed  and  DNA  extracted  as  described  below. 

DNA  Extractions 

Oyster  tissue  samples  were  resuspended  in  400  p.L  PureGene 
Cell  Lysis  Solution  (D-5002)  along  with  2  |jlL  of  a  20-(xg/mL 
stock  solution  of  proteinase  K  and  incubated  at  55°C  overnight  or 
until  all  tissue  was  dissolved.  Solutions  were  allowed  to  reach 
room  temperature  prior  to  the  addition  of  140-(j,L  PureGene  Pro- 
tein Precipitation  Solution  (D-5003).  vortexed  vigorously  for  20 
sec  and  placed  on  ice  for  5  min.  Tubes  were  centrifuged  at  top 
speed  on  a  microcentrifuge  for  5  min  and  supernatant  transfened 
to  a  clean  labeled  tube.  The  DNA  was  precipitated  with  the  addi- 
tion of  400-|jiL  100%  isopropanol  then  gently  inverted  50  times 
prior  to  centrifugation  for  5  min.  The  DNA  pellet  was  washed  with 
4()0-fjiL  70'7r  ethanol  and  allowed  to  air  dry  prior  to  the  addition  of 
35-p.L  double  deionized  water  (ddH.O).  DNA  concentration  ^\^.d 
|xL  =  A260  nm  x  0.  05  x  dilution  factor)  was  determined  on  a 
Genesys  8  spectrophotometer  and  all  samples  were  adjusted  to  100 
ng/|jiL.  The  260-nm/280  nm  absorbance  ratio  was  used  to  deter- 
mine the  purity  of  DNA. 

TaqMan '-'  Reagents 

The  PERK  specific  primer/probe  mix  containing  1 8  |j.M  each 
of  forward  and  reverse  primers  and  5-p.M  TaqMan «  probe,  which 
was  obtained  as  a  20x  stock  solution  (ABl  4331348.  Applied 
Biosystems,  Foster  City,  CA).  The  PMAR  specific  primer/probe 
mix  was  prepared  manually  by  diluting  each  lOO-p-M  primer  (ABl 
185312336^1.2)  and  IOO-jjlM  probe  (ABl  185312336)  to  18  \s.V[ 
and  5  \i.U.  respectively  for  a  20x  stock  solution.  The  TaqMan® 
Universal  PCR  MasterMix  (ABl  4324018)  containing  AmpliTaq 
Gold  DNA  Polymerase.  AmpErase  without  UNG,  dNTPs  with 
dUTP,  and  buffer  components  optimized  as  a  2x  solution. 
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Reagents  were  added  in  the  t'lillowing  proportions  to  each  well 
of  96-well  optical  reaction  plates  (ABI  4306737):  l2.3-(xL  Mas- 
terMix.  1.25-|a.L  prime/probe,  ').2?-|jlL  ddH^O.  and  2-(j.L  of  tem- 
plate (100  (xg/|jiL)  for  a  25-|xL  reaction  volume.  Plates  were  sealed 
with  ThermalSeal  RT  (Excel  Scientific.  Inc).  Real-lime  PCR  was 
conducted  on  an  ABI  7500  Real-Time  PCR  System  using  the  ABI 
7500  System  SDS  Software  using  the  default  temperature  program 
(95  C/IO  min;  40  cycles  of  95°C/15  sec  followed  by  60"C/1  min) 
for  a  total  run  time  of  1.5  h. 

Specificity  and  Sensitivity  of  PERK  and  I'MAR  Assays 

The  specificity  of  PERK  and  PMAR  primer/probe  reagents  was 
determined  by  conducting  real-time  PCR  as  described  above  on 
separate  aliquots  of  10-ng  DNA  from  P.  muhmis.  P.  olseni  and  P. 


chesapcaki  and  observing  each  of  the  amplification  plots  relative 
to  nontemplate  controls.  The  sensitivity  of  the  two  assays  was 
determined  separately  on  10-fold  serial  dilutions  of  P.  marinus 
target  DNA  (10  pg-0.001  fg)  in  the  presence  of  100  ng  oyster 
DNA. 

Quantification  of  Perkinsus  spp.  in  Naturally  Infected  Oysters 

A  comparison  was  made  between  P.  marinus  infection  intensity 
determined  by  real-time  PCR  and  the  traditional  RFTM  assay  us- 
ing mantle  tissue.  Thirteen  intertidal  oysters  were  collected  from 
Masonboro  Sound  at  the  UNCW  Center  for  Marine  Science  (30 
ppt.  24°C  ambient  conditions).  Two  -Smm"  pieces  of  mantle  tis- 
sue were  removed  and  placed  in  either  10-mL  RFTM  medium  with 
antibiotics  for  the  traditional  method  (Ray  1966.  Mackin  1962. 
Craig  et  al.  1989)  or  microcentrifuge  tube  for  real-time  PCR  analysis. 

Determination  of  parasite  cell  density  in  unknown  samples  was 
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Figure  2.  Specificity  of  PERK  (A)  real-time  PCR  assay  denionslrated  l)v  amplification  of  R  marinus.  P.  olseni  and  P.  cliesapeaki  and  PMAR  (B) 
real-time  PCR  assa>  demonstrated  liy  amplification  of  P.  marinus  but  not  P.  olseni  or  P.  cliesapeaki.  NTC  =  nontemplate  control.  Positive 
amplification  is  indicated  when  Delta  Rn  values  exceed  the  threshold  indicated  by  the  horizontal  line.  Delta  Rn  represents  the  change  in 
fluorescent  signal  produced  from  the  cleaved  TaqMan"  probe,  reporting  successful  binding  of  the  probe  to  the  target  sequence. 
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Figure  3.  Detection  limit  (1()  fj;)  of  PERK  (A)  and  PMAR  (Bl  real-time  PCR  assays  demonstrated  by  amplillcation  plots  for  a  lO-fold  serial 
dilution  of  P.  mariiiiis  DNA  in  the  presence  of  1011  ng  of  uninfected  oyster  DNA.  a  =  10  pg;  b  =  1  pg;  c  =  0.1  pg;  d  =  10  fg.  Positive  amplification 
is  indicated  when  Delta  Rn  values  exceed  the  threshold  indicated  by  the  horizontal  line.  Delta  Rn  represents  the  change  in  fluorescent  signal 
produced  from  the  cleaved  TaqMan     probe,  reporting  successful  binding  of  the  probe  to  the  target  sequence. 


accomplished  by  including  three  or  more  standards  (described 
above)  for  each  real-time  PCR  run.  The  ABI  7500  software  auto- 
matically plots  the  relationship  between  cell  density  and  threshold 
cycle  (C,-)  and  converts  Cy  values  of  unknowns  to  parasite  cell 
density.  The  C-r  value  represents  the  number  of  cycles  required  for 
target  amplification  to  reach  the  exponential  phase  and  is  therefore 
inversely  related  to  initial  target  concentrations. 

Statistical  A  iialysis 

Linear  regression  analysis  was  conducted  to  determine  the  re- 
lationship between  parasite  cell  density  and  C,  value  and  between 
real-time  PCR  determination  of  infection  intensity  and  semiquan- 
titative estimates  using  the  RFTM  method. 


RESULTS 

Specificity  and  Sensitivity  of  PERK  and  PMAR  Assays 

The  PERK  assay  resulted  in  similar  amplification  plots  for  P. 
nniriniis,  P.  ol.seiii  and  P.  chesapcaki  DNA  (Fig.  2A),  whereas  the 
PMAR  assay  resulted  in  amplification  of  P.  iiiariniis  but  not  P. 
clu'.sapeaki  or  P.  olseni  ( Fig.  2B ).  The  sensitivity  of  the  PERK  and 
PMAR  assays  were  similar,  delecting  down  to  10  fg  P.  marinits 
DN.A  in  the  presence  of  lOO-ng  oyster  DN.'X  (Fig.  3). 

Standard  Carres  for  PKRK  and  PMAR  Assays 

A  strong  correlation  (R-  >  0.99;  P  <  0.0001)  was  observed 
between  P.  iiiarinus  cell  density  in  oyster  tissue  and  Cy  determined 
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tissue)  and  tliresliold  cycle  (C'r)  determined  for  the  PKRK  (A)  and 
PMAR  {Hi  real-time  PCR  assays.  (Mean  ±  SE;  ii  =  1) 


by  PERK  and  PMAR  real-time  PCR  assays  (Fig.  4).  Amplification 
efficiency  (|  lo''"'''"^''"*  -1])  for  both  assays  was  determined  lo  be 
>99'7f.  These  parasite  cell  density  standards  were  included  in  all 
PCR  runs  lo  determine  infection  intensity  in  field  collected  oyster 
tissue  described  later. 

Qiianlificalidii  »/  P.  marinus  (';(  Naturally  Infected  Oysters 

A  strong  correlation  (R"  >  0.90;  P  <  0.0001)  was  found  be- 
tween infection  intensity  determined  by  the  traditional  RFTM 
mantle  tissue  assay  and  both  PERK  and  PMAR  real-time  PCR 
assays  based  on  internal  standards  prepared  from  P.  niariniis 
spiked  oyster  tissue  (Fig.  5).  Both  PCR  assays  detected  parasites  in 
oysters  (2  out  of  13)  diagnosed  as  uninfected  by  the  traditional 
RFTM  method.  All  13  oysters  tested  positive  by  PCR.  but  only  1 1 
tested  positive  by  the  RFTM  method. 

DISCUSSION 

The  results  presented  suggest  that  the  TaqMan®  MOB  ap- 
proach provides  an  efficient  and  accurate  method  for  not  only 
quantifying  the  prevalence  and  intensity  of  P.  imiriinis  infections 
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Figure  5.  Relationship  between  the  traditional  RFTM  assay  for  deter- 
mining Perkinsiis  spp.  infection  intensity  and  PERK  (.\)  and  PM.\R 
(Bl  real-time  PCR  assay  determination  of  parasite  cell  density  in 
mantle  tissue. 

but  also  a  tool  for  investigating  patterns  of  coinfection  involving 
other  species  of  Perkinsiis.  The  combination  of  the  genus-specific 
(PERK)  that  targets  an  86  bp  region  and  the  species-specific 
(PMAR)  assays  that  targets  a  72  bp  region  can  be  used  to  evaluate 
the  extent  to  which  positive  Pcrkiiisiis  diagnosis  could  be  attrib- 
uted to  species  other  than  P.  numniis.  Although  not  all  reported 
Perkinsiis  species  were  tested,  the  PERK  assay  recognized  both  P. 
marinus  and  P.  chesapeaki.  which  share  the  lowest  sequence  iden- 
tity within  the  target  region,  based  on  the  data  available  in  Gen- 
Bank.  The  specificity  of  the  PMAR  assay  is  demonstrated  by  the 
lack  of  recognition  for  P.  olseni.  the  species  with  the  greatest 
sequence  identity  to  P.  marinus  within  the  target  region. 

Our  results  demonstrate  that  the  PCR  assays  are  an  accurate 
alternative  to  the  traditional  mantle  smear  RFTM  method  for  the 
assessment  of  disease  intensity.  Parasite  cell  density  standards, 
prepared  by  spiking  oyster  tissue  samples  of  known  wet  weight 
with  known  numbers  of  cultured  P.  marinus.  were  used  to  deter- 
mine parasite  density  in  naturally  infected  oysters  and  these  esti- 
mates correlate  well  with  those  obtained  using  the  RFTM  method 
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on  the  same  oysters.  Funher.  the  Unear  relationship  between  the 
two  methods  allows  us  to  convert  the  PCR  data  to  familiar  terms 
(Mackin  Scale)  it'  needed.  Such  agreement  between  methods  al- 
lows for  integration  of  data  sets  that  rely  on  the  different  methods. 

The  reliance  of  the  assay  on  the  relatively  easy  to  sample 
mantle  tissue  is  also  advantageous.  Research  has  shown  that  al- 
though mantle  tissue  can  be  used  fairly  accurately  to  assess  disease 
prevalence  and  intensity  in  oyster  populations  (Bushek  et  al.  1994. 
Oliver  et  al.  1998).  the  traditional  RFTM  method  is  known  to 
result  in  false  negative  diagnoses  at  low  infection  levels  (Choi  et 
al.  1989).  A  major  advantage  of  the  PCR  approach  is  the  increased 
sensitivity  with  which  mantle  tissue  samples  can  be  analyzed,  thus 
minimizing  the  likelihot)d  of  a  false  negative  diagnosis.  In  this 
study,  PERK  and  PMAR  assays  detected  infections  in  oysters  that 
were  diagnosed  as  negative  by  the  RFTM  method. 

Although  the  traditional  RFTM  method  is  approximately  3-fold 
less  expensive,  there  are  several  advantages  and  particular  appli- 
cations of  the  real-time  PCR  assays:  First,  they  can  be  used  to 
distinguish  between  P.  marinu.s  and  other  Perkinsus  spp.  The  abil- 
ity to  determine  the  extent  to  which  infected  oysters  harbor  more 
than  a  single  species  is  of  considerable  interest.  Nonspecific  quan- 
tification could  result  in  overestimation  of  P.  marimis  levels  in 
areas  where  different  species  co-occur.  Whereas  the  small  numbers 
of  natural  oysters  evaluated  during  this  study  exhibited  similar 
infection  intensities  when  tested  with  the  generic  and  specific  as- 
says (suggesting  an  absence  of  multiple  infections),  a  more  sub- 
stantial study  would  provide  a  more  definitive  answer  to  this  ques- 
tion. Further,  the  ability  to  specifically  attribute  infections  to  P. 
marinus  may  facilitate  the  evaluation  of  other  species  to  act  as 
potential  reservoirs. 

A  second  advantage  is  that  the  PCR  assays  eliminate  the  sub- 
jectivity associated  with  estimation  of  infection  intensity  using  a 
semiquantitative  rating  system.  The  potential  for  subjective  error 
poses  a  problem  when  comparing  year-to-year  samples,  particu- 
larly when  there  are  multiple  investigators  involved.  Third,  the 
assays  are  extremely  sensitive,  detecting  down  to  10  fg  of  P. 


iiHiriiiiis  DNA  in  the  presence  of  100  ng  oyster  DNA.  This  sensi- 
tivity is  likely  to  result  in  a  more  accurate  assessment  of  disease 
prevalence  and  intensity.  Fourth,  the  assays  provide  an  accurate, 
quantitative  measure  of  parasite  cell  density  in  oyster  tissue 
samples.  The  linear  relationship  between  known  parasite  cell  den- 
sity and  C-j.  is  used  to  quantify  infection  level  in  unknown  tissue 
samples.  Fifth,  these  assays  can  be  accomplished  in  1-2  days  if 
needed  as  opposed  to  5-7  days  required  for  the  RFTM  assay.  The 
assays  are  also  relatively  simple  molecular  protocols  with  only  two 
reagents  involved  in  setting  up  the  PCR  reaction.  Lastly,  the  assays 
can  make  use  of  frozen  samples  or  archived  DNA.  whereas  the 
RFTM  method  requires  that  parasites  be  kept  alive  until  process- 
ing. This  attribute  is  allowing  us  to  assess  oyster  disease  patterns 
in  North  Carolina  over  the  past  several  years  from  archived 
samples.  Oyster  tissue  can  also  be  sent  through  the  mail  in  cell 
lysis  solution  without  refrigeration  for  processing  elsewhere. 

The  advantages  associated  with  the  adoption  of  real-time  PCR 
strategies  for  the  quantification  of  Perkinsosis  in  oysters  may  be 
offset  in  part  by  the  greater  expense  associated  with  such  tech- 
niques. Further  refinement  and  automation  of  the  assay  will  un- 
doubtedly reduce  the  costs,  and  the  advantages  of  the  real-time 
assays  will,  in  some  cases,  more  than  justify  the  additional  costs. 
The  linear  relationship  between  the  PCR  assay  determination  of 
parasite  cell  density  and  the  traditional  semiquantitative  rating 
scale  allows  us  to  relate  results  from  the  two  methodologies. 
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ABSTRACT  Shelltlih  itiLiuding  oysters  {Cni.ssostiea  gigas).  cockles  [CeraslOileniui  eihile)  and  mussels  (Mytihis  edulis).  have 
previously  been  described  as  an  important  source  of  thermophilic  Campylobacters,  with  the  potential  of  causing  acute  bacterial 
gastroenteritis  in  humans.  Previous  genotyping  studies  employing  the  polymerase  chain  reaction — restriction  fragment  length  poly- 
morphism (PCR-RFLP)  typing,  based  on  the  flagellin  {jlaA)  gene  have  been  unable  to  generate  an  amplicon  for  the  urea.se-positive 
thermophilic  Campylolxuler  (UPTC).  which  are  the  predominant  taxa  associated  with  shellfish,  largely  caused  by  sequence  diversity 
between  the  UPTC  group  and  C.  jejiiiii.  Hence  the  aim  of  this  study  was  to  develop  a  modified  PCR-RFLP  genotyping  assay, 
employing  polymorphisms  within  the  llagellin  (fhiA)  gene  of  UPTC  organisms,  which  would  now  allow  the  successful  amplification 
and  typing  of  previously  nontypable  UPTC  isolates  obtained  from  natural  marine  environments.  A  novel  primer  pair  (UPTC/?(iF/UPTC 
floR)  was  designed  based  on  conserved  regions  within  the  /7dA  gene  locus  of  UPTC  organisms  to  generate  a  1.358  bp  amplicon  for 
all  UPTC  organisms  tested.  RFLP  analysis  with  Ddel  in  combination  with  computational  analysis  of  genetic  relatedness  using 
BioNumerics  software  demonstrated  the  presence  of  four  distinct /7aA  genotypes,  among  the  seven  UPTC  isolates.  In  conclusion,  this 
study  describes  a  PCR-RFLP  method,  based  on  modified  primers  from  VFTC  flaA  gene  sequences  that  may  be  successfully  applied 
to  examine  subspecies  relatedness  of  UPTC  organisms  from  natural  environments,  including  shellfish. 

KEY  WORDS:  Caniftylohacter  jejitni.  DNA.  flagellin  [JIaA).  genotyping.  PCR.  shelltish.  urease-positive  thermophilic  Campylo- 
bacter iVPTC) 

INTRODUCTION  mainly  in  their  gill  tissues  and  such  produce  may  be  a  hazard  to 

public  health,  particularly  if  (1)  they  are  consumed  raw;  (2)  are 

Thermophilic  Campylohacler  spp..  including  C.  jejum.  C.  a.h      '-'^"^"  following  only  a  partial  cooking  or  (3)  are  allowed  to  cross- 

and  C.   lari.  are  the  most  common  cause  of  acute  bacterial      contaminate  other  foods  and  utensils  in  the  kitchen,  where  they  are 

gastroenteritis  in  the  developed  Western  world  (Altekruse  &  "§  prepared. 

-r  11  c         -,«(^-,,     I     M     .u         T    1      1    1  1-       .               c-         I  Various  previous  studies  have  demonstrated  problems  in  the 
Tolletson  2003).   In   Northern  Ireland,   laboratory  confirmed  ^                                 ^           -              ,  ,           ■      ,    ,i 
.     ,                        c                                           1         1     i-  onr,   1  nA«  genotvpins  ot  the  most  common  form  or  Cainnxlohocler  in  shell- 
isolates  account  tor  an  approximate  annual  total  ot  800-1.000  .                                                    ..         ,              u-i/" 


cases,  representing  an  attack  rate  of  59  cases  per  100.000  indi- 
viduals (Anon.  2002).  In  general,  most  Campylobacter  infec- 
tions are  believed  to  be  transmitted  zoonotically  to  humans  from 
various  animal  reservoirs,  including  poultry,  cattle,  pigs  and 
from  household  pets,  including  cats  and  dogs,  although  the  epide- 
miology and  routes  of  transmission  are  still  not  completely  under- 
stood. In  addition,  various  reports  have  described  the  presence 

of  thermophilic  Campxiobaeler  in  shellfish,  including  oysters         .  ,    „  .    .  ,  ,     „^„  ..... 

,^  .  ,,        ^  ,  ,,  ,  1        with  C.  leiiini.  trom  where  the  PCR  primers  were  originally  de 

{Crassostrea  qigiis).  cockles  (Ceraslodenna  ediile)  and  mussels        ■        ■ 


fish,  mainly  the  urease-positive  thermophilic  Campylo- 
bacter (VPJC)  ( Moore  et  al.  2003.  Seki/uka  et  al.  2004).  whereby 
these  isolates  failed  to  be  typed  using  conventional  tlagellin 
{JlaA)-hased  restriction  fragment  length  polymorphism  (RFLP) 
analysis,  as  described  originally  by  Nachamkin  et  al.  (1993). 
This  inability  to  generate  a  PCR  amplicon  with  the  UPTC  organ- 
isms was  most  likely  to  be  caused  by  significant  mutations  in 
the  flagellin  gene  structure  in  the  UPTC  organisms,  compared 


[Mytiliis  edulis)  (Wilson  &  Moore  1996,  Endtz  et  al.  1997).  Given 
that  shellfish  may  be  cultured  and  harvested  in  marine  waters  that 
are  contaminated  with  agricultural  run-off  or  with  human  sewage, 
shellfish  concentrate  fecal  pathogens,  including  Campylobacters 


signed. 

Hence,  it  was  the  aim  of  this  study  to  develop  a  modified 
PCR-RFLP  genotyping  assay,  using  polymorphisms  within  the 
flagellin  (flaA)  gene  of  UPTC  organisms  as  an  epidemiological 
marker,  which  would  now  allow  the  successful  amplification  and 
typing  of  previously  nontypable  UPTC  isolates  obtained  from 


'Corresponding  author.  E-mail:  jemoore(&  niphl.dnet.co.uk  shelltish  and  environmental  water  sources. 
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MATERIALS  AND  METHODS 

Design  of  Modified  fla4  Primers 

Two  novel  PCR  primers  were  designed  and  designated  as 
UPTC,/7aF( forward  primer)  and  UPTC  /ZoR  (reverse).  The  flaA 
gene  sequences  of  six  UPTC  isolates,  which  had  been  recently 


published,  includiiii:  UPTC  AB070.S8.  AB0739I5.  AB07.3916. 
AB0739I7.  AB073918  and  ABn802()2  (GeiiBank  Accession  num- 
ber), were  aligned  employing  the  Clustal  alignment  tool  in  com- 
bination with  DNASTAR  software  (DNASTAR  Inc.  Wisconsin, 
USA).  Conserved  sites  were  selected  (Fig.  I)  and  contained  the 
following  sequences  UPTC  flciF  3'-ATT  AAC  ACA  AAT  GOT 


(a).  Position  of  UPTC  flaf  (forward  primer) 


UPTC  flaF 


Position: 

UPTC_AB080202.SEQ 
UPTC_AB070587 . SEQ 
UPTC_AB073915.SEQ 
UPTC_AB073916.SEQ 
UPTC_AB073917.SEQ 
UPTC  AB073918.SEQ 


GGATTTCGTATTAACACAAATGGTGCATCTTTAAAT(SCTCAAGTAAATGCAGGAATGAAC 

ggatttcgtattaacacaaatggtgcatctttaaatgctcaagtaaatgcaggaatgaat 
ggatttcgtattaacacaaatggtgcatctttaaatgctcaagtaaatgcaggaatgaat 
ggatttcgtattaacacaaatggtgcatctttaaatgctcaagtaaatgcaggattaaat 
ggatttcgtattaacacaaatggtgcatctttaaatgctcaagtaaatgcaggaatgaac 
ggatttcgtattaacacaaatggtgcatcttt/y^tgctcaagtaaacgcaggaatgaac 


UPTC_AB080202.SEQ 
UPTC_AB070587.SEQ 
UPTC_AB073915.SEQ 
UPTC_AB073  916.SEQ 
UPTC_AB073917.SEQ 
UPTC  AB073918.SEQ 


61  120] 

TCAAGAGCATTAGATAGCTCTTTAGCAAGACTTAGTTCAGGTTTGAGAATAAATTCAGCT 

TCAAGAGCATTAGATAGCTCTTTAGCAAGACTTAGTTCAGGTTTGAGAATA7y\TTCAGCT 

TCAAGAGCATTAGATAGCTCTTTAGCAAGACTTAGTTCAGGTTTGAGAATAAATTCAGCT 

TCAAGAGCTCTTGATCAATCTTTAAATAGACTTAGTTCAGGTTTGAGAATAAATTCAGCA 

TCAAGAGCATTAGATAGCTCTTTAGCAAGACTTAGTTCAGGTTTGAGAATAAATTCAGCA 

TCAAGAGCATTAGATAGCTCTTTAGCAAGACTTAGTTCAGGTTTGAGAATAAATTCAGCA 


(b).  Position  of  UPTC  flaR  (reverse  primer) 


Position: 

UPTC_AB080202.SEQ 
UPTC_AB070587.SEQ 
UPTC_AB073915.SEQ 
UPTC_AB073  916.SEQ 
UPTC_AB073917.SEQ 
UPTC  AB073918.SEQ 


1261  1320 

GCAAACATCGGTGCTACACAAAATCAAATCACATCAACTATTAATAACATTAGCGTAACT 
GCAAACATCGGTGCTACACAAAATCAAATTACATCAACTATTAACAACATTAGCGTAACT 
GCAAACATCGGTGCTACACAAAATCAAATTACATCAACTATTAACAACATTAGCGTAACT 
GCAAACATCGGTGCTACGCAAAATCAAATCACATCAACTATTAATAACATTAGCGTAACT 
GCAAACATCGGTGCTACACAAAATCAAATTACATCAACTATTAATAACATTAGCGTAACT 
GCAAACATCGGTGCTACACAAAATCAAATCACATCAACTATTAATAACATTAGCGTAACT 


UPTC  flaR 


UPTC_AB080202.SEQ 
UPTC_AB070587.SEQ 
UPTC_AB073915.SEQ 
UPTC_AB073916.SEQ 
UPTC_AB073917.SEQ 
UPTC  AB073918.SEQ 


1321  1380 

CAAGTTAATGTTAAAGCTGCTGAATCACAAATTAGAGATGTTGACTTTGCAAGCGAAAGC 

CAAGTTAATGTTA7VAGCTGCTGAATCACAAATTAGAGATGTTGACTTTGCAAGCGAAAGC 

CAAGTTAATGTTAAAGCTGCTGAATCACAAATTAGAGATGTTGACTTTGCAAGCGAAAGC 

CAAGTTAATGTTAAAGCTGCTGAATCAC7VAATTAGAGATGTTGACTTTGCAAGCGAAAGT 

CAAGTTAATGTTAAAGCTGCTGAATCACAAATTAGAGATGTTGACTTTGCAAGCGAAAGC 

CAAGTTAATGTTAAAGCTGCTGAATCACAAATTAGAGATGTTGACTTTGCAAGCGAAAGC 


Figure  1.  .AligniiK'nt  of  the  flagcllin  (fla\)  jjene  locus  in  six  isolates  of  urease-positive  thermophilic  C'a/H/7.v/<'/>off(r  (I'PTC)  showing  (a)  conserved 
nature  of  forward  primer  iVPTCflat)  and  (b)  conserved  nature  of  reverse  primer  (LIFTCy/aR).  UPTC  isolates  detail  their  GenBank  accession 
numbers. 
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GCA  TCT  TTA  AAT  G-3'.  corresponding  to  base  positions  l()-37 
in  relation  to  UPTC  AB080202  and  UPTC  /7«R  5'-CTC  TAA  TTT 
GTG  ATT  CAG  CAG  CTT  TAA  CAT  T-3'.  corresponding  to  base 
positions  1357-1327  in  relation  to  UPTC  AB080202.  Amplifica- 
tion using  these  primers  was  estimated  to  generate  a  PCR  amplicon 
of  approximately  1.358  bp  in  length. 

Source  of  i'PTC  Isolates  Vsed  in  This  Study 

Seven  isolates  belonging  to  the  UPTC  biovar  of  C.  Uiri  were 
used  in  this  study,  including  four  wildtype  isolates  and  three  ref- 
erence isolates,  obtained  from  different  environments  and  in  dif- 
ferent countries,  as  detailed  in  Table  1.  In  addition.  C.  Jciiiiii 
ATCC33560  was  also  used  in  this  study. 

DNA  Extraction 

All  isolates  were  cultured  under  microaerophilic  conditions 
(5%  v/v  CO,)  for  48h  on  Butzler  selective  medium,  and  their 
species  designation  was  confirmed,  as  described  previously 
(Moore  et  al.  2003).  Bacterial  genomic  DNA  was  extracted  in 
accordance  with  the  method  of  Harrington  et  al.  (1994)  and  re- 
sulting nucleic  acid  (DNA)  was  quantified  and  adjusted  to  yield  a 
working  concentration  of  approximately  1.0  p,g/|a.L.  Extracted 
DNA  was  stored  frozen  at  -20°C  until  used  and  at  4  C  thereafter. 

PCR  Amplification  and  Restriction  Fragment  Length  Polymorphism 
(RFLP)  Analysis 

After  PCR  optimi/ation.  amplification  was  performed  on  all 
seven  UPTC  isolates,  as  well  as  with  the  C.  jejuni  isolate,  as 
detailed  in  Table  I.  Reaction  mixes  (25  (xL)  were  set  up  as  fol- 
lows;-10  mM  Tris-HCl,  pH  8.3,  50  mM  KCl.  2.5  mM  MgCU. 
200  jxM  (each)  dATP.  dCTP,  dGTP  and  dTTP;  1 .25U  of  Taq  DNA 
polymerase  (Takara  Corp.,  Tokyo.  Japan).  10  pmol  (each)  of  the 
forward  and  reverse  primers  (i.e..  UPTC  /7(iF/UPTC  /7«R)  as  de- 
scribed above  and  l|xL  of  DNA  template.  The  reaction  mixtures 
after  a  "hot  start"  were  subjected  to  the  following  optimized  ther- 
mal cycling  parameters  in  a  Perkin  Elmer  9700  thermocycler: 
96°C  for  3  min  followed  by  40  cycles  of  96' C  for  1  min.  58.5°C 
for  Imin,  72°C  for  2.5  min,  followed  by  a  final  extension  at  72°C 
for  10  min.  During  each  run  molecular  grade  water  was  included 
randomly  as  negative  controls.  After  amplification,  aliquots  (15 
(xL)  were  removed  from  each  reaction  mixture  and  examined  by 
electrophoresis  (100  V.  60  min)  in  gels  composed  of  1.0*  (w/v) 
agarose  (L03.  Takara  Corp.,  Japan)  in  0.5  x  TBE  buffer,  stained 
with  ethidium  bromide  (5  |xg/100  mL).  Gels  were  visualized  under 
UV  illumination  using  a  gel  image  analysis  system  (Atta  Image 
Saver.  Atta  Corp..  Japan). 

TABLE  1. 


Isolate 

Campylobacter 

Reference 

Organism 

Source 

Country 

15 

UPTC* 

Mussel 

N.  Ireland 

14.S 

UPTC 

Mussel 

N.  Ireland 

182 

UPTC 

Sea  water 

N.  Ireland 

CF89-12 

UPTC 

River  water 

Japan 

NCTC12892 

UPTC 

River  water 

England 

NCTC 1 2895 

UPTC 

Mussel 

England 

NCTC12896 

UPTC 

Mussel 

England 

ATCC3356n 

C.  jejuni 

Bovine 

USA 

A  restriction  map  was  prepared  from  analysis  of  the  1,358  bp 
flak  fragment  to  estimate  the  optimal  restriction  enzymes(s)  to  use 
to  detect  polymorphisms  in  this  fragment,  using  MapDraw  soft- 
ware (DNAStar  Inc.,  Wisconsin,  USA).  After  PCR  amplication, 
resulting  amplicons  (10  jjiL)  were  digested  to  completion  with  the 
restriction  endonuclease  Dde  1  (lOU)  (cleavage  site  sequence 
CTGCAJ-G:  Toboyo  Co.  Ltd..  Osaka.  Japan),  at  37°C  for  4  h  in  the 
manufacturer's  (H)  buffer  at  the  recommended  concentration.  Di- 
gested DNA  fragments  (15  (xl)  from  the  Dde  1  digestion  were 
subjected  to  electrophoresis,  as  described  eariier,  with  the  excep- 
tion that  digested  fragments  were  separated  on  a  2.5%  (w/v)  aga- 
rose gel  and  visualized,  as  detailed  earlier. 

Computer  Estimation  of  Genetic  Relatediiess 

Computer  analysis  of  the  RFLP  banding  patterns  obtained  was 
performed  with  the  BioNumerics  software  package  (Applied 
Maths,  Kortrijk,  Belgium).  Initially,  all  RFLP  banding  patterns 
were  normalized  and  all  images  were  compatible  with  one  another 
after  normalization,  and  complete  RFLP  patterns  were  used  for 
analvsis.  In  general,  bands  were  automatically  assigned  by  the 
computer  and  were  corrected  manually  after  the  original  images 
were  visually  checked.  Only  cleariy  resolved  bands  were  counted. 
The  Pearson  coefficient  was  used  to  analyze  the  similarities  of  the 
banding  patterns.  The  unweighted  pair  group  method  with  average 
linkages  (UPGAMA)  was  used  for  cluster  analysis  and  the  cophe- 
netic  correlation  coefficient  for  the  whole  dendrogram  was  calcu- 
lated for  estimation  of  the  faithfulness  of  the  cluster  analysis,  using 
the  BioNumerics  software. 

RESULTS  AND  DISCUSSION 

PCR  amplification  using  the  novel  primer  pair,  UPTC  JlaF/ 
UPTC  //flR.  allowed  the  reproducible  generation  of  aflaA  ampli- 
con of  approximately  the  expected  size  (circa  1,358  bp)  for  all 
UPTC  isolates  examined  (Fig.  2).  A  slightly  larger  amplicon  {circa 
1.500  bp)  was  generated  for  C.  jejuni  ATCC33560  (data  not 
shown).  Restriction  map  analysis  with  Ddel  demonstrated  the  pres- 
ence of  at  least  five  restriction  sites  within  the  PCR  amplicon, 
yielding  fragments  at  positions  82,  155,  644,  885  and  910.  Sub- 
sequent restriction  of  PCR  amplicons  demonstrated  the  presence  of 
at  least  three  bands,  which  were  grouped  into  four  banding  profiles 
(genotypes),  as  determined  by  analysis  by  the  BioNumerics  soft- 
ware (Fie.  3). 


1,358bp 


,1,500bp 


■LOOObp 


'  UPTC.  ureiise-positive  thermophilic  Campylobacter. 


Figure  2.  PCR  amplirication  of  a  1,358  bp  fragment  of  the/ZaA  gene 
of  urease-positixe  thermophilit  Campylobacter.  Lane  1,  negative  con- 
trol (molecular  grade  water),  lane  2,  UI'TC  15:  lane  3,  UPTC  145,  lane 
4,  UPTC  182,  lane  5,  UPTC  CK8y-12  &  lane  6.  UPTC  NCTC12892. 
UPTC,  urcase-positive  thermophilic  Campylobacter. 
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Figure  3.  Dendrogram  derived  from  RFLP  analysis  with  UPTCy7flFAJPTCy7aR  primers  targeting  a  1,358  bp  fragment  of  the  flagellin  (flaA) 
gene  in  seven  isolates  ofiirease-positive  thermophilic  Campylobacter  (UPTC)  (see  Table  \).fla\  PCR  amplicons  were  digested  to  completion  with 
Ddel  restriction  enzyme.  The  Pearson  coefficient  was  used  to  calculate  similarities  and  UPGAMA  was  used  for  cluster  analysis  with  BioMumerics 
software  (Applied  Maths,  Belgium). 


Marine  bivalve  molluscs  such  as  mussels  {Mytilus  ediiUs). 
cockles  {Ltievicanliiifu  ediilu).  scallops  (Pecter  ina.xiiniis)  and  oys- 
ters (Crassostrea  gagas)  are  grown  commercially  in  in-shore  wa- 
ters around  Northern  Ireland  with  an  annual  production  and  market 
value  of  288.4  tons  and  £527,733  respectively.  These  shellfish  feed 
by  filtering  plankton  and  detritis  from  large  volumes  of  sea  water, 
thereby  concentrating  gastrointestinal  pathogenic  organisms  found 
in  such  waters,  including  Campylobacter.  Salmonella  and  enteric 
viruses  in  their  digestive  system  (Wilson  &  Moore  1996),  which 
may  be  important  vectors  in  the  transmission  of  disease.  The  as- 
sociation between  ingestion  of  raw  shellfish  and  enteric  diseases 
such  as  typhoid  has  been  recognized  and  more  recently,  there  has 
been  several  reports  of  shellfish-associated  gastroenteritis  with 
strong  evidence  for  Campylobacter  spp.  as  the  etiologic  agent. 
Campylobacter  spp.  have  been  found  routinely  in  West  Coast 
shellfish  beds  in  the  States  of  California.  Oregon  and  Washington 
(Abeyta  et  al.  1993).  Sample  types  included  oysters,  cockles,  sedi- 
ment, seawater.  freshwater  (streams  and  tributaries),  bird  excreta 
and  cattle  manure.  Campylobacter  spp.  in  the  marine  environment 
primarily  comes  from  wild  birds  (Kapperud  &  Rosef  1983).  farm 
runoff,  surface  water  (Carter  et  al.  1987)  and  .sewage  bypasses 
(Jones  2001). 

Urease-positive  thermophilic  Campylobacter  (UPTC),  a  mi- 
croaerophilic  and  Gram-negative  bacterium,  is  an  organism  only 
identified  relatively  recently  in  England  (Bolton  et  al.  198.'i).  After 
the  original  descriptions  of  UPTC  appeared,  isolates  of  UPTC 
were  reported  in  France,  Ireland  and  The  Netherlands,  and  UPTC 
strains  have  also  recently  been  found  in  Japan  (Matsuda  et  al. 
1996).  The  original  strains  were  isolated  from  river  water,  sea 
water,  mussels  and  cockles.  In  1988.  Megraud  et  al.  reported  the 
first  isolation  of  UPTC  from  human  clinical  infection,  where  these 
organisms  were  isolated  from  an  appendix  as  well  as  from  human 
feces  (Megraud  et  al.  1988). 

This  group  of  organisms  has  been  frequently  found  as  the  most 
frequent  Campylobacter  foumi  in  shellfish  and  waters  (Wilson  & 
Moore  1996). 

The  understanding  of  sources  and  ineans  of  transmission  of 
UPTC  organisms  is  important  to  help  elucidate  the  epidemiology 
of  these  organisms  in  shellfish  and  the  marine  environment,  as  well 
as  their  potential  transmission  to  humans.  Consequently  a  repro- 
ducible, .sensitive  and  well-standardized  typing  scheme  is  critical 
in  the  successful  discrimination  of  such  strains.  Hence  to  elucidate 
the  sources  and  modes  of  transmission  of  these  organisms,  it  is 


essential  to  use  epidemiological  typing  methods  that  discriminate 
between  different  strains  but  which  are  reliable  and  reproducible  in 
the  recognition  of  similar  strains. 

This  study  was  interested  in  the  ability  to  genotype  members  of 
the  UPTC  group  of  organisms  isolated  in  shellfish  and  was  under- 
taken to  develop  a  PCR-based  method  that  would  allow  the  dif- 
ferentiation between  UPTC  organisms  at  the  subspecies  level.  Un- 
til now,  employing  the  conventional  PCR-RFLP  {flaA)  method,  as 
described  originally  for  the  subspecies  differentiation  of  clinical 
C.  jejuni,  has  not  been  successful  in  its  application  with  the  UPTC 
organisms  (Moore  et  al.  2003).  Furthermore,  because  this  inethod 
is  widely  used  for  other  Campylobacters,  it  was  important  to  de- 
velop it  further,  so  that  it  may  be  used  successfully  with  this  group 
of  organisms.  Previous  inabilities  to  generate  a  PCR  amplicon 
using  the  Nachamkin  flaA  primers  suggested  that  the  UPTC  or- 
ganisms had  an  altered  flagellin  gene  arrangement  compared  with 
C.  jejuni,  with  various  mutations  at  the  original  primer  sites.  Sub- 
sequently, we  have  previously  reported  this  altered  flagellin  gene 
rearrangements  in  UPTC.  through  the  sequencing  and  analyses  of 
the  flaA  gene  of  se\'eral  UPTC  wildtype  and  reference  strains 
(Sekizuka  et  al.  2(J04).  Hence,  it  was  the  aim  of  the  current  study 
to  use  this  sequence  data  from  UPTC  organisins  and  design  a 
modified  assay  that  would  allow  the  successful  amplification  of 
these  organisms,  helping  facilitate  their  subsequent  subspecies 
analyses. 

After  the  development  of  a  successful  and  reproducible  PCR- 
RFLP  system,  employing  the  newly  described  primer  pair  (UPTC 
/7«F/UPTC  /?aR),  we  wished  to  establish  proof-of-principle  for  this 
technique  in  demonstrating  the  application  of  this  method  to  a 
small  collection  of  UPTC  isolates  obtained  from  the  natural  envi- 
ronment. Application  of  this  technique  to  this  small  collection  of 
isolates  demonstrated  genetic  variability  at  the  /7aA  locus  between 
these  isolates  (Fig.  3).  Shellfish  growing  in  relatively  shallow  ma- 
rine waters,  including  inshore  waters,  may  be  contaminated  with 
Campylobacters  from  several  sources,  in  particular,  effluent  from 
agricultural  run-off  and  human  sewage.  In  addition,  they  may  be- 
come contaminated  because  of  fecal  deposition  of  UPTC  from 
wild  birds,  including  members  of  the  gull  [Lants)  family.  In  this 
study,  genotypic  analysis  demonstrated  the  presence  of  the  same 
genotype  of  UPTC  in  shellfish  isolated  from  the  natural  environ- 
ment, located  approximately  10-30  kilometers  from  each  other, 
with  no  sharing  of  the  same  watertable.  This  may  suggest  that  gulls 
may  have  been  responsible  from  the  transmission  of  the  same 
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genotype  of  UPTC  between  the  two  sites  and  hence  acted  as  a 
vector  of  transmission  of  this  particular  genotype. 

Ill  conclusion,  this  study  describes  a  PCR-RFLP  method,  based 
on  modified  primers  from  LIPTC  /?(;A  gene  sei|uences.  that  may  be 
successfully  applied  to  examine  subspecies  relatedness  and  routes 
of  transmission  of  UPTC  isolated  from  shellfish,  so  that  we  are 
better  informed  as  to  how  these  become  contaminated  to  suggest 
intervention  controls  that  would  help  reduce  the  loading  of  these 
shellfish  with  Campylobacters.  Further  work  is  now  required  to 
establish  routes  of  transmission  of  UPTC  organisms  from  the  en- 
vironment to  shellfish  employing  this  modified  technique. 
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INDUCING  TETRAPLOIDY  IN  THE  KURUMA  SHRIMP,  MARSVPENAEUS  JAPONICUS  (BATE) 
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Cleveland.  Qld.  4163.  Australia:  ^School  of  Integrative  Biology.  The  University  oj  Queensland. 
Brisbane.  Qld.  4072.  Australia 

ABSTRACT  In  this  study  letiaploid  M,irs((iieiiiieiis  iiiponuiis  (Bate)  embryos  were  produeod  by  preventing  the  first  division  in 
mitosis.  The  effectiveness  of  temperature  and  chemical  shocivs  for  producing  tetraploid  M.  jcipimieiis  were  assessed  when  appHed  at 
different  times  postspawning  and  for  different  durations.  Tetraploid  M.  japonicus  embryos  (spawned  at  27°C)  were  produced  by  heat 
shocks  at  35°C  and  36X  in  three  and  eight  spawning  samples  respectively,  and  a  cold  shock  at  5"C  in  a  single  spawning  sample.  All 
temperature  shocks  inducing  tetraploidy  were  applied  I X-23  niin  postspawning  for  a  5-10  min  duration.  The  percentage  of  spawnings 
successfully  inducing  tetraploid  embryos  (i.e.,  frequency  of  induction)  ranged  from  33.33%  to  66.67%  for  the  21.  22  and  23  mm 
postspawning  heat  shock  treatment  regimes.  The  percentage  of  tetraploid  embryos  within  an  induction  (i.e.,  induction  rate),  as 
determined  by  flow  cytometry,  ranged  from  8.82%  to  9S.  1 2%  (ave.  ±  S.E.)  (34.4  ±  2 1 .49!- )  for  the  35X  shock  treatments,  from  13.12% 
to  61.02%  (35.0  ±  5.0%-)  for  the  36°C  shock  treatments  and  was  15%r  for  the  5°C  cold  shock  treatment.  No  tetraploids  were  produced 
for  spawnings  that  received  heat  shocks  above  36°C  or  below  35°C,  or  for  cold  shocks  above  5°C  for  any  of  the  tested  postspawning 
treatment  and  duration  times.  Chemical  shock  with  L50  |xM  6-dimethylaminopurine  did  not  result  in  tetraploid  M.japonicus  embryos 
at  any  of  the  tested  postspawning  treatment  times  and  durations.  Tetraploid  A/,  japonicus  embryos  were  nonviable,  with  no  tetraploid 
larvae  being  detected  by  flow  cytometry.  Based  on  our  results  heat  shocking  of  A/,  japunieiis  embryos  at  36"C.  23  mm  postspawning 
for  a  5-10  min  duration  is  the  most  effective  means  to  produce  tetraploids  through  inhibition  of  the  first  mitotic  division  (taking  into 
consideration  the  importance  of  frequency  and  induction  rale  equally). 

KKY  WORDS:     Pemieus  jtipniiiciis.  polyploidy,  shrimp,  selective  breeding,  genetic  protection 


INTRODUCTION 

In  Australia,  shrimp  domestication  and  genetic  improvement 
programs  are  most  advanced  for  Marsupeiiaeus  japunieiis  (Bate) 
(Preston  et  al.  2001),  The  development  of  selectively  improved 
genotypes  for  over  10  generations  and  a  live  expon  market  has 
prompted  industry  to  seek  mechanisms  to  sterilize  stocks  to  pre- 
vent unlicensed  breeding  and  the  introduction  of  genetically  im- 
proved strains  into  natural  fisheries.  Previous  efforts  to  contain 
.selectivelv  bred  M.  japunieiis  have  focused  on  inducing  sterility 
via  irradiation  or  triploidy.  These  techniques  have  yet  to  prove 
effective  in  providing  guaranteed  sterility  in  the  target  stocks.  Ir- 
radiation has  been  reported  to  significantly  impair  the  reproductive 
capacity  of  female  M.  juponiciis  when  exposed  to  20  gray  and  male 
M.  japonieus  when  exposed  to  10  gray  (Sellars  et  al.  20().Sh). 
However,  irradiation  was  not  100%  effective  at  preventing  the 
production  of  viable  offspring.  In  comparison,  successful  triploidy 
induction  through  prevention  of  polar  body  II  extrusion  is  100% 
effective  at  preventing  reproduction,  however,  inductions  never 
result  in  100%  triploid  progeny  (Sellars  et  al.  2004,  Norris  et  al. 
2005). 

Producing  triploids  by  the  mating  of  tetraploids  with  diploids 
may  provide  a  solution  to  these  variable  induction  rates,  resulting 
in  100%  triploid  progeny.  Triploid  slocks  have  been  produced 
through  the  mating  of  tetraploid  and  diploid  broodstock  in  several 
marine  species  including  Pacific  oysters  (Crassostrea  gigas)  (Guo 
&  Allen  1994.  Guo  et  al.  1996.  Wang  et  al.  2002).  oyster  hybrids 
(C.  gigas  X  C.  (/TO/A:e/!.v;.v)  (Huayong  &  Allen  2002).  Rainbow  trout 
(Oneorhxnchus  mykiss)  (Chourrout  et  al.  1986)  and  carp  hybrids 
(Crassiiis  aiiratiis  red  var.  x  Cyprimis  earpia  L.)  (Liu  cl  al.  2001  ). 
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However,  production  of  viable  tetraploids  and  their  successful 
mating  with  diploids  is  a  prerequisite  for  producing  triploids  in  this 
manner. 

There  are  many  different  methods  for  inducing  tetraploidy  in 
aquatic  species,  with  the  inhibition  of  an  early  embryonic  devel- 
opmental phase  being  critical  to  all.  Because  triploid  M.  japonieus 
do  not  produce  viable  gametes  (Sellars  et  al,  2003.  Preston  et  al, 
2004.  Sellars  et  al.  2004),  there  are  only  two  possible  ways  to 
induce  tetraploidy  in  this  species;  inhibition  of  polar  body  I  extru- 
sion during  meiosis  and  prevention  of  the  first  division  in  mitosis. 
The  prevention  of  polar  body  I  extrusion  has  been  reported  to 
complicate  subsequent  chromosome  segregation  (Guo  et  al.  1992). 
and  result  in  many  different  ploidy  combinations  including  viable 
tetraploids.  Inhibition  of  polar  body  I  extrusion  is  difficult  in  some 
species  because  of  the  very  short  lime  frame  in  which  the  embryos 
must  be  treated  and  the  fragile  nature  of  the  newly  spawned  em- 
bryos. In  M.  japimieiis  polar  body  I  extrusion  occurs  at  4  min  10 
sec  postspawning  al  27°C  (Hudinaga  1941 ).  Successful  detection, 
collection,  concentration  and  application  of  a  shock  to  spawned 
embryos  within  this  short  time  frame  is  a  significant  challenge. 
Only  one  reported  study  has  attempted  preventing  polar  body  I 
extrusion  in  shrimp,  however  no  tetraploids  were  successfully  in- 
duced (Li  et  al.  2003). 

Preventing  the  first  division  in  mitosis  is  the  alternative  strategy 
that  has  been  the  focus  of  several  previous  attempts  to  induce 
tetraploidy  in  shiitnp  (Xiang  et  al.  1993.  Peeters  1996.  Li  et  al. 
2003.  Deoraj  et  al.  200,5).  Viable  tetraploid  shrimp,  produced  by 
inhibition  of  the  first  mitotic  division,  have  only  been  reported  in 
a  single  study  by  Xiang  et  al.  (1993)  in  Ferropenaeus  (Penaeus) 
ehinensis  using  chemical  and  temperature  shocks.  Deoraj  et  al. 
(2005)  reported  poor  viability  of  tetraploid  and  polyploid  Litope- 
naeus  vannamei  embryos  induced  through  heat  shock,  whereas 
Peeters  (1996)  reported  unsuccessful  tetraploid  inductions  in  Pe- 
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)uieiis  imlicits  using  chemical  sliocks.  Li  et  al.  (2003)  reported 
successful  induction  of  tetraploid  F.  cliiiu-nsis  embryos,  however 
the  larvae  were  not  viable.  Notably,  all  reported  tetraploid  induc- 
tions in  shrimp  have  used  temperature  or  chemical  shocks  (Xiang 
et  al.  1993.  Peelers  1996.  Li  et  al.  2003.  Deoraj  et  al.  2005). 

This  study  aimed  to  assess  the  effectiveness  of  different  tem- 
perature and  chemical  shock  agents  to  produce  tetraploid  M. 
japonicus  by  preventing  the  first  division  in  mitosis,  which  begins 
at  30  niin  postspawning  at  27"C  (Hudinaga  1941 ).  A  number  of 
treatments  were  tested  at  various  times  after  spawning  and  for 
different  durations  to  determine  which  treatment  regimes  could  be 
used  to  produce  tetraploid  M.  japonkus. 

MATERIALS  AND  METHODS 

Source  of  Broodslock  and  Maturation 

Wild  M.  japonicus  broodstock  were  captured  from  coastal  wa- 
ters near  Mackay.  Queensland.  Australia  (2r09'S.  I49°30'E)  by 
trawling  at  a  depth  of  approximately  120  m.  Broodstock  were 
maintained  (25  females:  15  males)  in  2.000-L  round  fiberglass 
tanks,  each  fitted  with  a  subsand  circulation  system  (Crocos  & 
Coman  1997).  Tanks  received  1.6  L  min"'  of  10-|j.ni  filtered.  34 
ppt  salinity  seawater  at  27  ±  2"C  and  were  maintained  on  a  12  h 
light:  1 2  h  dark  cycle.  Shrimp  were  fed  commercial  M.  japonicus 
pellets  ad  libitum  once  per  day  and  fresh  squid  {Luliiio  spp. )  three 
times  a  week  during  dark  hours. 

Ovarian  development  was  assessed  by  shining  a  torch  beam 
through  the  dorsal  exoskeleton  of  the  females  during  dark  hours 
(Crocos  &  Coman  1997).  Impregnated  females  that  were  ready  to 
spawn  (stage  IV;  Crocos  &  Kerr  1983)  were  caught,  unilaterally 
eye-stalk  ablated  using  hot  forceps,  and  transferred  to  100-L  cir- 
cular spawning  tanks  filled  to  40  L.  Spawning  tanks  received  0.2 
L  min"'  of  lO-jjim  filtered.  34  ppt  salinity  seawater  at  27  ±  2°C  and 
were  maintained  on  a  12-h  light:  12-h  dark  cycle.  Females  in 
spawning  tanks  were  fed  one  piece  (2  cm'")  of  fresh  chopped  squid 
{Lolif^o  spp.)  daily  during  light  hours. 

Spawning  Detection  and  Embryo  Collection 

Spawning  tanks  were  fitted  with  an  automated  spawning  de- 
tection system  (Coman  et  al.  2003)  that  accurately  detects  spawn- 
ings of  M.  japonicus  within  2  min  of  spawning.  The  time  of  alarm 
from  the  automated  detection  system  was  taken  as  time  zero  and 
referred  to  from  hereon  as  time  postspawning.  For  ease  of  expla- 
nation spawned  eggs,  whether  fertilized  or  unfertilized,  will  be 
referred  to  as  embryos  from  hereon.  At  10  min  postspawning 
embryos  were  siphoned  onto  a  60-|jim  screen  suspended  in  a  l-L 
beaker  of  seawater.  Seawater  was  allowed  to  flow  out  of  the  bea- 
ker, resulting  in  the  concentration  of  embryos  on  the  screen.  Once 
embryos  were  concentrated  (appro\.  6().()0()- 100.000  embryos 
L"').  the  screen  was  lifted  out  of  the  beaker  and  embryos  were 
rinsed  into  a  beaker  containing  between  200-800  mL  of  seawater 
depending  on  the  experimental  design  for  that  spawning.  All  sea- 
water used  for  embryo  collection,  hatching  and  chemical  stock 
solution  preparation  was  10-|jliii  filtered  and  maintained  at  27  ± 
2°C  and  34  ppt  salinity. 

Induction  and  Hatching  of  Collected  Embryos 

Initial  experiments  using  heat  and  cold  shocks  were  conducted 
to  assess  a  range  of  temperatures  for  3  durations  (5.  10  and  15 
min).  Once  a  suitable  temperature  shock  was  established  for  in- 


ducing tetraploidy  (based  on  consistent  inductions  at  the  different 
durations),  we  further  assessed  different  postspawning  treatment 
limes  using  the  5-  and  lO-min  treatment  durations.  For  the  chemi- 
cal shock  experiments  a  predetemiined  treatment  concentration 
was  chosen  based  on  results  of  Al  japonicus  triploid  induction 
studies  (Norris  et  al.  2005).  which  inhibited  early  embryonic  pro- 
cesses. Initial  experiments  using  chemical  shock  were  therefore 
focused  at  assessing  different  postspawning  treatment  times  for 
variable  treatment  durations  (5-15  min). 

Tetraploid  inductions  were  timed  to  prevent  the  first  division  in 
mitosis.  Various  shock  agents  were  trialed  including  heat,  cold  and 
chemical  shocks.  Shocks  were  applied  between  16-28  min  post- 
spawning,  with  durations  varying  from  5-15  min.  Control  embryos 
were  included  in  each  experiment  or  spawning  sample  and  re- 
ceived the  same  handling  stress  as  their  treated  siblings.  Control 
and  treatment  embryos  from  all  spawnings  were  incubated  at  27  ± 
2"C  with  light  aeration  until  hatching.  Notably,  only  spawnings 
with  hatching  rates  of  >40';t  in  the  controls  were  used  in  this  study. 
Depending  on  the  quantity  of  eggs  spawned  and  number  of  avail- 
able people  to  complete  inductions,  in  some  instances  spawnings 
were  divided  into  two  or  three  spawning  samples. 

Heat  Shock  Indiicliiins 

Heat  shock  inductions  were  completed  on  26  spawning  samples 
in  total.  Heat  shocks  varied  from  32°C  to  46"C  and  were  applied 
from  18-24  min  postspawning  for  a  5,  10  or  15  min  duration 
(Table  1 1.  A  similar  technique  as  described  by  Sellars  et  al. 
(2005a)  to  expose  M.  japonicus  embryos  to  ozone  was  used  to 
expose  embryos  to  heat  shocks.  Briefly,  concentrated  embryos 
were  di\ided  into  enough  100-mL  aliquots  so  that  there  was  one 
for  each  postspawning  treatment  time.  These  aliquots  were  further 
divided  into  enough  subaliquots  so  that  there  was  one  for  each 
treatment  duration.  At  the  correct  postspawning  treatment  time 
each  subaliquot  of  embryos  was  poured  through  a  60-p-m  screen, 
w  hich  was  placed  directly  into  a  seawater  bath  at  the  specified  heat 
shock  temperature.  Each  60-p,m  screen  was  removed  from  the 
seawater  bath  after  the  treatment  duration  time  had  lapsed  and 
embryos  were  rinsed  into  200  mL  of  27°C  seawater.  Before,  dur- 
ing and  after  treatment,  seawater  bath  temperature  was  monitored 
using  a  mercury  thermometer. 

Cold  Shock  Inductions 

Cold  shock  inductions  were  completed  on  31  samples  from 
different  spawnings  in  total.  Cold  shocks  ranged  froin  5°C  to  23°C 
and  were  applied  from  16-28  min  postspawning  for  a  duration  of 
5-15  min  (Table  2).  For  samples  of  spawnings  where  there  was 
only  one  postspawning  and  duration  time,  treatment  was  applied 
by  the  addition  of  cold  seawater  to  concentrated  embryos.  For 
these  spawnings  cold  shock  was  stopped  by  decanting  off  the  cold 
water  once  embryos  had  settled  during  the  shock  treatment,  fol- 
lowed by  the  addition  of  27°C  seawater  at  the  correct  time  to  give 
the  different  treatment  durations.  When  a  spawning  sample  was 
exposed  to  a  cold  shock  treatment  that  had  different  postspawning 
or  duration  times,  the  same  procedures  as  outlined  earlier  for  heat 
shock  inductions  were  used. 

Chemical  Sliock  Inductions 

Chemical  inductions  using  a  final  concentration  of  I50-|jl1VI 
6-dimethylaminopurine  (6-DMAP)  (Sigma)  were  completed  on  14 
spawning  samples  in  total.  Chemical  shock  was  applied  between 
IS-28  min  postspawning  for  a  duration  of  5-15  min  (Table  3). 
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TABLE  1. 

Heal  shock  treatments  applied  to  diflerent  spa»nin)>  samples  to 

attempt  the  pre^ention  ol  the  llrst  di^isi(>n  in  mitosis  in 

Marsupenaeus  jupiiniciis  to  induce  tetraploidy.  Durations  with  an 

asterisk  I*)  had  three  replicate  treatments. 


TABLE  2. 

Cold  shock  treatments  applied  to  different  spa«nin(>  samples  to 

attempt  the  pre\enti<in  of  the  first  di\isiiin  in  mitosis  in 

MarsupeiHU'iis  japanicus  to  induce  telrapl(lid^. 


Cold  Shock 

Treatment  Time 

Treatment  Ti 

ime 

Spawning 

Postspawning 
(min) 

Duration 
(min) 

Spawning 
Sample 

Heat 

Postspa«ninK 

Duration 

Shock 

Imini 

(mini 

Sample 

5  C 

20 

8 

40 

32  C 

IS 

5.  10  &  15 

1  1(>4 

6.5°C 

22 

5  &  10 

54  to  57 

20 

5.  10  &  15 

1  to  4 

TC 

16 

5  &  10 

42 

22 

5.  10  &  15 

1  111  4 

25 

5 

29 

24 

5.  Id  &  15 

1  lo  4 

28 

7 

34&35 

35='C 

21 

5  &  10 

10  Ui  12 

8X 

16 

10 

45 

22 

5&  10 

10  to  12 

20 

8 

39 

22 

5*  &  10* 

21  to  23 

9°C 

18 

5,  10  & 

15 

46  to  49 

23 

5  &  10 

10  10  12 

20 

5.  10  & 

15 

46  to  49 

36°C 

18 

5.  10  ct  15 

5 

21 

5  &  10 

50  to  53 

20 

5.  10  &  15 

5 

TT 

5.  10  & 

15 

46  to  49 

21 

5  &  10 

13  10  15 

IT 

5&  10 

50  to  53 

22 

5.  10  &  15 

5 

23 

5&  10 

50  to  53 

22 

5  &  10 

1 3  to  1 5 

24 

5.  10  & 

15 

46  to  49 

22 

5  &  10 

16  10  19 

9.5  C 

16 

5  &  10 

41 

22 

5*  &  10* 

24  to  26 

16 

10 

44 

23 

5  &  10 

13  to  15 

lO'C 

16 

10 

43 

24 

5.  10  &  15 

5 

lie 

20 

8 

38 

38°C 

22 

5  &  10 

20 

I2X 

28 

7 

32&33 

39°C 

18 

5.  10  &  15 

6  to  8 

14°C 

20 

8 

37 

20 

5.  10  &  15 

6  to  8 

17X 

25 

5 

28 

22 

5.  10  &  15 

6  to  8 

28 

7 

30&31 

24 

5,  10  &  15 

6  to  8 

22°C 

25 

5 

27 

46°C 

18 

5.  10  &  15 

9 

23°C 

20 

8 

36 

20 

5.  10  &  15 

9 

22 

5.  10  &  15 

9 

24 

5.  10  &  15 

9 

6-DMAP  was  applied  to  embryos  from  spawning  samples  58-63 
using  the  same  procedures  outlined  by  Norris  et  al.  (2005).  In  brief. 
28  mL  of  a  I-mM  stock  solution  of  6-DlVIAP  was  added  to  160  niL 
of  seawater  containing  the  embryos.  For  spawning  samples  64—71 
a  similar  technique  as  described  for  temperature  treatment  earlier 
and  by  Seliars  et  al.  (2()()_5a)  to  expose  M.  japonicus  embryos  to 
ozone  was  used  to  expose  embryos  to  6-DMAP.  Briefly,  concen- 
trated embryos  were  divided  into  4  x  lOO-niL  aiiquots  (one  for 
each  of  the  four  postspawning  treatment  times)  to  which  50  mL  of 
a  fresh  450  (jlM  6-DMAP  stock  solution  (made  up  in  seawater)  was 
added  at  the  correct  postspawning  treatment  time.  Each  aliquot 
was  then  divided  into  3  x  50-mL  subaliquots.  Subaliquots  were 
poured  through  a  60-jji.m  screen  after  the  appropriate  treatment 
duration  to  collect  the  embryos,  which  were  then  transferred  to  200 
mL  of  seawater  to  cease  chemical  exposure. 

Polyploidy  Detection  and  Analysis 

Pooled  samples  of  between  5-30  nauplii  (less  than  30  nauplii 
were  sampled  only  in  instances  when  less  than  this  hatched)  and 
50-100  embryos  were  separately  sampled  for  each  spawning  from 
all  controls  and  treatments.  In  treatments  where  there  were  no 
nauplii  hatched,  it  was  only  possible  to  take  an  unhatched  embryo 
sample.  In  some  instances  samples  were  snap  frozen  in  liquid 


TABLE  3. 

150  pM  6-dimethylaminopurine  shock  treatments  applied  to 

different  spawning  samples  lo  attempt  the  prevention  of  the  first 

division  in  mitosis  in  Marsupenaeus  japonicus  to  induce  tetraploidy. 

Durations  with  an  asterisk  (*)  had  three  replicate  treatments. 


Treati 

ment  Time 

Postspawning 

Duration 

Spawning 

(mini 

(mini 

Sample 

18 

5.  10  &  15 

64  to  7 1 

20 

10 

59 

20 

8 

60&6I 

20 

6 

62&63 

20 

5.  10  &  15 

64  to  71 

22 

10 

59 

22 

8 

60&6I 

22 

6 

62  &  63 

22 

5.  10  &  15 

64  to  71 

24 

5.  10  &  15 

64  to  71 

25 

10 

59 

25 

8 

60&61 

25 

6 

62&63 

26 

10 

59 

26 

8 

60&6I 

26 

6 

62&63 

28 

10* 

58 
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nitrogen  and  stored  at  -20°C  for  up  to  30  days.  If  polyploidy 
analysis  could  be  completed  on  the  day  of  hatching,  nauplii  were 
sampled  and  taken  live  to  the  laboratory  and  embryos  were  trans- 
ported on  ice.  Snap  frozen  samples  were  transported  to  the  labo- 
ratory and  defrosted  on  ice.  Live  nauplii  were  chilled  on  ice  at  the 
laboratory  until  they  died.  Once  dead  nauplii  or  embryos  had 
settled,  e.xcess  seawater  was  removed.  <200  |xL  of  seawater  and 
sample  remained  in  each  tube. 

At  the  laboratory  500  jjlL  of  marine  phosphate  buffered  solu- 
tion (MPBS)  (11.0  g  L-'  NaCl.  0.2  g  L"'  KCl.  1.15  g  L"' 
Na-,HP04.2H,0)  propidium  iodide  (PI)  stain  (MPBS  containing 
0.1  Vf  Triton  X-IOO.  0.2  mg  mL"'  Rnase  A.  0.02  mg  mL"'  PI)  was 
added  to  each  sample.  Samples  were  then  homogenated  individu- 
ally by  aspiration  eight  times  through  a  25-G  needle  pushed  firmly 
against  the  side  of  the  sample  tube.  After  homogenation  10  (xL  of 
a  1:100  dilution  of  the  internal  standard,  giutaraldehyde  fixed, 
chicken  red  blood  cells  (CRBC.  Handbook  of  Flow  Cytometry 


Methods)  was  added  to  each  sample.  Cell  suspensions  were 
screened  through  62-|jLm  mesh  prior  to  fluorescent  activated  cell 
sorting  (FACS)  on  a  Calibur  Flow  Cytometer  (Beckton  Dickinson 
Immunocytometry  Systems  San  Jose,  California.  USA).  A  total  of 
30, ()()()  shrimp  cells  were  analyzed  for  each  sample,  however,  in 
some  instances  only  15,000  shrimp  cells  were  analyzed  because 
there  were  too  few  cells  in  a  sample. 

Induction  rates  were  calculated  for  each  treatment  sample.  Ini- 
tially the  proportion  of  diploid  cells  in  the  G2  phase  relative  to  the 
G 1  phase  was  calculated  from  a  control  spawning  sample  of  the 
same  life-history  stage.  This  proportion  was  used  to  calculate  the 
number  of  diploid  G2  cells  in  treatment  samples  relative  to  the 
number  if  diploid  Gl  cells  in  the  treatment  sample.  Once  the  total 
number  of  diploid  G2  cells  in  treatment  samples  was  estimated,  the 
tetraploid  Gl  peak  was  calculated  by  subtracting  the  diploid  G2 
estimation  from  the  total  number  of  cells  where  the  tetraploid  Gl 
peak  falls  (Fig.  1 )  (within  the  cell  cycle  Gl  cells  are  in  the  growth 
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(111 


DNA  content 


DNA  content 


M      Low      High      Events 


% 
Total 


GMean      CV 


M      Low      High      Events 


% 
Total 


G.Mean      CV 


1 

15 

72 

9203 

2M.S 

44.27 

26.8 

1 

20 

70 

7344 

23.93 

45.27 

25.8 

-) 

105 

153 

13531 

43.81 

130.34 

8.59 

2 

110 

153 

3226 

10.51 

131.6 

8.47 

3 

234 

272 

1470 

4.76 

251.98 

4.23 

3 

231 

298 

9911 

32.3 

263.9 

5.77 

4 

514 

547 

330 

1.08 

526.7 

1.78 

Kifjure  1.  Kxample  of  a  (il  control  and  (iil  trcalnicnt  tluorcsceiil  activated  cell  sorting  output  from  Marsupenaeiis  japonicus  embryos.  The 
expected  si/e  of  the  diploid  G2  peak  in  (ii)  is  calculated  from  dividing  the  events  in  the  diploid  (12  peak  in  (il  hy  the  diploid  Gl  peak  in  (i).  and 
then  multiplyins  this  factor  by  the  events  in  the  diploid  Gl  peak  In  (iil.  When  the  total  number  of  events  of  the  G2  peak  in  (ii)  was  greater  than 
expected  (by  S'7c  or  more).  Modl'it  analysis  was  performed  to  determine  the  different  levels  of  polyploidy.  In  this  instance  the  expected  diploid 
G2  peak  in  (iil  would  be  (|  1470/1. ^.>,<l  !■  32261  =  .<5<l.47  events.  Because  the  actual  number  of  events  with  a  DNA  content  the  same  as  a  diploid 
G2  cell  in  (iil  is  9911,  and  we  would  only  expect  -35(t  diploid  G2  cells,  this  output  would  be  analyzed  by  ModFit  to  determine  the  tetraploidy 
level.  CRBC  is  an  internal  standard  control  (chicken  red  blood  cellsl. 
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phase,  whereas  G2  cells  have  double  the  normal  chromosomal 
content  and  are  preparing  for  division).  Where  the  number  of  cells 
counted  with  a  DNA  content  the  same  as  a  diploid  G2  cell  was 
greater  than  expected  (by  5^i  or  more),  the  level  of  polyploidy  in 
that  sample  was  analyzed  using  ModFit  software  (Verity  Software 
House,  Topsham,  Maine,  USA).  A  five  percent  threshold  was  cho- 
sen based  on  observed  variability  among  multiple  samples  taken 
from  the  same  control  groups. 

The  frequency  of  producing  tetruploid  embryos  was  calculated 
for  the  trialed  heat  shock  treatment  regimes  by  dividing  the  num- 
ber of  spawning  samples  within  a  treatment  regimen,  which  had 
tetraploid  embryos  by  the  total  number  of  induction  attempts  for 
that  treatment  regimen. 

The  effect  of  heat  shock  treatment  (control,  35'C,  36°C)  and 
duration  (5  min,  10  mini  on  induction  rates  at  22  min  postspawn- 
ing  were  analyzed  by  2-way  ANOVA  (PROC  GLM:  SAS  Institute 
Software,  1999)  for  spawning  samples  in  which  one  or  more  of  the 
treatment  combinations  resulted  in  tetraploid  embryos.  Pairwise 
comparisons  between  shock  and  duration  treatments  were  per- 
formed using  the  least  significant  difference  test. 

RESULTS 

Heal  Shuck  Iii<liiilions 

From  the  initial  scoping  experiments  it  was  evident  that  35°C 
and  36^  heat  shocks  were  most  suitable  for  inducing  tetraploidy. 
Tetraploid  embryos  were  produced  most  frequently  by  a  35°C  heat 
shock  applied  22  min  postspawning  for  a  10  min  duration  (66.67Vf 
of  the  time)  (Table  4).  Tetraploid  induction  rates  for  this  33'  C 
treatment  regimen  were  8.82,  20.9.  9.9  and  98.1%  (ave.  ±  S.E.) 
(34.4  ±  21. 49^)  for  spawning  samples  21,  22  and  spawning  sample 
23  replicate  I  and  2  respectively.  The  frequency  of  tetraploid 
embryo  induction  was  lower  for  the  36°C  heat  shock  treatments 
ranging  from  33.33%  to  45.45%  for  the  21.  22  and  23  min  post- 
spawning  treatments  at  the  5  and  10  min  duration  times  trialed 
(Table  4).  Tetraploid  induction  rates  for  the  36°C  shock  treatments 
ranged  from  13.12%  to  61.01%.  (ave.  35.0  ±  5.0%).  Only  one  18 


min  postspawning  induction  was  applied  at  36°C  for  a  10  min 
duration  which  did  produce  tetraploid  embryos,  resulting  in  a 
100%  tetraploid  induction  frequency  (Table  4). 

When  treated  at  22  min  postspawning,  tetraploid  induction 
rates  of  embryos  were  significantly  higher  {P  <  0.051  for  the  36'C 
shock  applied  for  a  5  min  duration  (ave.  12.81  ±  5.80%)  compared 
with  the  control  (27°C)  (ave.  0.00  ±  0.00%)  and  35°C  (ave.  0.00  ± 
0.00%)  shock  treatments  (Table  5).  However,  when  the  duration  of 
treatment  was  increased  to  10  min,  there  was  no  significant  dif- 
feicnce  between  tetraploid  niduction  rates  for  the  35'C  and  36°C 
shock  treatments  (ave.  34.43  ±  21.39  and  18.52  ±  8.53%  re.spec- 
tively)  and  both  were  significantly  higher  than  controls  (27°C) 
(ave.  0.00  ±  0.00%)  (Table  5).  Because  tetraploid  embryos  were 
produced  at  two  of  the  three  duration  times  trialed  for  the  36°C 
shock,  compared  with  only  one  for  the  35"C  shock,  further  ex- 
perimentation to  optimize  postspawning  treatment  times  used  a 
36°C  temperature  shock. 

Although  no  statistical  comparisons  were  possible  as  too  few 
spawning  samples  had  tetraploid  embryos  in  the  different  36°C 
shock  postspawning  treatment  times  trialed.  tetraploid  induction 
rates  of  embryos  were  higher  on  average  for  the  2 1 ,  22  and  23  min 
postspawning  times  when  the  treatment  duration  was  10  min  com- 
pared with  5  min  (i.e..  61.(30%.  18.52%  and  53.40'^'(  respectively 
compared  with  12.5%',  12.81%  and  45.00%)  (Table  6).  These  re- 
sults suggest  that  duration  had  a  stronger  effect  than  postspawning 
time  on  tetraploid  induction. 

There  were  no  tetraploid  nauplii  produced  in  any  of  the  heat 
shock  treatments  trialed.  It  is  also  worth  noting  that  all  treatment 
groups  for  the  39°C  and  46°C  spawning  samples  had  zero  hatch, 
and  FACS  outputs  of  embryos  from  these  treatments  were  difficult 
to  analyze  because  the  different  cell  phases  could  not  be  discrimi- 
nated between  because  of  tissue  degradation. 

Cold  Sliock  Inductions 

Only  one  of  the  trialed  cold  shock  treatment  regimes  produced 
tetraploid  embryos.  In  this  treatment,  spawning  embryos  treated  at 


TABLE  4. 
Frequency  of  producing  tetraploid  Marsupenaeus  japonicus  embryos  at  the  different  heat  shock  treatment  combinations  trialled. 
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TABLE  5. 

Average  tetraploid  induction  rale  (±.SF,I  of  Marsiipenaeiis  japoiiiciis 

embryos  from  spawning  samples  In  which  tetraploid  embryos  were 

produced  in  one  or  more  treatment  category.  Means  with  different 

superscripts  are  significantly  different  {P  <  0.05)  within  duration. 


Temperature  Shock  Applied  22  min  Postspawning 


Duration 


27"C 


35X 


36 


5  min  0.1)0  ±  0.00%" 

in  =  8) 
10  mm  0.00  ±0.00%'' 

(«  =  8) 


0.00  ±  0.00%" 
ill  =  4) 
34.4.^  +  2 1 .39%° 
(/(  =  4) 


12.81  ±5.80%-' 

(n  =  8) 
18.52  ±8.53%= 

(n  =  8) 


5°C  for  8  min  at  20  min  postspawning  had  a  tetraploid  induction 
rate  of  15.0'7f.  Nauplii  sampled  from  this  same  treatment  were 
found  to  be  diploid.  All  other  cold  shock  inductions  failed  to 
induce  tetraploidy  in  any  of  the  embryo  and  nauplii  samples.  All 
spawnings  on  which  cold  shocks  were  applied  hatched  resulting  in 
all  control  and  treatment  nauplii  FACS  samples  containing  -30 
nauplii. 

6-DMAP  Shock  liiductiniis 

6-DMAP  indiictions  using  a  150-|xM  final  concentration  failed 
to  produce  tetraploid  M.  japonicus  when  applied  18-28  min  post- 
spawning,  for  ?-15  min  duration.  All  embryo  and  nauplii  samples 
in  the  control  and  treatment  groups  were  found  to  be  diploid.  All 
spawnings  on  which  6-DMAP  shocks  were  applied  hatched  result- 
ing in  all  control  and  treatment  nauplii  FACS  samples  containing 
-30  nauplii. 

DISCUSSION 

The  results  of  this  study  demonstrate  that  heat  and  cold  shock 
can  prevent  the  first  division  in  mitosis  to  produce  tetraploid  Mar- 
supenaeus  japonicus  embryos.  These  findings  are  consistent  with 
those  of  Xiang  et  al.  (1993)  and  Li  et  al.  (2003)  who  successfully 
inhibited  the  first  division  in  mitosis  in  Ferropenaeus  (Penaeus) 
chinensis  using  temperature  shocks  to  produce  tetraploid  embryos. 
To  our  knowledge  there  are  no  other  reports  of  successful  tetra- 
ploid induction  in  Penaeid  shrimp. 

Tetraploid  induction  rates  and  frequency  of  induction  of  M. 
japonicus  embryos  were  highly  variable  (0%  to  98%  and  33.33% 
to  100%  respectively).  This  finding  is  similar  to  other  polyploidy 
induction  studies  that  have  attempted  to  prevent  an  early  embry- 

TABLE  6. 

Tetraploid  induction  rates  of  Marsupenaeus  japonicus  embrj  os  w  hen 

exposed  to  a  36  C  shock  at  different  postspawning  times  for  a  5  or 

10  min  duration. 


Time 


Duration 


Postspawning 

5  min 

10  min 

18  min 

32.60%  (»  =   1) 

20  min 

0.00  (n  =   1 ) 

0.00%  (n  =  1) 

21  min 

12.50%  01  =   1) 

61.00%  (n  =  1) 

22  min 

12.81%  ±  S.E.  5.80% 

18.52%  ±SE  8.53% 

(/(  =  8) 

(n  =  8) 

23  min 

45.00%  (/;  =   1 ) 

53.40%  Ui  =   1) 

onic  development  phase  (Xiang  et  al.  1993,  Li  et  al.  2003.  Sellars 
et  al.  2004.  Noiris  et  al.  2005).  In  general,  polyploidy  induction 
rates  are  dependant  on  three  main  variables;  magnitude  of  shock 
(e.g..  change  in  temperature),  timing  of  shock  and  shock  duration. 
This  study  showed  that  increasing  temperature  by  9°C  (from  H°C) 
between  21-23  min  postspawning  most  consistently  produced  tet- 
raploid embryos.  Shocking  the  embryos  at  this  time  immediately 
precedes  the  disappearance  of  egg-jelly  and  the  first  division  in 
mitosis,  which  begins  at  30  min  postspawning  (Hudinaga  1941). 

Shock  duration  was  also  shown  to  significantly  affect  induction 
rates,  with  a  10  min  duration  resulting  in  more  tetraploid  embryos 
compared  with  the  5  min  duration.  Li  et  al.  (2003)  also  suggested 
that  extended  treatment  durations  may  increase  tetraploid  induc- 
tion rate.  This  likely  results  from  shrimp  spawning  over  a  period  of 
time,  allowing  more  embryos  to  reach  the  embryonic  developmen- 
tal phase  at  which  mitotic  division  can  be  prevented  when  a  longer 
duration  of  shock  is  applied.  Notably,  no  tetraploid  M.  japonicus 
embryos  were  produced  at  the  longer  15  min  duration.  This  is 
likely  caused  by  the  prolonged  duration  negatively  interfering  with 
the  next  stages  of  embryonic  development. 

Although  tetraploid  M.  japonicus  embryos  were  produced, 
they  were  nonviable,  as  detemiined  by  FACS  analysis  of  the  nau- 
plii. Problems  with  tetraploid  viability  have  been  reported  across  a 
range  of  aquatic  species.  Li  et  al.  (2003)  reported  similar  prob- 
lems for  F.  chinensis  and  were  unable  to  produce  viable  tetraploid 
postlarvae  by  preventing  the  first  division  in  mitosis.  Qui  et 
al.  (1997)  documented  low  viability  among  tetraploid  fresh- 
water prawns  (Mcuniliiacliiuin  nipponense).  Poor  viability  of  tet- 
ruploids  is  commonly  reported  in  numerous  fish  and  shellfish  spe- 
cies (e.g..  Grass  carp,  Clenopharyngdon  idella,  Cassani  et  al.  1990; 
Black  carp,  Myhphai-yngodon  piceus,  Rothbard  et  al.  1997;  Syd- 
ney rock  oysters,  Saccostrea  commerciali.  Nell  et  al.  1998;  Manila 
claiTts.  Rditapes  plulippinanim.  Diter  &  Dufy  1990;  Pacific  oys- 
ters. Crassostica  gigas.  Guo  1991.  cited  by  Quo  &  Allen  1994. 
Quo  et  al.  1994  and  scallops.  Cldaniys  azwnapeclcn.  Yang  et  al. 
1997). 

The  genetic,  biochemical  or  biological  mechanisms  that  pre- 
vent tetraploid  embryos  from  developing  and  hatching  into  viable 
nauplii  remains  unknown.  In  this  study,  it  is  unlikely  that  tempera- 
ture shock  alone  was  the  cause  of  embryo  deaths.  This  was  evi- 
denced by  the  presence  of  diploid  nauplii  hatching  within  the  same 
temperature  shock  treatments  as  the  nonviable  tetraploids.  One 
explanation  proposed  by  Guo  (1992)  is  that  the  diploid  eggs  have 
insufficient  cytoplasmic  reserves  to  develop  as  a  tetraploid.  Li  et 
al.  (2003)  gives  no  explanation  for  their  nonviable  F.  cliincnsis 
tetraploids,  however,  concluded  that  tetraploid  embryos  may  have 
limited  viability  or  ability  to  hatch. 

In  this  study  6-dimethylaminopurine  (6-DMAP)  was  also  as- 
sessed as  a  potential  shock  agent  to  prevent  the  first  division  in 
mitosis.  However,  this  treatment  was  not  effective  in  inducing 
tetraploidy.  Temperature  and  cytochalasin-B  are  the  only  shock 
agents  that  have  been  reported  elsewhere  to  successfully  inhibit  the 
first  division  in  mitosis  in  penaeid  shrimp  (.Xiang  et  al.  1993.  Li  et 
al.  2003). 

CONCLUSION 

This  study  shows  that  the  first  division  in  mitosis  can  be  in- 
hibited in  Marsupenaeus  japonicus  to  produce  tetraploid  embryos. 
The  most  suitable  treatment  regimen  for  inducing  tetraploidy  in  M. 
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japmuciis.  giving  t'leqiieiicy  ;iiid  induclion  late  equal  imporlancc, 
was  a  36"C  shock  administered  23  niin  postspavvning  tor  a  5  or  10 
min  duration.  Notably,  none  of  the  tetraploid  enihryos  produced  in 
this  study  were  viable.  If  sterilization  of  penaeid  shrimp  is  to  be 
achieved  through  tetraploidy.  future  studies  will  first  need  to  de- 
termine why  tetraploid  embryos  are  not  viable. 
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PREPARATION  OF  LARGE  BIVALVE  SPECIMENS  FOR  SCANNING  ELECTRON 
MICROSCOPY  USING  HEXAMETHYLDISILAZANE  (HMDS) 
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ABSTRACT  Treatmenl  wilh  he\;uiictli\ldisila/;ine  (HMDS)  ror  drying  specimens  for  Scanning  Electron  Microscopy  (SEM)  is 
described  for  relatively  large  (>2()  mm  shell  height,  SHi  individuals  of  two  scallop  species.  Placopecwn  imificlluniciu  and  Aifiopecren 
incuUans.  The  traditionally  used  method  of  critical  point  drying  (CPDl  has  been  applied  successfully  for  smaller  specimens  (-.150  (im 
up  to  15  mm  SH);  however,  occasional  rupture  of  the  mantle  occurred  in  these  specimens.  Furthermore,  si/e  limitation  of  ihe  CPD 
chamber  did  not  permit  preparation  of  larger  individuals.  An  alternative  experimental  protocol  using  HMDS  was  tested,  which 
successfully  preserves  the  moiphology  of  the  bivalve  feeding  organs,  mantle  surface  and  the  cilia  of  the  two  scallop  species  with 
negligible  shrinkage  and  few  artifacts.  Another  benefit  of  this  method  is  that  the  number  of  specimens  and  sample  size  is  not  restricted. 

KEY  WORDS:     bivalve,  scanning  electron  microscopy,  method.  he.\amethyldisila/ane  (HMDS),  ciliation.  shrmkage 


INTRODUCTION 

Scanning  electron  tnicroscopy  (SEM)  is  a  very  useful  technique 
to  study  niorphiilogy  and  surface  niicrostructure  of  various  bio- 
logical specimens  in  three  dimensions.  The  drying  process  is  one 
of  the  critical  steps  in  specimen  preparation  tor  SEM  (Laforsch  & 
Tollrian  2000).  However,  removing  water  from  specimens,  par- 
ticularly hydrated  organisms  normally  causes  distortion  and  col- 
lapse because  of  the  effects  of  surface  tension.  The  two  principal 
methods  used  to  reduce  distortion  during  specimen  drying  for 
SEM  are  critical  point  drying  (CPD)  and  freeze  drying  or  lyo- 
philization  (Maugel  et  al.  1980.  Boyde  1980).  Air  drying  after 
preparation  in  organic  conipounds  with  low  surface  tension  such 
as  Peldri  II  (Brown  1990).  hexamethyldisila/.ane  (HMDS)  (Na- 
tion 19S3),  tetramethylsilane  (TMS)  (Dey  et  al.  1989)  and  di- 
tnethoxypiopane  (DMP)  (Muller  &  Jacks  1975)  has  also  been 
used. 

Critical  piiint  drying  was  first  proposed  by  Anderson  (1931) 
and  is  one  of  the  techniques  more  cotimionly  used  to  dry  biological 
specimens  for  SEM  (Maugel  el  al.  1980,  Boyde  1980).  Although 
we  have  used  CPD  for  smaller  bivalve  specimens,  namely  sea 
scallop  postlarvae,  Placnpecten  manellanieiis,  -350  (xm  to  15  mm 
in  shell  height  (SH).  with  excellent  results  (Baire  2001,  Veniot  el 
al.  2003),  intermittent  rupture  of  the  fragile  inantle  occurs  with  this 
method.  Additionally,  size  limitations  of  the  CPD  chamber  do  not 
permit  the  use  of  this  method  for  larger  animals  (>2()  mm).  In  this 
study  larger  bivalve  specimens  were  dried  using  a  HMDS  protocol 
that  minimizes  shrinkage  and  preserves  the  cilia  and  fragile  mantle 
of  the  organisms. 

The  principle  of  the  technique  lelies  on  replacement  of  an 
ethanol  dehydration  medium  with  HMDS,  which  is  subsequently 
evaporated.  HMDS  has  a  lower  surface  tension  than  water  and  is 
believed  to  provide  structural  support  by  cross-linking  proteins 
(Nation  1983.  Braet  et  al,  1997).  The  suitability  of  HMDS  for 
drying  biological  specimens  has  been  shown  on  insects  (Nation 
1983,  Heraty  ct  Hawks  1998).  aquatic  organisms  (shrimp  eggs, 
daphnids.  gastrotrichs)  (Moraes  &  Bouzon  1995.  Hochberg  & 
Litvaitis  2000.  Laforsh  &  Tollrian  2000).  organic  microstructures 
on  bivalve  shells  (Schone  &  Benlley  2002).  pollen  (Chissoe  el  al. 
1994).  dinotfaiiellates  (Botes  el  al.  2002).  anaerobic  biofilms  and 
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granular  sludge  (Araujo  el  al.  2003).  and  cultured  rat  hepatic  en- 
dothelial cells  (Braet  et  al.  1997).  Most  of  the  studies  have  exam- 
ined insects  and  small  specimens,  typically  <10  mm. 

Here  we  use  SEM  to  show  the  moiphology  of  feeding  organs 
(gill,  fool,  labial  palps  and  arborescent  lips),  and  ultrastructural 
characteristics  such  as  ciliation  in  large  specimens  of  two  bivalve 
species,  the  sea  scallop.  Placopeclen  mai;elUuuciis.  and  bay  scal- 
lop, Argapcctcn  irradians.  An  experimental  protocol  has  been 
used  that  successfully  preserves  the  organ  morphology  and  cilia  of 
large  bivalves  (>20  mm  SH).  Our  obseiTations  will  contribute  to 
understanding  the  feeding  mechanisms  of  these  animals  during 
development, 

MATERIALS  AND  METHODS 

Large  specimens  (>20  mm  SH)  of  the  two  scallop  species  P. 
imiiiclUmicus  and  A.  irradians  were  collected  for  examination  by 
SEM.  Scallops  were  sampled  from  field  sites  and  reared  al  the 
Institute  for  Marine  Biosciences'  Marine  Research  Station  (MRS), 
Ketch  Harbour,  Nova  Scotia,  Canada. 

Animals  were  refrigerated  al  4°C  for  one  hour  prior  to  anes- 
thetization to  decrease  their  metabolism.  A  gradual  addition  of 
MS-222  (Tricaine  Melhanesulfonale)  and  KCl  (5Vr  potassium 
chloride)  allowed  tor  both  muscle  tissue  relaxation  (gaping  valves 
and  non  contracted  tissues)  and  limitation  of  mucus  production. 
During  this  process,  sample  vials  (250-mL  glass  jars)  were  not 
agitated  and  kept  at  4°C.  Scallops  were  fixed  in  IG4F  (1%  glu- 
taraldehyde.  V/r  formaldehyde,  in  0.2M  PO4,  pH  =  7.5)  for  a 
minimum  of  48  h  al  4°C. 

During  subsequent  processing,  samples  were  gently  agitated  in 
a  fume  hood  at  room  temperature.  Specimens  were  rinsed  twice  for 
one  hour  in  a  0.2  M  PO4  buffer  solution  (pH  =  7.2)  and  dehy- 
drated in  ascending  ethanol  washes  (twice  at  each  concentration 
for  one  hour  in  50.  70,  80,  95  and  finally  100%  ethanol).  Transi- 
tional steps  of  \(W7r  ethanol  (30  min.  30  min.  Ih)  and  then  HMDS: 
ethanol  ( 1 : 1  )  (30  min.  30  min.  1  h)  were  followed  by  two  baths  ( 1 
h  each)  of  100%  HMDS.  Finally  the  jars  were  placed  in  a  dessi- 
cator  with  silica  gel  with  just  enough  HMDS  to  cover  the  speci- 
mens. 

The  gross  morphology  of  the  scallops  was  observed  using  a 
Wild  M400  Photomakroskop  and  a  Nikon  Coolpix  4500  digital 
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Plate  1:  Results  of  HMDS  treatment  on  the  organization  ot  tlie  organs  (l)inocular  niicri)SLii|H  <iI)mi  \;iIi(>iim  jm  IIu  m;i  scallop,  I'laciipecten 
magellaniais  (Fig.  1.  2,  3|  and  on  microstructure  as  examined  by  Scanning  Electron  Microscopy  in  the  bay  scallop.  Argopecleii  iiradiaiis  (Fig. 
4,  5, 6).  (See  Veniot  et  al.  20(13  for  a  description  of  the  morphology  and  organization  of  feeding  organs  during  ontogeny  in  P.  magellaiiicus).  Figure 
1.  General  view  of  a  specimen  22.4  mm  in  SH  (/'.  magellaniciis)  showing  the  intact  and  relaxed  feeding  organs:  arborescent  lips  (al),  foot  (f),  gill 
(gl,  labial  palps  dp),  and  associated  mantle  (m),  and  mantle  ciliary  band  (mcb).  Scale  bar  =  2  mm.  Figure  2.  Close-up  of  an  intact  mantle  showing 
the  eyes  (e),  the  radial  muscles  on  the  mantle  surface  (rm),  the  sensory  tentacles  (t),  and  the  \elum  (v).  SH  =  22.4  mm.  Scale  bar  =  2  mm.  Figure 
3,  Oral  region  showing  the  arborescent  lips  enclosed  by  the  paired,  ridged  labial  palps,  the  extended  foot,  and  the  connection  bet«een  the  gill 
and  the  labial  palps  for  a  sea  scallop  (/'.  magcllamcus)  34.8  mm  in  SH.  Scale  bar  =  2  mm.  Figure  4,  Frontal  ciliation  (fc)  of  an  ordinary  gill 
rdament  showing  simple  long  cilia  in  4.  iiradiaiis  21.5  mm  in  SH.  Scale  bar  =  l(t  pm-  Figure  5.  Tufts  of  cilia  (tc)  present  on  the  dorsal  expansions 
of  the  gill  in  A.  irradians  21.5  mm  in  SH.  Scale  bar  =  5  pm.  Figure  6,  Ciliation  of  the  ridge  of  the  labial  palps  in  A.  irradians  21.5  mm  in  SH.  Scale 
bar  =  10  pm. 


camera.  For  SEM  observation,  speeimens  were  mounted  on  alu- 
iiiinnm  stubs  with  double-sided  carbon  tape  and  the  right  valve 
was  removed.  Samples  were  then  sputter-coated  with  gold- 
palladium  (Model  SC7620  Polaron)  and  examined  using  a  Hitachi 
Model  S-3000N  SEM  at  2()kV. 


RESULTS  AND  DISCUSSION 

Specimens  of  P.  magellaniciis  dried  after  HMDS  treatment 
showed  well-preserved  surfaces  with  negligible  shrinkage  of  the 
tissues  and  few  artifacts  (Plate  I.  Fig.  1.  2,  3).  The  extended  foot 
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and  intact  gill  (Plate  1)  were  relaxed  and  showed  good  preserva- 
tion. The  fragile  mantle  surface  was  well  preserved  with  no  shrink- 
age or  tears  (Plate  1.  Fig.  2).  The  radial  muscles  were  visible  and 
well  preserved.  Feeding  organs  (lips,  labial  palps  and  foot)  were 
intact  and  the  arborescent  lips  (described  and  drawn  by  Beninger 
et  al.  1990)  were  photographically  recorded  for  the  fusl  iniic  (Plate 
I.  Fig.  3).  The  labial  palps-gill  connection  (type  111  according  to 
Satsek  1963)  was  also  shown  (Plate  I,  Fig.  3). 

HMDS  drying  also  provided  excellent  results  in  the  preserva- 
tion of  microstructural  characteristics  such  as  ciliation  of  scallop 
feeding  organs,  as  illustrated  in  the  gills  and  labial  palps  of  A. 
imuliiins  specimens  (Plate  1.  Fig.  4.  5.  6).  There  were  no  visible 
distortions  of  the  cilia  as  shown  on  the  frontal  cilia  of  the  gill  (Plate 
1.  Fig.  4)  or  the  cilia  of  the  ridges  of  labial  palps  (Plate  1,  Fig.  6). 
Tufts  of  cilia  on  dorsal  expansions  of  the  gill  were  not  shrunken 
and  cilia  at  the  base  of  the  tufts  were  not  clumped  (Plate  1.  Fig.  5). 

HMDS  treatment  has  been  used  for  a  number  of  different  speci- 
men types,  generally  less  than  10  mm  and  was  shown  to  require 
less  time  and  expertise  than  critical  point  drying  (Hochberg  & 
Litvaitis  2000,  Laforsch  &  Tollrian  2000,  Schone  &  Bentley 
2002).  The  method  is  used  in  this  study  to  prepare  large  specimens 
of  scallops  P.  miiiielkiukus  and  A.  inadians  for  observation  of 
feeding  organs  and  cilia  development.  Oshel  (1997)  showed  that 
HMDS  use  was  effective  for  preparing  soft  and  highly  hydrated 
specimens.  Also,  HMDS  drying  preserved  excellent  surface  details 
in  insect  tissues  (Nation  1983.  Heraty  &  Hawks  1998)  and  hepatic 
endothelial  cells  (Braet  et  al.  1997).  This  work  shows  that  large 
specimens  (20-30  mm  SH)  of  marine  bivalves  can  be  preserved 


and  dried  for  SEM  without  major  distortion  or  collapse  and  mi- 
crostructural details  are  retained. 

Intermittently,  when  using  the  CPD  method  for  siiiailer  speci- 
mens (scallops  <1.S  mm  SH)  the  mantle  surface  was  partially  or 
totally  destroyed.  All  of  the  samples  in  this  study  consistently  had 
intact  mantle  surfaces.  Another  difficulty  encountered  in  the  prepa- 
ration of  ciliated  epithelia  for  SEM  is  the  tendency  for  the  cilia  to 
stick  together  and  for  foreign  particles  to  remain  on  the  cilia.  The 
ciliated  surfaces  of  the  feeding  organs  in  ,4.  irmdians  dried  using 
HMDS  showed  nonclumped,  relati\ely  particle-free  tufts  (Plate  1. 
Fig.  4.  5.  6).  Drying  from  HMDS  seemed  to  prevent  shrinkage, 
whereas  the  CPD  method  appeared  to  have  caused  some  distor- 
tions (Bane  2(J0I).  Another  advantage  of  the  HMDS  method  is 
that  the  number  of  specimens  and  sample  size  are  not  restricted. 
Thus  we  conclude  that  the  quality  of  the  results  obtained  and  ease 
of  use  of  the  HMDS  drying  process  make  it  preferable  to  the  CPD 
method  for  processing  large  bivalve  specimens. 
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BIVALVE  MOLLUSCS 


RAYMOND  E.  GRIZZLE,'*  JENNIFER  K.  GREENE,'  MARK  W.  LUCKENBACH-  AND 
LOREN  D.  COEN' 

'Jackson  Estiiahne  Lahoniiory  and  Dcparlnicnt  of  Zooloi;);  University  of  New  Hampsliire.  Durluiiii. 
New  Hampsliire  03824:  'Virginia  Institute  of  Marine  Science.  Collei>e  of  William  and  Mary.  Eastern 
Shore  Laboratory.  Gloucester  Point.  Virginia  23062:  ^Marine  Resources  Research  Institute.  South 
Carolina  Department  of  Natural  Resources,  Charleston.  South  Carolina  29412 

ABSTRACT  The  most  L'oiiimonl>  used  nietliods  lor  meusunnj;  the  amouiil  ot  seston  lemoxed  from  the  water  column  (uptake)  by 
populations  of  suspension-feeding  bivalve  molluscs  involve  taking  discrete  water  samples  followed  by  laboratory  analyses.  Here  we 
describe  a  new  method  based  on  in  situ  fluorometry  that  provides  rapid  measurement  of  seston  removal  rates.  The  new  system  is 
comprised  of  two  identical  units,  each  consisting  of  an  /;;  situ  tluorometer.  data  logger  and  peristaltic  pump  with  plastic  tube  attached 
to  a  deployment  device.  The  deployment  device  allows  precise  placement  of  the  fluorometer  probe  and  intake  end  of  the  plastic  tube 
so  that  //(  sirii  tluorescence  (chlorophyll  a)  can  be  measured  and  water  can  be  sampled  for  seston  analyses  in  the  laboratory  from  the 
same  height.  The  typical  setup  involves  placing  one  unit  upstream  and  the  other  downstream  of  the  study  area  and  sampling  the  water 
at  periodic  intervals.  Changes  in  seston  concentration  are  revealed  in  the  field  by  the  fiuorometers.  and  the  sampled  water  can  be 
analyzed  in  the  laboratory  for  various  seston  parameters.  Comparisons  of  the  in  situ  data  with  data  from  laboratory  analyses  of  pumped 
water  samples  were  made  for  three  species  at  four  study  sites:  the  eastern  oyster  [Crussoslrea  virginica).  hard  clam  [Mcnenciria 
mercenaria).  and  blue  mussel  (Mytiliis  edulis).  Comparisons  of  measured  upstream  versus  downstream  seston  concentrations  indicated 
significant  (/-tests.  P  <  0.05)  differences  (uptake)  for  six  of  eight  trials  based  on  in  situ  fluorometry,  but  only  marginally  significant 
iP  <  0.10)  differences  at  two  of  the  four  trials  using  laboratory  chlorophyll  a  measurements.  These  data  demonstrate  that  compared 
with  sampling  methods  requiring  laboratory  analyses,  the  new  //;  v/>»  method  provides  much  more  rapid  quantitative  assessments  and 
may  provide  more  accurate  estimates. 

KEY  WORDS:     bivalve,  nuorometry,  seston  uptake,  suspension-feeding,  Ciassnslrca.  Mercenaria.  Mytilus 


INTRODl'CTION 

Empirical  and  theoretical  research  demonstrates  that  popula- 
tions of  suspension-feeding  bivalve  molluscs  can  remove  substan- 
tial amounts  of  suspended  particulates  (seston)  from  the  overlying 
water  column  by  their  feeding  activities  (Ulanowicz  &  Tuttle 

1992.  Dame  1996.  Newell,  et  al.  2005.  Haamer  &  Rodhe  2000, 
Cressman  et  al.  2003.  Nelson  et  al.  2004).  This  has  important 
implications  for  shellfish  aquacuiture  and  more  recently  for  water 
quality  management  associated  with  shellfish  restoration  projects 
(Luckenbach  et  al.  1999.  2005.  Thayer  et  al.  2005).  Field  studies 
on  seston  uptake  typically  involve  laboratory  analysis  of  discrete 
water  samples  obtained  manually  or  by  pumps  (Dame  &  Libes 

1993,  Newell  &  Shumway  1993,  Cressman  et  al.  2003.  Nelson  et 
al.  2004).  This  approach  is  effective  and  it  allows  the  measurement 
of  multiple  water  parameters.  However,  there  is  a  need  to  develop 
in  situ  appioachcs  that  ha\e  the  potential  to  greatly  increase  the 
spatial  and  temporal  resolution  of  measurements  of  the  feeding/ 
seston  uptake  process. 

A  major  impetus  for  development  of  the  new  method  is  the 
need  for  quantitative  success  tnetrics  for  constructed  shellfish 
(mainly  oysters)  reefs  that  are  part  of  ongoing  restoration  programs 
in  many  areas.  These  projects  often  emphasize  the  ecological  func- 
tions of  oysters,  instead  of  or  at  least  in  addition  to,  their  historical 
role  as  a  commercial  resource  (Luckenbach  et  al.  1999.  2005, 
Brumbaugh  et  al.  2000,  Coen  &  Luckenbach  2000).  One  of  the 
major  ecological  functions  of  oyster  reefs  is  their  potential  influ- 
ence on  water  quality  because  of  their  filtration  capacity  (Dame 
1996.  Dame  et  al.  2001,  French  McCay  2003,  Peterson  et  al. 


^Corresponding  author.  E-mail:  ray.griz/.le@unh.edu 


2003).  Field  studies,  however,  typically  have  not  demonstrated 
measurable  seston  removal  by  natural  (Dame  &  Libes  1993.  Wil- 
son-Ormond  et  al.  1997)  or  restoted  (Nelson  el  al.  2004)  oyster 
reefs.  Cressman  et  al,  (2003)  is  the  only  study  we  are  aware  of  that 
measured  substantial  (up  to  25%)  removal  of  seston  by  small  in- 
tertidal  reefs.  Hence,  there  is  a  need  to  critically  assess  this  often- 
cited  reason  for  restoring  shellfish  reefs  (Coen  &  Luckenbach 
2000.  Luckenbach  et  al.  2005).  How  much  of  an  impact  on  water 
quality  should  be  expected  from  restored  shellfish  reefs? 

Previous  research  has  used  in  siiu  fluorometry  to  assess  food 
availability  to  cultured  bivalves  (Grant  &  Bacher  1998)  and  phy- 
toplankton  biomass  as  part  of  broader  ecological  studies  ( Gregor  et 
al.  2005).  However,  we  are  not  aware  of  previous  attempts  to  use 
in  situ  fluorometry  to  measure  seston  uptake  by  benthic  organisms 
in  the  field.  Here  we  describe  a  novel  method  for  directly  tnea- 
suring  uptake  rates,  and  the  results  of  field  trials  involving  three 
bivalve  species  that  compare  measurements  using  the  new  /;;  situ 
method  with  laboratory  analysis  o^  pumped  water  samples. 

DESCRIPTION  OF  /;V  SITU  FLUOROMETRY  APPARATUS 

Each  apparatus  consists  of  a  tluorometer  (Seapoint  Sensors 
Model  SCF.)  with  multimeter/datalogger  (Extech  Model  383.274). 
and  peristaltic  pump  (Masterflex  Model  7533)  with  I -cm  ID  plas- 
tic tube  attached  to  a  custom-made  deployment  device  (Fig.  I  A.  B. 
C).  The  tluoronieter  probe  is  placed  within  a  5-cm  ID  PVC  pipe 
that  is  attached  to  the  bottom  plate.  The  probe  and  light  shield  are 
held  in  position  by  a  hose  clamp  on  the  outside  of  the  PVC  pipe; 
loosening  of  the  clamp  allows  the  light  shade  and  probe  to  be 
moved  up  and  down  on  the  pipe  and  secured  at  any  height  above 
the  bottom  plate.  The  bottom  plate  is  designed  to  rest  on  the 
bottom  so  the  tluorometer  probe  remains  at  the  same  height 
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Figure  1.  Newm  situ  fluorometer  and  water  sampling  apparatus.  (A)  Complete  apparatus  (one  of  two  identical  units);  (B)  dose  up  oblique  view 
of  fluorometer  probe  in  deployment  device;  (C)  close  up  face-on  view;  ID)  deployment  of  two  identical  units  over  intertidal  oyster  reef  in  Florida. 
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lliriHigliout  the  measuiement  period,  but  ihe  entire  ;ipp;iratLis  eaii  be 
suspended  at  any  height  and  iiKued  tip  and  down  in  the  water 
column  as  needed.  A  tail  fin  attached  to  the  bottom  plate  orients 
the  probe  so  that  water  flows  directly  through  the  sensing  chamber 
as  it  is  lowered  to  the  bottom  (Fig.  IC).  The  boltoni  plate  is 
constructed  of  2-nini  thick  stainless  steel  sheet  material  and  pro- 
vides sufficient  weight  to  hold  the  apparatus  in  position  under  most 
flow  conditions.  The  nuorometer  probe  and  the  end  of  the  water 
intake  tube  are  placed  at  the  same  height  so  that  comparisons  can 
be  made  between  in  situ  fluorescence  (chlorophyll  (()  and  labora- 
tory analysis  of  pumped  water.  Total  cost  of  each  unit  is  about 
$5.()()()  (2006  IIS$). 

The  typical  setup  involves  placing  one  apparatus  upstream  and 
another  downstream  of  the  study  population  and  sampling  the 
water  at  periodic  intervals  (Fig.  ID).  To  be  sure  the  downstream 
apparatus  is  exposed  to  the  same  water  mass  as  the  upstream 
apparatus,  a  floating  object  is  released  periodically  from  the  up- 
stream position  to  show  the  ambient  water  flow  path  across  the 
reef.  Adjustments  in  location  of  either  device,  including  raising  the 
apparatus  to  allow  the  tail  fin  to  reorient  the  probe  with  respect  to 
water  flow  direction,  can  be  inade  as  needed.  Changes  in  seston 
concentration  caused  by  bivalve  feeding  ("seston  uptake")  are  re- 
vealed immediately  by  differences  in  the  two  fluorometer  readings 
(upstream  vs.  downstream),  and  the  sampled  water  can  be  ana- 
lyzed for  various  parameters  to  verify  the  fluorometry  and  provide 
additional  data  on  changes  in  seston  characteristics. 

MATERIALS  AND  METHODS 

Populations  of  bivalve  molluscs  were  studied  at  sites  in  New 
Hampshire  (a  blue  mussel.  Mytilus  editlis.  reef).  Virginia  (hard 
clam.  Mfrccnaria  mercenaiia.  beds  at  an  aquaculture  farm).  South 
Carolina  (a  restored  eastern  oyster,  Crassostrea  virginica,  reef), 
and  midAtlantic  Florida  (several  natural  eastern  oyster  reefs). 
Table  1  summarizes  the  environmental  characteristics  of  the  study 
sites,  and  the  measured  seston  uptake  rates.  Sites  were  chosen 
because  they  met  two  criteria:  ( I )  water  less  than  - 1 .5  ni  deep  and 
(2)  water  flow  constrained  laterally,  or  width-to-length  ratio  suf- 
ficient to  minimize  lateral  transport  across  the  width  of  the 
sampled  area.  Meeting  these  criteria  would  likely  result  in  envi- 
ronmental conditions  (e.g.,  well  mixed  water  column)  that  would 
allow  sampling  at  one  height  to  be  representative  of  the  entire  flow 
field. 

The  general  protocol  for  field  studies  consisted  of  making  re- 
peated measurements  of  environmental  conditions  and  changes  in 
seston  concentration  upstreain  and  downstream  of  each  population 
of  bivalves  based  on  in  silii  fluorometry  and  laboratory  analysis  of 
pumped  water  samples  (Table  1 ;  Fig.  IC).  Each  of  the  fluorometer 
probes  and  water  intake  tubes  were  set  at  5-10  cm  above  the 
bottom  (either  the  top  of  the  reef  for  mussels  and  oysters  or  the 
sediment  surface  for  clams).  A  set  of  measurements  (each  consist- 
ing of  10-20  fluorometry  readings  recorded  at  10-s  intervals)  was 
made  at  lO-min  intervals  for  the  duration  of  each  deployment  at 
each  site  (except  for  the  South  Carolina  study,  which  consisted  of 
single  readings  recorded  at  5-15-niin  intervals).  The  peristaltic 
pumps  required  about  5  min  to  obtain  each  sample.  Readings  from 
the  two  fluorometers  also  were  compared  side-by-side  at  the  be- 
ginning of  each  deployment  and  again  after  the  la.st  set  of  readings 
was  taken  to  be  sure  they  gave  similar  readings. 

Pumped  water  samples  were  stored  in  the  dark  on  ice  and 
returned  to  the  laboratory  for  filtration  (Whatman  GF/C  or  Gelman 
GF/F  filters)  within  6  h  of  collection:  the  filters  were  further  pro- 
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cessed  immediately  in  most  cases,  or  frozen  until  processed.  The 
New  Hampshire.  Florida  and  Virginia  samples  were  analyzed 
spectrophotometrically  using  acetone  extraction  and  standard  tech- 
niques (APHA  1W2|.  The  South  Carolina  samples  were  analyzed 
fluorometrically  following  a  modified  EPA  Method  445.0  proce- 
dure (Arar  1997.  Rev.  1.2). 

Bivalve  densities  were  determined  at  most  sites  by  sampling  5 
to  10  of  0.16  nv  quadrats,  counting  and  measuring  shell  length  or 
height  of  all  live  bivalves  collected  to  the  nearest  mm  using  cali- 
pers. For  the  South  Carolina  oyster  reef,  data  on  bivalve  size  and 
density  available  from  previous  samples  taken  at  that  site  were 
used.  Flow  length  was  the  distance  between  the  two  tluorometers. 
Water  depth  was  measured  at  lO-min  intervals  using  a  marked  rod. 
Water  flow  speed  was  measured  at  the  same  height  as  the  tluo- 
rometer  probes  were  placed  (5-10  cm  above  the  bottom)  with  a 
Marsh-McBimey  Model  201  electromagnetic  current  meter,  with 
10-20  replicate  speeds  recorded  al  10-s  intervals  every  10  min  for 
the  duration  of  the  measurement  period.  Near-suiface  water  speed 
and  flow  direction  were  also  estimated  by  releasing  an  orange  at 
the  upstream  site  and  recording  travel  time  to  the  downstream  site. 
This  provided  a  measurement  of  near-surface  water  flow  speed  to 
compare  with  the  near-bottom  measurements  and  insured  that  the 
sampling  units  were  placed  properly. 

Data  analysis  consisted  of  comparisons  of  chlorophyll  a  con- 
centrations, based  on  field  data  (in  situ  fluorometry)  with  labora- 
tory analysis  of  pumped  water  samples.  Data  were  analyzed 
graphically  (scatterplots).  and  statistically  (/-tests,  regression  and 
conelation)  using  SYSTAT  version  10  (2000)  software.  For  the  in 
situ  fluorometry  data  only,  the  r-tests  were  done  using  the  means 
of  the  mean  values  for  each  lO-min  observation  period. 

RESULTS  AND  DISCUSSION 

A  total  of  eight  trials  of  paired  upstream  versus  downstream  (;; 
situ  fluorometry  measurements  were  taken  at  the  four  study  areas; 
pumped  water  samples  were  taken  for  laboratory  chlorophyll  a 
analysis  during  four  of  the  eight  trials  (Table  1).  T-tests  indicated 
significant  differences  between  mean  upstream  and  downstream 
fluorometry  readings  for  si.x  of  the  eight  trials  (Fig.  2).  but  only 
marginally  significant  iP  <  0.10)  differences  at  two  of  the  four 
trials  tor  laboratory  measurements  (Fig.  3).  Both  approaches,  how- 
ever, showed  instances  of  seston  uptake  rates  exceeding  25i'7r. 

A  scatterplot  of  the  full  dataset  comparing  each  /)(  situ 
flurorometry  reading  with  its  corresponding  laboratory  chlorophyll 
measurement  showed  two  distinct  groupings  (Fig.  4).  Overall,  this 
assessment  indicated  that  the  two  measurement  techniques  yield 
comparable  data,  but  their  relationship  is  not  simple. 

Using  In  situ  Fluorometry  to  Provide  Rapid  Measurement  of 
Seston  Uptake 

As  already  noted,  field  studies  on  seston  uptake  typically  have 
involved  laboratory  analysis  of  discrete  water  samples  obtained 
manually  or  by  puinps  using  various  sampling  protocols  (e.g.. 
Dame  &  Libes  1993.  Judge  et  al.  1993.  Newell  &  Shumway  1993. 
Cressman  et  al.  2003,  Nelson  et  al.  2004).  We  obtained  pumped 
water  samples  for  laboratory  analysis  as  means  of  "ground  truth- 
ing"  the  in  situ  fluorometry  data  because  in  the  long-term  our  goal 
is  to  rely  as  much  as  possible  on  the  latter.  Most  applications  of  in 
situ  fluorometry  to  date  have  been  in  the  area  of  water  quality 
monitoring  (e.g..  Gregor  et  al.  2005).  in  some  cases  (e.g..  Grant  & 
Bacher  1998)  related  to  bivalve  aquaculture.  Our  application  es- 


sentially represents  an  ecological  extension  of  the  method,  but  it 
required  some  important  modifications  to  off-the-shelf  tluorom- 
eters. Ambient  sunlight  can  strongly  interfere  with  the  sensor,  so  a 
large  aluminum  plate  was  added  to  shade  the  probe  (Fig.  1 ).  It  was 
also  necessary  to  construct  a  deployment  apparatus  that  allowed 
precise  placement  of  the  probe  vertically,  and  it  automatically 
oriented  the  probe  so  the  predominant  water  tlow  was  directly 
through  the  sensor  chamber.  These  modifications  have  resulted  in 
an  apparatus  that  is  simple  to  deploy  and  appears  to  consistently 
yield  reliable  data. 

//(  ,v///(  fluorometry  could  become  a  fast,  effective  and  nonde- 
structive approach  to  quantifying  the  impacts  of  shellfish  popula- 
tions on  seston  removal  but  it  needs  further  development,  includ- 
ing more  comparisons  with  laboratory  analysis  of  pumped  water 
samples.  One  of  the  issues  that  will  need  to  be  settled  for  .some 
applications  concerns  the  relationship  between  the  in  situ  fluorom- 
etry data  and  laboratory-determined  chlorophyll  a  concentrations. 
Our  data  from  four  different  areas  showed  two  distinct  groups, 
with  substantial  disparity  between  the  two  in  the  relationship  be- 
tween fluorescence  and  chlorophyll  ci  concentrations  determined 
by  wet  chemistry  techniques  (Fig.  4).  Grant  and  Bacher  (1998) 
also  reported  substantial  disparities  between  the  two  approaches. 
Gregor  et  al.  (2005)  noted  that  differences  between  in  situ  fluoro- 
nietric  methods  and  laboratory  methods  should  be  expected  when 
different  analytical  techniques  {e.g..  ethanol  vs.  acetone  extraction) 
are  compared  and  phytoplankton  taxonomic  composition  varies. 
For  our  data,  the  pumped  water  samples  were  a  composite  taken 
over  about  5  min,  as  compared  with  multiple  fluorometry  reading 
taken  over  about  2  min  (see  Methods  section).  Hence,  although 
both  types  of  samples  were  taken  at  approximately  the  same  time, 
some  of  the  differences  (Fig.  4)  could  represent  actual  temporal 
variability  in  seston  concentrations. 

Another  potential  limitation  of  in  situ  fluorometry  is  that  it  does 
not  provide  data  on  components  of  the  seston  other  than  phy- 
toplankton that  can  be  important  food  items  for  bivalves.  However, 
if  chlorophyll  ci  data  alone  are  sufficient  then  in  situ  fluorometry 
represents  a  much  more  effective  approach  compared  with  analysis 
of  pumped  water  samples  because  it  provides  rapid  results,  and  if 
fluorometers  are  deployed  at  multiple  heights  in  the  water  column, 
spatial  variations  in  seston  removal  that  are  related  to  hydrody- 
namical  factors  can  be  assessed.  For  example,  a  fully  mixed  water 
column  is  not  necessary  for  estimating  uptake  rates. 

Seston  Uptake  by  Oyster  Reefs 

As  discussed  earlier,  the  need  to  estimate  the  potential  impact 
of  constmcted  or  restored  oyster  reefs  on  water  quality  has  driven 
the  development  of  the  //;  situ  fluorometers.  The  potential  for 
bivalve  shellfish  to  control  phytoplankton  populations  in  coastal 
areas  such  as  San  Francisco  Bay  was  proposed  over  20  y  ago 
(Cloern  1982.  Officer  et  al.  1982).  Subsequent  studies  in  the  Bay 
documented  a  variety  of  ecological  effects,  including  seston  deple- 
tion, attributable  to  dense  infaunal  bivalve  populations  (e.g.,  Al- 
pine &  Cloern  1992).  In  a  widely  cited  paper.  Newell  (1988) 
hypothesized  that  the  historical  depletion  of  oyster  populations  in 
Chesapeake  Bay  has  been  a  major  factor  in  water  quality  degra- 
dations and  other  ecological  changes  in  the  Bay  (also  see  Heck 
1987).  Subsequent  studies  support  this  notion  (Ulanowicz  &  Tuttle 
1992,  Newell  2004).  Similar  water  quality  impacts  in  some  areas 
of  the  Great  Lakes  by  the  invasive  zebra  mussel  have  also  been 
documented  (Budd  et  al.  2001,  Ackerman  et  al.  2001).  Recent 
research  in  mesocosms  has  further  characterized  the  role  that  sus- 


In  situ  Method  for  Measuring  Seston  Uptake 


647 


Florida  Oyster  Reef  #1 


40 

35 

g   30 

S    25 

E 

o 

S    20 


S    1  0 


-  upstream  x  =  J  82 

-  Downsueam,  «  =  i  61 
=  0  00001 


10  04  00      10  14  00      10  24  00      10  34  00      10  44  00 

Time 
Florida  Oyster  Reef  #3 


£" 

?■ 


1'^ 

£     10 


-  Upstream  x  =  1  82 

-  Downstream  k  =  1  61 
'0  347 


13  50  00     14  10  00     14  00  00     14  50  00     15  10  00     15  30  0 
Time 


Florida  Oyster  Reef  #2 


3    1  5 
S     1  0 


-•—  Upsueam  x  =  246 
-o-  Downslream  ji  =  1  51 
p  =  0O23 


15  59  00 


16  09  00 


Time 
Florida  Oyster  Reef  #4 


S  " 


-  Upstfeam  x  =  1  78 

-  Dp«vnsweBm  x  :  1  29 
=  0  025 


12  40  00 
Time 


New  Hampshiire  Blue  Mussel  Reef  #f 


£  30 

£■ 

4} 

g 
O 

o    20 


25 


I  5 


-•—  Upstream  X  =  0  59 
-o—  Oownsiream  x  =  0  43 

p  =  0002 


14  00  00 

Time 


Virginia  Clam  Bed  Hfl 


—  Upstieam  x  =  306 

—  Downstream,  x  =  1 
=  00006 


South  Carolina  Oyster  #1 


S    25 

S 


3    15 
p5 

s  10 


-•-  Upstream,  i(  =  2  19 

o     ttomslream  x  =  2  26 

p  =  020a 

^^^^ 

---\^ 

o      '  ° 

100000     110000     120000     130000     140000     150000     16000 

Time 


Virginia  Clam  Bed  #2 


20 


14  5900 


16  0900 


15  1900 

Time 


153900 


a  15 

c  1  0 
05 
00 


-•-  upstream  x  =  30i 
— o—  DmvnMream  k  =  1  13 
p  =  0005 

?f                                                      r 

112900         113400 


11  49  00 


113900         114400 

Time 
Figure  2.  Upstream  and  downstream  in  silii  fluorometry  measurements  for  all  study  sites.  P  values  from  Mests:  error  bars  show  1  SD. 


pension-feeding  bivulves  can  play  in  controlling  phytoplanklon 
populations  (Ceirato  et  al.  2004.  Porter  et  al.  2004).  It  seems 
reasonable  to  expect  measurable  water  quality  effects  from  re- 
stored oyster  reefs,  but  empirical  studies  of  the  effects  are  needed. 
Several  field  studies  involving  bivalves  such  as  clams,  mussels 
and  other  taxa  have  demonstrated  substantial  seston  uptake  and  in 


some  cases  longer-term  water  quality  changes  caused  by  bivalve 
feeding  and  filtration  (e.g..  Alpine  &  Cloem  1992.  Haamer  1996. 
Coen  et  al.  2000,  Haamer  &  Rodhe  2000.  Ackerman  et  al.  2001; 
see  reviews  by  Dame  1996  and  Dame  et  al.  2001 ).  Field  studies  on 
oysters,  however,  typically  have  shown  no  measurable  uptake  or 
very  little  (Dame  &  Libes  1993,  Wilson-Ormond  et  al.  1997,  Nel- 
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Figure  3.  Upstream  and  downstream  laboratory  measurements  of  chlorophyll  a  concentrations  from  pumped  water  samples  for  all  study  sites. 
P  values  from  Mests. 


son  et  al.  2004);  Cre.ssman  et  al.  (2003)  is  the  only  field  demon- 
stration of  substantial  seston  removal  (up  to  25%  decreases  in 
chlorophyll  a)  we  are  aware  of  for  oyster  reefs.  In  the  present 
study,  maximum  measured  seston  uptake  rates  for  the  three  bivalve 
species  ranged  from  27.8%  for  Mytilus.  31.47c  for  Crassostrea.  to 
62.3%  for  Merceiuiria.  The  differences  in  rates  mainly  reflected 
differences  in  bivalve  size  and  densities  relative  to  water  flow  and 
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Figure  4.  In  silii  nuoromttr.^  compared  with  laboratory  analysis  of 
pumped  water  samples  for  all  study  sites. 


water  depth  (Table  1 ).  Hence,  it  seems  reasonable  to  conclude  that 
field  studies  on  oysters  should  consistently  yield  quantitative  mea- 
sures of  seston  depletion  if  they  are  properly  scaled.  In  any  case, 
our  new  in  situ  device  would  allow  rapid  as.sessnients  for  future 
studies  on  restored  and  natural  oyster  reefs. 
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OVERMEW.  26th  MILFORD  AQUACULTHRE  SEMINAR. 
Waller  J.  lil()gosla«ski.  U.S.  DepartiiiciU  of  Commerce.  National 
Oceanic  &  Atmospheric  Administration.  National  Marine  Fisher- 
ies Service.  Northeast  Fisheries  Science  Center.  MiH'ord  Labora- 
tory. 212  Rogers  Ave..  Milford.  CT  06460.  USA 

In  early  1975.  fifteen  persons  gathered  at  the  First  Milford 
Aquacultiire  Seminar  to  discuss  the  role  of  industry,  research,  and 
government  in  managing  the  complex  interactions  of  society's 
needs  and  the  environment  to  shape  the  fledgling  United  States 
efforts  in  aquacultnre.  Twenty-six  years  later,  one  hundred  and 
fifty-five  attendees  of  the  joint  26th  Milford  Aquacultnre  Seminar 
and  the  .luvenile  Oyster  Disease  Session  met  from  February  27- 
March  1 .  2006  in  Meriden.  Connecticut  to  examine  how  well  this 
important  and  difficult  charge  has  been  addressed  and  to  discuss 
future  challenges  and  opportunities  in  this  evciKing  field. 

This  annual  meeting  is  a  unique  blend  ol  industry,  academics, 
government,  and  research  that  results  in  sessions  that  are  informa- 
ti\e  and  in  observations  that  prove  invaluable  because  of  the  many 
ways  an  issue  is  examined  depending  upon  the  disciplines  of  the 
persons  involved  in  the  discussion.  This  collaborative  approach 
brings  the  best  of  all  worlds  to  topics  as  varied  as  disease,  regu- 
lation, genetics  and  nutrition.  Input  is  received  from  those  who 
work  primarily  in  a  laboratory  or  a  classroom  and  from  those  who 
spend  their  time  in  the  hands-on  process  of  animal  husbandry,  each 
receiving  \aluable  insights  from  the  other's  experience.  This  easy 
partnering  of  expeilence  and  formal  research  helped  the  meeting  to 
achieve  the  goal  of  sharing  knowledge  to  achieve  excellence  in 
aquacultnre  practices  consonant  with  a  keen  awareness  of  our 
stewardship  of  the  environment. 

The  26th  Milford  Aquaculture  Seminar  attracted  17  posters  and 
52  oral  presentations  on  subjects  covering  disease,  genetics,  ani- 
mal husbandry,  shellfish  restoration,  aquaculture  legislation,  nu- 
trition, technology,  and  an  update  on  the  NOAA  Aquaculture  Pro- 
gram. A  concurrent  Juvenile  Oyster  Disease  (JOD)  session  ex- 
plored industry  cases,  transmission,  and  treatment  and  resistance  to 
JOD. 

Participants  came  from  thirteen  US  states  and  from  the  coun- 
tries of  Pakistan.  Korea,  France  and  Canada.  Nineteen  universities 
sent  professors  or  students  and  two  Connecticut  magnet  schools 
and  one  Massachusetts  High  School  participated.  Four  universities 
sent  NOAA-Sea  Grant  cooperative  extension  agents.  Sixteen  aqua- 
culture companies  attended  as  did  several  independent  shellfish 
growers.  Many  marine  laboratories  participated  including  federal 
US  laboratories  from  Milford.  CT,  "Woods  Hole  MA,  USGS  Kear- 
neysville,  WV,  NOS  Hollings  Marine  Lab,  Charleston,  SC, 
USDA-NRAC,  College  Park  and  NOS  Oxford,  MD.  Federal  pro- 
gram information  was  brought  to  the  meeting  from  the  NOAA 
Aquaculture  Prograin.  Silver  Springs.  MD  and  NOAA  Chesapeake 
Bay  Office.  Annapolis.  MD.  State  institutes  and  municipal  depart- 
ments attending  included  the  University  of  Maryland's  Center  for 
Marine  Biotechnology,  the  Rhode  Island  Department  of  En\  iron- 
mental  Management.  New  Hampshire  Fish  and  Game.  Oak  Bluffs 


and  Edgerton.  MA  Shellfish  Departments,  the  State  of  Connecticut 
Aquaculture  Division,  and  the  Connecticut  Department  of  Envi- 
ronmental Protection. 

The  diversity  of  the  participants,  coupled  with  the  high  caliber 
of  the  presentations  in  an  atmosphere  that  encouraged  positive 
formal  and  informal  discussion,  ensured  a  dynamic  and  worth- 
while meeting  for  all.  Surely,  the  26th  Milford  Aquaculture  Semi- 
nar and  the  joint  Juvenile  Oyster  Disease  session  addressed  the 
need  for  such  an  mionnation  exchange  and  have  remained  faithful 
to  the  original  intent  of  the  First  Milford  Aquaculture  Seminar — to 
make  available  the  latest  research  and  industry  experience  so  that 
aquaculture  might  be  conducted  in  a  responsible  and  productive 
manner. 


PROTOCOL  VALIDATION  FOR  THE  USE  OF  THE  FLUO- 
RESCENT ENZYME  PROBE  ELF97  TO  ASSESS  PHOS- 
PHATE NUTRIENT  STATUS  OF  INDIVIDUAL  PHV- 
TOPLANKTON  CELLS.  Jennifer  H.  Alix.'  Shannon  L. 
Meseck,'  Sebastian  Saliou."  J.  Evan  Ward.'  and  Gary  H.  Wik- 
fors.'  'USDOC,  NOAA,  National  Marine  Fisheries  Service, 
Northeast  Fisheries  Science  Center,  Milford  Laboratory,  Milford, 
CT  06460:  "Patisseries  Gourmandes  SA,  22602  Loudeac  Cedex, 
France:  'Department  of  Marine  Sciences,  UCONN,  Groton,  CT 
06430 

Methods  used  in  the  past  to  assess  the  nutrient  status  of  phy- 
toplankton  populations  have  been  indirect,  inferred  from  changes 
in  growth  correlated  with  external,  dissolved  nutrient  concentra- 
tions. A  much  more  direct  approach  is  to  measure  enzymes  in- 
duced by  nutrient  uptake  or  deficiency  within  the  phytoplankton 
cells  themselves,  but  early  methods  required  extraction  of  enzymes 
from  bulk  samples  comprised  of  many  cells,  thus  limiting  resolu- 
tion to  the  entire  phytoplankton  community  in  field  samples  or  an 
average  of  all  cells  in  a  culture.  Recently,  fluorescent  probes  that 
bind  uniquely  to  specific  enzymes  within  cells  have  been  devel- 
oped, mainly  for  biomedical  applications.  We  currently  are  testing 
cross-field  application  of  several  of  these  probes  for  use  with  phy- 
toplankton cells.  As  phosphate  status  of  phytoplankton  is  an  im- 
portant consideration  in  both  natural  and  culture  assessincnts  of 
phytoplankton.  we  have  focused  on  a  probe,  ELF97,  for  the  phos- 
phate reductase  en/.yme  induced  under  conditions  of  phosphate 
deficiency.  The  general  approach  was  to  induce  phosphate  defi- 
ciency in  phytoplankton  cultures  and  compare  fluorescence  inten- 
sities of  P-deficient  and  P-sufficient  cultures;  a  significant  differ- 
ence indicates  the  ability  to  distinguish  the  two  nutrient-status 
conditions. 

Preliminary  experiments  were  done  to  modify  and  optimize  the 
details  of  sample  handling  and  probe  concentration  from  medical 
sainples  to  phytoplankton.  Then,  15  strains  representing  10  differ- 
ent classes  of  algae  were  inoculated  into  artificial  seawater  me- 
dium, ASP,,  with  normal  or  zero  phosphate  enrichments.  After 
two  serial  subcultures,  dissolved  phosphate  concentrations  and 


658      Febriwry  27-March  1.  2006 


Abstracts  of  Technical  Papers  of  the  Milford  Aquaciihure  Seminar 


particulate  phosphorus  were  determined  to  ascertain  the  availabil- 
ity of  this  nutrient  in  the  cultures.  Probe  fluorescence  within  cells 
was  observed  qualitatively  by  epifluorescence  microscopy,  and 
fluorescence  intensity  of  individual  cells  was  determined  by  tlow- 
cytometry.  In  all  algal  species  we  were  able  to  starve  for  phos- 
phate, there  was  a  significant  increase  in  cellular  mean  probe  fluo- 
rescence from  P-sufficient  to  P-deficient  nutrient  status,  indicating 
that  this  probe  is  widely-applicable  for  determining  phosphate  sta- 
tus of  many  phytoplankton  taxa.  Probes  to  test  phytoplankton  ni- 
trate reductase,  lipid  content,  viability,  and  apoptosis  will  be  tested 
in  the  future 


scallops  during  the  2004  and  2005  growing  season.  In  2004.  the 
Gonad  Index  remained  above  20  (indicating  a  full  gonad)  through 
the  end  of  July  before  dropping  to  7  (empty  gonad)  by  September 
15.  In  2(X)5  the  onset  of  the  GI  decline  was  less  well  defined, 
beginning  approximately  June  19  and  reaching  low  values  before 
August  1 1. 

Although  the  small  seed  from  2004  did  survive  the  winter,  it 
did  not  reach  adult  size  in  2005.  More  than  98  percent  of  the  2005 
population  that  we  sampled  consisted  of  adult  scallops  that  had 
survived  a  second  winter,  exhibiting  two  annual  growth  rings,  one 
at  40mm  and  the  second  at  50-65inm.  The  GI  data  for  2005  comes 
almost  exclusively  from  these  third  season  scallops. 


VARIATIONS  IN  THE  TIMING  OF  SPAWNING  IN  THE 
POPULATION  OF  WILD  BAY  SCALLOPS.  ARGOPECTEN 
IRRADIANS.  IN  NANTUCKET  HARBOR.  Peter  B.  Boyce. 
Robert  S.  Kennedy,  Valerie  A.  Hall  and  W.  Forrest  Kennedy, 

Maria  Mitchell  Association.  4  Vestal  Street.  Nantucket,  MA 
02554,  USA 

During  the  summer  and  early  fall  of  2004  and  20(J5  we  mea- 
sured the  timing  of  the  spawning  and  subsequent  set  of  the  bay 
scallop  Argopeaen  irradians  population  in  Nantucket  Harbor  us- 
ing the  wet  Gonad  Index  (GI)  of  samples  collected  at  2  to  3  week 
intervals  and  spat  collecting  bags  set  out  at  3-6  week  intervals. 
After  eight  weeks,  or  longer,  the  bags  were  collected  and  the 
number  of  small  seed  scallops  in  each  bag  were  counted  and  mea- 
sured if  large  enough  to  do  so. 

In  2004,  the  spawn  began  as  a  dribble  in  July  with  the  main 
event  occumng  from  mid-August  to  early  September.  Spat  lines 
set  early  in  the  summer  contained  no  more  than  a  handful  of  seed, 
while  a  spat  line  deployed  on  14  September  2004  and  examined  on 
1 7  November  averaged  350  small  seed  per  bag  w  ith  a  mean  size  of 
3.3  ±  1.2  mm.  The  size  distribution  of  the  overwintering  popula- 
tion was  derived  from  a  composite  of  all  spat  bag  scallops  plus 
samples  obtained  during  25  m^  bottom  transects.  The  predominant 
component  was  a  subpopulation  of  small  seed  with  a  mean  shell 
height  of  1 1  ±  3  inm.  In  addition  there  were  a  small  number  of 
larger  size  seed.  No  seed  scallops  with  a  shell  height  >40  mm  were 
found. 

The  2005  spat  bag  data  indicate  the  main  spawning  event  oc- 
curred in  July  with  a  significant  dribble  spawn  occurring  through- 
out August  and  into  September,  virtually  a  mirror  image  of  the 
2004  behavior.  Spat  lines  with  five  bags  set  out  at  two  places  in  the 
harbor  on  24  July  2005  and  checked  on  28  September  2005  yielded 
an  average  of  2,300  ±  700  and  2,100  ±  300  seed  per  spat  bag.  Most 
of  the  overwintering  population  in  2005-2006  apparently  originat- 
ed from  this  spawning  event.  The  amount  of  seed  is  larger  than  in 
the  previous  years  and  the  individuals  are  also  larger,  with  a  mean 
shell  height  of  52  ±  4  mm.  This  was  41  mm  larger  than  the  2004 
overwintering  seed,  and  10  mm  larger  than  in  2003  when  the  mean 
shell  height  was  42  ±  4  mm. 

The  GI  was  determined  for  samples  of  randomly  selected  adult 


IN  VITRO  INVESTIGATIONS  OF  QUAHOG  PARASITE 
UNKNOWN  (QPX).  Deenie  M.  Bugge,  Mickael  Perrigault  and 
Bassem  Allam,  Marine  Sciences  Research  Center,  Stony  Brook 
University.  Stony  Brook  NY  1 1794 

Quahog  parasite  unknown  (QPX)  has  been  successfully  iso- 
lated from  clams  from  different  geographic  locations  in  the  North- 
east. This  study  uses  an  in  vitro  approach  to  investigate  the  viru- 
lence and  specificity  of  various  QPX  isolates.  Interactions  between 
QPX  and  components  from  different  bivalve  species  and  strains 
were  investigated.  Our  experiments  indicate  that  QPX  growth  in 
M.  menenaria  is  tissue-specific  and  that  some  clam  tissues  pos- 
sess anti-QPX  properties.  For  example,  host  foot  tissue  supports  in 
vitro  QPX  growth  while  growth  in  mantle  or  gill  tissue  is  strongly 
inhibited.  Bivalve  plasma  also  contains  anti-QPX  factors  which 
may  play  a  role  in  host  defense.  Plasma  from  species  not  known  to 
develop  QPX  disease  contains  higher  anti-QPX  activity  than  M. 
mercenaria  plasma.  Our  results  also  demonstrate  that  QPX  pro- 
duces extracellular  virulence  factors  that  are  cytotoxic  to  M.  mer- 
cemiria  hemocytes.  This  cytotoxicity  may  play  an  important  role 
in  supporting  QPX  infection  and  proliferation  within  the  host. 
These  and  future  in  vitro  investigations  will  increase  our  under- 
standing of  QPX  infection  and  disease  development.  For  instance, 
studies  targeting  tissues  where  anti-QPX  activities  are  localized 
may  provide  a  good  strategy  for  the  detemiination  of  biological 
bases  of  QPX  resistance  in  clams. 


NOAA  AQUACULTURE  PROGRAM  UPDATE.  Susan  M. 
Bunsick,  NOAA  Aquaculture  Program,  1315  East-West  Highway, 
Silver  Spring,  MD  20910 

As  a  Federal  agency  under  the  U.S.  Department  of  Commerce, 
the  National  Oceanic  and  Atmospheric  Administration  (NOAA)  is 
focused  on  creating  domestic  seafood  supply  to  meet  the  growing 
demand  for  all  seafood  pioducts.  Currently,  over  10%  of  the  sea- 
food Americans  consume  is  imported,  and  at  least  40%  of  those 
imports  are  farmed  seafood.  Domestic  aquaculture  can  be  an  ef- 
fective option  to  reduce  dependence  on  seafood  imports,  provide 
jobs  for  economically  depressed  coastal  communities,  and  increase 
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regional  food  supply  and  security.  For  years,  NOAA  and  its  part- 
ners have  worked  with  coastal  comiminities  interested  in  exploring 
shclirish  and  finfish  aquacultiuc  as  another  method  to  produce 
seafood,  provide  jobs  and  revenues,  and  use  existing  seafood  pro- 
cessing facilities.  As  it  develops,  offshore  aquaculture  will  be  one 
component  of  the  broad  NOAA  aquaculture  program,  which  cur- 
rently addresses  coastal  and  onshore  marine  shellfish  and  fintish 
farming.  NOAA's  Aquaculture  Program  also  includes  stock  en- 
hancement research  and  hatchery  acti\ities  which  support  com- 
mercial and  recreational  fishing,  endangered  species  and  habitat 
restoration. 


DETECTION  AND  QUANTIFICATION  OF  NITRATE  RE- 
DUCTASE IN  THE  DINOFLAGELLATE,  PROROCEN- 
TRUM  MINIMUM.  Shanna  S.  Chambliss  and  Gulnihal  Ozbay. 

Delaware  State  University.  Department  of  Agriculture  &  Natural 
Resources.  1200  North  Dupont  Highway,  Dover,  DE  19901;  Gary 
H.  Wikfors,  USDOC.  NOAA,  National  Marine  Fisheries  Service, 
Northeast  Fisheries  Science  Center,  Milford  Laboratory,  Milford, 
CT  06460;  and  Allen  Place,  Center  of  Marine  Biotechnology, 
University  of  Maryland  ,  Suite  2.^6  Columbus  Center,  701  E.  Pratt 
Street.  Baltimore,  MD  2\2M) 

In  marine  environments,  nitrate  (NO,")  is  the  major  form  of 
inorganic  nitrogen  used  to  support  primary  production.  Nitrate 
reduction  to  nitrite  (NO,")  is  attributed  to  nitrate  reductase  activ- 
ity. The  enzyme  nitrate  reductase  is  abundant  if  phytoplankton  are 
using  nitrate  to  promote  growth,  but  it  has  been  difficult  to  attrib- 
ute nitrate  reductase  activity  to  specific  organisms  or  groups  of 
phytoplankton. 

A  new  nitrate  reductase  substrate,  6-chloro-9  nitro-5-oxo-5H>- 
benzo|a]phenoxazine  (CNOB),  shows  promises  in  this  regard. 
When  a  nitrate  group  is  cleaved  from  the  CNOB  reagent,  the 
remaining  molecule  precipitates  near  the  site  of  enzyme  activity, 
thus  fluorescently  tagging  cells  with  nitrate  reductase  activity.  We 
quantified  CNOB  labeling  in  axenic  cultures  of  dinotlagellate, 
Prorocenlnim  mbuimim.  to  understand  how  CNOB  labeling  re- 
sponds when  nitrate  levels  vary.  Axenic  batch  cultures  of  Proro- 
cenlnim juiiunuim  were  grown  in  two  different  media  types:  me- 
dium type  one  with  nitrate,  using  potassium  nitrate  (KNO,)  as  an 
inorganic  nitrate  source  and,  medium  type  two  with  'A  the  KNO, 
of  standard  medium. 

Cultures  were  incubated  over  a  period  of  15  days  at  20"C  on  a 
12:12  light/dark  cycle.  On  day  15  of  the  experiment,  flow  cytom- 
etry was  used  to  detect  and  quantify  the  amount  of  CNOB  retained 
in  individual  cells.  Nitrate  reductase,  as  detected  by  CNOB  label- 
ing, is  present  in  cells  during  the  late-log  or  early-stationary  phase. 
Preliminary  results  indicate  that  cells  grown  in  high-nitrate  media 
show  higher  CNOB  fluorescence  activity  when  compared  to  cells 
grown  in  low-nitrate  media.  Our  results  indicate  that  CNOB  is  an 
excellent  tool  for  detecting  and  quantifying  nitrate  reductase  ac- 
tivity in  the  dinoflagellate.  Proroccntniiv  miiiimwn.  By  using  flow 


cytometry  and  CNOB  to  detect  and  quantify  nitrate  reductase  ac- 
tivity in  this  study,  we  will  gain  a  better  understanding  of  the 
nutrient  status  of  marine  phytoplankton  at  the  cellular  level. 


COMPARISON  OF  GROWTH  PERFORMANCE  OF  BAY 
SCALLOPS  {ARGOPECTEN  IRRADIANS)  WITH  PHENO- 
TYPES  OF  DIFFERENT  SHELL  COLORS.  Jdseph  Choro- 
manski.  Sheila  Stile.s,  Dorothy  Jeffress  and  Dionna  VVIIIIanis. 

USDOC.  NOAA.  National  Marine  Fisheries  Service.  Northea.st 
Fisheries  Science  Center.  Milford  Laboratory.  Milford,  CT  06460 
Juvenile  bay  scallops  with  phenotypes  of  different  shell  colors 
and  patterns  from  the  same  genetic  line  were  compared  for  growth 
and  survival.  The  phenotypes  were  divided  into  three  groups: 
white,  striped  and  the  gray /brown  typical  of  bay  scallop  coloration. 
Fifteen  scallops  were  placed  in  4.0  L  beakers  with  three  replicates 
for  each  shell  color.  Groups  were  further  broken  into  three  size 
classes;  5-7,  8-10  and  1 1-15  mm.  Scallops  were  held  in  unfiltered 
sea  water  static  cultures  with  aeration  at  ambient  temperature. 
Beakers  were  fed  daily  with  an  algal  mixture  of  Tetraselmis  and 
Rhodumonas.  Seawater  was  changed  daily  and  scallops  were  mea- 
sured weekly  for  six  weeks.  Final  mean  sizes  for  all  three  groups 
showed  good  growth,  comparable  to  scallops  in  running  seawater 
controls.  Survival  for  all  groups  was  above  80%  and  allowed  for 
adequate  sample  sizes  throughout  the  experiment.  Based  on 
ANOVA.  there  was  no  significant  difference  among  the  three 
groups  for  either  growth  or  survival.  This  indicates  that  shell  color 
in  general  for  scallops  from  the  same  line  is  not  a  significant  factor 
affecting  these  attributes.  These  findings  also  confirmed  our  pre- 
vious results  from  studies  that  showed  no  significant  difference 
among  bay  scallops  with  various  shell  phenotypes  for  growth  and 
survival,  inckidins  overwintering  survival. 


IMMUNOMODULATION  IN  EASTERN  OYSTERS.  CRAS- 
SOSTREA  VIRGINICA,  EXPOSED  TO  A  PAH- 
CONTAMINATED  BENTHIC  DIATOM.  April  N.  Croxton'  ^ 
Gary  H.  Wikfors'   and  Richard  D.  Gragg,  HI."   'USDOC. 

NOAA.  National  Marine  Fisheries  Service.  Northeast  Fisheries 
Science  Center,  Milford  Laboratory,  Milford,  CT  06460;  "Envi- 
ronmental Sciences  Institute,  Florida  A&M  University.  Tallahas- 
see, FL  32307 

Benthic  microalgae  inhabiting  surface  sediments  play  an  im- 
portant role  in  shellfish-harvesting  waters.  These  roles  include 
sediment  stabilization,  primary  production,  and  provision  of  a  food 
source  for  bivalve  species.  As  a  source  of  nutrition  for  bivalves, 
benthic  algae  are  also  capable  of  serving  as  vectors  transferring 
contaminants  from  sediments  to  bivalves.  Hydrophobic  contami- 
nants can  become  adsorbed  to  benthic  microalgae  in  the  sediment, 
and  subsequently  resuspended  microalgae  may  be  ingested  by  sus- 
pension-feeders. This  trophic  transfer  of  toxic  contaminants  can 


660      February  27-March  1 .  2006 


Abstracts  of  Technical  Papers  of  the  Milford  Aqiiaculture  Seminar 


affect  the  physiology  of  a  bivalve,  including  imnuine  defense  ca- 
pabilities. 

In  this  experiment,  the  effects  of  PAHs  on  the  immune  func- 
tions of  the  eastern  oyster,  Cnis.sostrea  virgiiiicci.  were  examined 
through  a  microalgal  trophic  pathway.  Oysters  were  exposed  to 
PAH-conlaminated  benthic  diatoms  to  examine  the  effects  of  this 
contaminant  on  oyster  immune  defense  functions.  Hemocyte  im- 
mune-defense functions,  including  adhesion,  oxidative  burst, 
phagocytosis,  and  viability,  were  measured  using  now-cytomelric 
methods.  Significant  changes  in  cellular  immune  status  were  as- 
sociated with  PAH  exposure.  Subsequently,  eastern  oysters  col- 
lected from  tleld  sites  suspected  of  being  contaminated  with  PAHs 
will  be  analyzed  to  identify  congelations  in  immune  responses  of 
these  oysters  with  those  exposed  experimentally  to  PAHs  in  the 
laboratory.  The  goal  of  this  research  is  to  employ  an  ecosystem- 
based  approach  to  studying  the  impacts  of  contaminants  associ- 
ated with  a  microalgal  food  source  upon  a  harvestable  bivalve 
species. 


PECONIC  ESTUARY  RESTORATION:  A  SPAT 
(SOUTHOLD  PROJECT  FOR  AQUACULTURE  TRAIN- 
ING) ASSISTED  PROJECT  TO  RECLAIM  A  LOST  SCAL- 
LOP POPULATION.  Armand  DeLuca,  Otto  Schmid,  and  Kim 
Tetrault.  Cornell  Cooperative  Extension  of  Suffolk  County  Ma- 
rine Program.  Marine  Environmental  Learning  Center.  Southold. 
NY  11971 

This  presentation  described  the  role  of  a  mature,  volunteer 
community-based,  restoration  group,  Southold  Project  for  Aqiia- 
cidlurf  Training  (SPAT),  within  a  major  shellfish  restoration  proj- 
ect. 

This  project  was  initiated  in  2004  under  a  grant  by  the  legis- 
lature of  Suffolk  County  on  Long  Island,  NY.  The  funding,  almost 
$1.8  M.  was  designated  to  support  a  restoration  project  with  the 
goal  of  infusing  50  million  scallops  into  the  Peconic  Bay  Estuary 
over  a  period  of  four  years. 

As  a  result  of  a  disastrous  brown  tide  bloom  that  began  in  1985 
and  occurred  sporadically  over  the  following  decade,  the  once 
prolific  scallop  population  in  the  Peconics  has  been  reduced  to  a 
fraction  of  its  original  size.  Restoration  efforts  to  date  have  had 
only  limited  success.  The  theory  exists,  however,  that  a  much 
larger  reseeding  effort  might  well  encourage  and  jump-start  an 
even-larger  natural  set.  This,  then,  prinided  the  impetus  for  the 
ambitious  restoration  project  to  which  Cornell  Cooperative  Exten- 
sion of  Suffolk  County  (CCE)  and  Long  Island  University.  NY. 
committed  their  efforts. 

CCE's  responsibility  to  this  project  is  to  provide  the  seed  scal- 
lops for  grow-out  both  in  containment  and  for  controlled  bottom 
planting  in  designated  sanctuaries  in  Peconic  Bay.  This  effort  in- 
cludes hatchery  and  nursery  operations  and  the  ongoing  mainte- 
nance of  the  juvenile  scallops  while  in  containment  m  open  waters. 


Long  Island  L'niversity  is  responsible  for  technical  monitoring  and 
encoding,  including  genetics  and  inoiphometrics,  water  quality 
and  survival  data. 

This  project  has  required  far  more  physical  resources  than  pre- 
viously existed.  Cornell  Cooperative  Extension,  with  the  SPAT 
volunteers  providing  much  of  the  labor  b>  logging  in  1 1  A^^l  hours 
in  2005.  has  furnished  the  infrastructure  needed  to  meet  the  re- 
quirements of  the  project.  Over  the  past  year,  SPAT  volunteers, 
working  with  CCE  staff,  have  built  a  new  nursery  with  raceway 
tanks,  built  a  new  algae  room  and  installed  a  continuous 
SEACAPS  algae  system,  constructed  a  large,  fully-equipped  36 
foot  work  barge  for  field  maintenance,  and  a  workshop  (or  various 
support  projects.  These  efforts  have  saved  CCE  hundreds  of  thou- 
sands of  dollars  by  eliminating  the  need  for  outside  contractors. 
The  volunteers  also  work  with  CCE  staff  in  maintaining  the  shell- 
fish in  various  forms  of  containment  from  the  larval  stage,  through 
post-set  and  grow-out,  participated  in  a  fall  deployment  of  stock  to 
sanctuaries  and  in  preparing  approximately  .-^DO.OOO  scallops  for 
over-wintering  in  lantern  nets  for  a  spring  deployment  in  2006. 
The  goal  of  the  project  is  to  produce  upwards  of  10-15  million 
post-set  scallops  per  year. 


ASSESSING  DISEASE  TOLERANCE  IN  THE  EASTERN 
OYSTER  USING  GENE  EXPRESSION  PROFILING.  Elie 
Diner,'  Roxanna  Smolowltz,'  Marta  Gomez-Chiarri,"  Karin 
A.  Tanimi,"'  Dale  Leavitt'  and  Steven  Roberts.'  'Marine  Bio- 
logical Laboratory,  7  MBL  Street,  Woods  Hole,  MA  0254.3;  "Uni- 
versity of  Rhode  Island,  20A  Woodward  Hall,  Kingstown.  RI 
02881:  -'Roger  Williams  University,  One  Old  Feiry  Road,  Bristol, 
RI  02809 

Oyster  populations  along  the  east  coast  have  been  devastated 
by  diseases  such  as  Dermo,  caused  by  the  parasite  Pcrkiiisus  imiri- 
luis.  Previous  research  has  demonstrated  that  genetic  factors  can  be 
selected  that  contribute  to  disease  resistance  in  the  eastern  oyster. 
The  objective  of  this  research  is  to  characterize  disease  tolerance  in 
local,  naturally  selected  (having  experienced  heavy  disease  pres- 
sure) oysters  in  relation  to  factors  such  as  P.  mariinis  infection, 
growth  and  genetics.  Gene  expression  profiles  have  been  charac- 
terized in  oysters  that  have  experienced  heavy  disease  pressure  and 
control  oyster  populations.  Specifically,  genes  identified  as  puta- 
tively  involved  in  oyster  disease  resistance  were  examined  using 
quantitative  real-time  RT-PCR.  One  difference  observed  was  with 
the  gene  expression  patterns  for  bcl-x.  a  protein  that  suppresses  the 
apoptosis  pathway.  In  general,  there  appears  to  be  an  upregulation 
of  apoptosis  suppression  (bcl-x)  in  oysters  susceptible  to  Dermo. 
One  interpretation  is  that  oysters  that  have  survived  disease  out- 
breaks have  an  ability  to  maintain  hemocyte  numbers  at  proper 
levels.  Field  trials  with  oysters  that  ha\e  experienced  heavy  dis- 
ease pressure  and  control  oysters  are  underway.  Dermo  presence 
has  been  detected  in  both  groups,  however,  no  significant  differ- 
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ence  in  growth  or  mortality  has  been  documented  to  date.  This 
research  is  supported  in  part  by  the  Cooperative  State  Research 
Education,  and  Extension  Service,  US  Department  of  Agriculture, 
under  Acreement  No.  2003-38500-13505. 


METABOLIC  CONVERSION  OF  PHYTOSTEROLS  TO 
CHOLESTEROL  IN  ARTEMIA,  A  CRUSTACEAN  MODEL 
0R(;ANISM.  Mark  S.  Dixon,'  Hui  Zhao,"  Jose-L.  Giner."  and 
Gary  H.  Wikfors.'  'USDOC.  NOAA.  National  Marme  Fisheries 
Service,  Northeast  Fisheries  Science  Center.  Milford  Laboratory. 
Milford.  CT  06460;  "State  Unixersity  of  New  York-ESF.  Syra- 
cuse. NY  13210 

Cholesterol  is  an  essential  component  of  all  animal  cell  mem- 
branes. Vertebrate  animals  are  able  to  synthesi/c  cholesterol  from 
simple  precursors,  but  in\ertebrates  lack  this  capability  and  must 
obtain  cholesterol  from  the  diet.  Most  phytoplaiiklon  cells  have  no 
cholesterol,  but  rather  a  diverse  aiTay  of  related  compounds,  re- 
feiTcd  to  as  phytosterols.  as  cell-membrane  components.  Thus, 
marine  invertebrates  that  feed  on  phytoplankton  are  presumed  to 
liave  abilities  to  modify  some  phytosterols  to  produce  the  choles- 
terol that  becomes  incorporated  in  their  tissues  as  they  grow,  but 
identification  of  which  phytosterols  can  be  nietaholi/cd  has  nut 
been  accomplished  previously.  In  this  study,  we  used  the  brine 
shrimp.  Anemia,  as  a  model  for  crustaceans  to  explore  metabolic 
capabilities  for  modifying  microalgal  phytosterols  to  cholesterol. 
Our  approach  was  to  enrich  a  cultured  microalga  with  synthesized, 
purified  phytosterols  incorporating  stable-isotope-labeled  carbon 
at  specific  locations  in  the  phytosterol  structure,  feed  these  en- 
riched microalgae  to  brine  shrimp,  and  determine  the  presence  of 
labeled  carbon  in  cholesterol  extracted  from  the  brine  shrimp  tis- 
sues. 

The  Cryptophyte  RHODO  {Rhodomoiuis  sp.)  has  only  one  phy- 
tosterol. thus  it  served  as  our  "blank  template"  for  enrichment. 
Labeled  phytosterols  were  dissolved  in  ethanol  and  incorporated 
into  RHODO  cells.  The  sterol-enriched  RHODO  was  fed  to  Ar- 
leniia  in  aciylic  cubes  filled  with  4  liters  of  filtered  seawater. 
Artciuia  were  stocked  at  5/ml  and  RHODO  was  initially  added  at 
50.000  cells/ml.  After  3  days  the  RHODO  was  increased  to 
lOO.OOO  cells/ml.  and  after  3  more  days  it  was  increased  to  150.000 
cells/ml.  At  the  end  of  the  9-day  trial,  all  Arlciiiia  were  collected 
on  a  IOO-|xm  screen  and  frozen  at  -80"C.  Anemia  tissues  were 
extracted  and  tested  for  the  presence  of  labeled  cholesterol  by 
Nuclear  Magnetic  Resonance  Spectroscopy.  Five  of  eight  com- 
monly-occurring phytosterols.  including  those  with  both  24- 
methvl  and  24-ethyl  substitutions,  were  converted  metaboli- 
cally  to  cholesterol  by  the  brine  shrimp.  By  contrast.  24- 
propylidcnecholesterol  was  neither  converted  to  cholesterol  nor 
accumulated,  and  two  phytosterols  associated  specifically  with  di- 
noflagellates  were  accumulated  but  not  metabolized.  These  find- 
ings have  relevance  to  the  use  of  crustaceans  as  live  feeds  in 


aquaculture  food  chains,  as  well  as  to  natural  trophic  interactions 
between  crustacean  zooplankton  and  phytoplankton. 


BARNEGAT  BAY  SHELLFISH  RESTORATION  PRO- 
GRAM: YEAR  I,  LEARNING  FROM  OTHERS.  Gef  Flinilin 
and  Cara  Muscio.  Rutgers  Cooperative  Research  and  Extension, 
1623  Whitesville  Rd.,  Toms  River,  NJ  08755 

Following  seven  meetings  of  the  International  Conference  on 
Shellfish  Restoration.  Rutgers  Cooperative  Research  and  Exten- 
sion decided  that  all  the  proper  pieces  of  the  puzzle  that  are  needed 
for  an  effective  shellfish  restoration  project,  including  seriously 
diminished  hard  clams  stocks,  were  in  place  in  Ocean  County,  NJ 
and  that  the  time  was  right  to  muster  forces  and  begin  the  process. 
The  program  was  quickly  adopted  by  the  Barnegat  Bay  National 
Estuarv  Program  as  an  implementation  project  for  the  estuary  re- 
vitalization  process.  Great  strides  were  made  in  the  first  year  fol- 
lowing the  leads  of  very  successful  programs  in  New  York  and 
Delaware  with  recruiting  35  Milimteers,  getting  local  funding  of 
over  .S50,000.  having  significant  coverage  from  the  press,  docu- 
menting each  phase  of  the  process,  and  growing  600.000  hard  clam 
seed  in  two  upweller  systems.  Seed  showed  almost  four-fold 
growth  in  10  weeks.  Mortality  was  much  less  than  1%.  Seed  was 
placed  in  ADPl  bags  in  4  locations  for  over-wintering  and  two 
small-scale  research  projects  are  ongoing.  One  relates  to  seed  den- 
sity in  the  over- wintering  bags  and  the  other  is  a  study  of  glycogen 
content  of  the  seed  from  the  fall  to  the  spring.  The  volunteer  base 
has  become  well  organized  and  is  taking  a  leadership  role  to  co- 
ordinate more  facets  of  the  overall  process,  including  the  formation 
of  a  501  (c)  (3)  non-profit  organization  to  support  the  program. 
This  program,  which  is  being  conducted  in  conjunction  with 
NJDEP  Bureau  of  Shellfisheries.  will  continue  with  hard  clams  in 
the  next  three  years  as  well  as  establishing  4  oyster  reefs  and 
populating  them  with  oysters. 


A  COOPERATIVE  SHELLFISH  HATCHERY  MODEL: 
THE  SOUND  SCHOOL  REGIONAL  AQUACULTURE 
CENTER  &  THE  GUILFORD  SHELLFISH  COMMISSION: 
SEVEN  YEARS  LATER.  Gabriel  N.  Geist.  Bianca  Farrell, 
Susan  T.  Murphy,  and  John  ,1.  Roy,  Sound  School  Regional 
Aquaculture  Center.  17  Sea  St..  New  Haven.  CT  06519 

The  Sound  School  Regional  Vocational  Aquaculture  Center  is 
a  comprehensive  high  school  that  combines  a  scientific  education 
with  a  hands-on  training  prograin  centered  on  marine  trades  and 
industrial  aquaculture.  Students  are  taught  a  variety  of  industry- 
standard  aquaculture  techniques  utilizing  both  finfish  and  shellfish 
in  a  variety  of  open  and  recirculating  systems.  In  addition  to  class- 
room and  laboratory  experience,  the  Sound  School  offers  both  on- 
and  off-site  supervised  occupational  training  in  aquaculture  tech- 
niques during  summer  vacations  and  after  the  typical  school  day 
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ends.  Each  student  must  complete  200  hours  of  this  training  each 
year. 

The  town  of  Guilford's  Shellfish  Commission  (GSC)  has  a  long 
history  of  wise  resource  management  practice,  support  for  utiliza- 
tion of  current  research  and  application  of  that  information  to  meet 
the  needs  of  the  public.  Local  support  for  the  GSC  is  strong  and 
includes  not  only  a  well-informed  public,  hut  both  fishennan  and 
marina  owners  helping  in  their  management  efforts.  A  rise  in 
license  sales  in  the  late  I990"s  combined  with  the  decline  of  native 
oyster  populations  (due  to  disease)  and  hard  clams  (due  to  recre- 
ational fishing)  has  made  the  GSC  receptive  to  alternative  stocking 
efforts  including  aquaculture.  A  local  support  network  of  the  pub- 
lic, businesses  and  education  make  the  GSC  a  model  program  and 
a  viable  cooperative  effort  partner. 

In  the  spring  of  1999.  the  Sound  School  RVAC  and  the  Guil- 
ford Shellfish  Commission  began  a  cooperative  program  to  pro- 
vide bivalve  shellfish  nursery  technician  training  to  high  school 
students.  Utilizing  student  constructed  upwellers.  the  program  has 
produced  well  over  a  million  hard  clams  {Meixenaiia  mcrccnaiia 
\  notiitci)  and  close  to  a  million  eastern  oysters  [Crcissosln-ci  vir- 
giiiicci)  for  stocking  into  recreational  shellfish  grounds  in  the  town 
of  Guilford.  A  unique  blend  of  industry,  education  and  government 
has  provided  shellfish  technician  training  to  more  than  200  stu- 
dents while  expanding  the  stocking  effort  and  restoring  popula- 
tions of  shellfish  in  Guilford.  The  program  has  experienced  many 
"growing  pains"  and  has  undergone  several  changes  over  the  past 
few  years  in  an  effort  to  continue.  The  lessons  learned  from  these 
experiences  will  help  to  provide  guidance  for  the  future  of  this 
program. 


FUNCTIONS  OF  GRANULAR  AND  AGRANULAR 
HEMOCYTES  IN  EASTERN  OYSTERS  FOLLOWING 
FLOW-CYTOMETRIC  LIVE-SORTING.  Madeleine 
Gon(;alves.'  Gary  H.  Wikfors,"  Jennifer  H.  Alix,"  and  Helene 
Hegaret."  'Uni\'ersite  de  Bretagne  Occidentale.  histitut  Llniversi- 
taire  Europeen  de  la  Mer,  29280  Plouzane.  France;  "  USDOC. 
NCAA.  National  Marine  Fisheries  Service,  Northeast  Fisheries 
Science  Center.  Milford  Laboratory.  Milford.  CT  06460;  'Depart- 
ment of  Marine  Sciences.  UCONN.  Groton,  CT  06430 

Hemolymph  of  the  eastern  oyster  contains  circulating  cells, 
termed  hemocytes.  with  between  two  and  four  distinct  morpholo- 
gies. Within  the  broad  categories  of  "granular"  and  "agranular" 
cells,  small  and  large  sub-populations  sometimes  can  be  resolved. 
There  are  many  questions  about  ontogeny  and  relationships  be- 
tween these  cell  types,  and  information  on  differences  in  function 
between  different  types  of  hemocytes  is  mainly  provisional  and 
incomplete.  We  are  attempting  to  clarify  functions  in  granular  and 
agranular  oyster  hemocytes  by  physically  sorting  them  with  a  BD 
Biosciences  FACSVantage  tlow-cytometer  and  applying  function 
assays  (e.g..  phagocytosis,  respiratory  burst)  after  sorting.  Follow- 
ing initial,  unsuccessful  attempts  to  obtain  sufficient  ntinibers  of 


viable  hemocytes  after  sorting,  we  modified  test  tubes  used  to 
collected  sorted  cells  and  changed  the  optical  criteria  upon  which 
sorting  was  based.  With  these  modifications,  pure  suspensions  of 
viable,  agranular  hemocytes  were  obtained  easily;  these  cells  pro- 
duced reactive  oxygen  species  (ROS)  when  stimulated  by  bacterial 
extracellular  products,  but  we  were  unable  to  detect  phagocytosis 
of  plastic  microbeads  by  these  cells  with  either  flow  -cytometry  or 
fluorescence  microscopy.  Pure  suspensions  of  sorted  granular  cells 
were  more  difficult  to  obtain;  sort  criteria  based  upon  size  and 
internal  complexity  yielded  sorted  cell  populations  comprised  of 
both  granular  and  agranular  cells.  To  test  the  hypotheses  that  post- 
sort  agranular  cells  were  degranulated  phagocytic  cells,  we  ""fed" 
a  vvhole-hemolymph  sainple  with  plastic  inicrobeads  to  distinguish 
phagocytic  hemocytes,  and  sorted  only  the  largest,  most  phago- 
cytic hemocytes  into  a  test  tube.  Again,  a  small  population  of 
agranular  cells  was  found  in  the  test  tube,  along  with  an  appre- 
ciable number  of  free  microbeads  unassociated  with  hemocytes. 
Our  interpretation  is  that  some  phagocytic,  granular  cells  had  dis- 
charged the  microbeads  and  presumably  the  granules  that  distin- 
guish them  optically  from  true  hyalinocytes  during  the  sorting 
process.  This  preliminary  work  provides  evidence  that  hyali- 
nocytes in  oysters  are  not  phagocytic,  but  degranulated  granulo- 
cytes may  be  indistinguishable  optically  by  the  flow  cytometer 
from  hyalinocytes. 


CONDITION  INDEX  STUDY  OF  QUAHOG  POPULA- 
TIONS IN  NARRAGANSETT  BAY,  RHODE  ISLAND.  Jef- 
frey Grant  and  Michael  A.  Rice,  Department  of  Fisheries.  .-Xni- 
mal  &  Veterinary  Science,  University  of  Rhode  Island,  Kingston, 
RI  02881 

Greenwich  Bay,  on  the  western  side  of  Narragansett  Bay. 
Rhode  Island  is  known  for  its  active  fishery  for  the  northern  qua- 
hog,  Meixenaiia  iiienenaiia.  Sustained  catches  of  quahogs  from 
Greenv\ich  Bay  and  adjacent  waters  suggested  that  significant  an- 
nual recruitment  occurs,  which  raised  the  question  as  to  the  loca- 
tion of  the  parental  stocks.  Between  March  and  October  20,  2005 
quahogs  were  collected  aboard  the  FA'  Tliomi  Boy  by  bullrake  on 
a  monthly  basis  from  9  different  sites  around  Narragansett  Bay. 
including  Greenwich  Bay  and  adjacent  coves.  Providence  River. 
Allen's  Harbor,  and  conditional  shellfishing  areas  A  and  B.  The 
condition  index  of  each  quahog  was  determined  to  help  character- 
ize the  overall  health,  and  thus  the  overall  potential  fecundity  of 
different  stocks.  The  highest  condition  index  values  for  most  of  the 
sites  occuiTcd  in  early  June,  however  the  cove  areas  reached  a  peak 
in  late  May.  The  mean  condition  index  values  ranged  from  a  high 
of  I  16.2  in  conditional  area  A  in  early  June  to  a  low  of  54.6  in 
Warwick  Cove  in  March.  Conditional  area  A  had  the  highest  av- 
erage condition  index  of  98.1.  while  Warwick  Cove  and  Green- 
wich Cove  had  the  lowest  condition  indices  of  66.0  and  67.3 
respectively.  Based  on  the  data  collected,  the  dense  assemblages  of 
quahogs  in  the  peniianently  closed  areas  may  not  be  as  reproduc- 
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tively  healthy  as  other  areas  of  Narragansett  Bay.  However,  further 
research  is  needed  to  determine  il  a  relationship  exists  between  the 
condition  nidex  and  o\erall  fecundity  of  qnahogs  in  coves  and 
other  areas  of  Narragansett  Bay. 


EARLY  STEAMER  CLAM  (MYA  ARENARIA)  RESTORA- 
TION EFFORTS  IN  TWO  COASTAL  PONDS  IN  OAK 
BLUFFS.  MA  (MARTHA'S  VINEYARD  ISLAND).  David  W. 
Grunden  and  Danielle  Ewart.  Town  of  Oak  Bluffs  Shellfish  De- 
partment, P.  O.  Box  1327.  Oak  Bluffs.  MA  02557 

The  investigation  into  this  project  began  in  2001  when  the 
Town  of  Oak  Bluffs  purchased  an  axial  flow  upweller  and  200.000 
seed  (2-3  mm)  steamer  clams  with  financial  assistance  from  the 
Massachusetts  Department  of  Food  and  Agriculture. 

Three  trial  restoration  sites  were  chosen;  two  in  Sengekon- 
tacket  Pond  and  one  in  Lagoon  Pond.  One  site  in  Sengekontacket 
Pond  has  remained  open  for  harvest.  The  other  two  sites  are  al- 
ternated one  opening  every  other  year.  All  three  sites  are  utilized 
primarily  for  recreational  shellfishing.  though  occasionally  a  com- 
mercial shellfisherman  does  harvest  from  one  of  the  sites  in  Sen- 
gekontacket Pond. 

The  first  year  the  steamer  seed  was  only  grown  in  the  upweller 
and  broadcast  seeded  at  12-15  mm.  The  seed  at  this  size  dug  into 
the  sandy  substrate  within  15  minutes.  The  area  was  marked  but 
ice  removed  the  marker  that  first  winter. 

In  subsequent  years  the  Town  of  Oak  Bluffs  has  been  able  to 
increase  the  amount  of  seed  raised  to  600.000  in  2005.  The  Town's 
Shellfish  Department  constructed  sand-filled  nursery  rafts  to  allow 
for  greater  growout  of  the  seed.  The  seed  steamers  are  still  re- 
moved from  the  upweller  once  they  reach  12-15  mm.  but  are  now 
transferred  into  the  nursery  rafts  where  they  are  held  until  late 
mid-September  or  early  October.  The  seed  measured  22.4-38.2 
mm  when  they  were  planted  out  in  the  fall  of  2005. 

The  fishing  effort  has  been  monitored  by  the  Shellfish  Depart- 
ment and  we  have  seen  an  increase  in  the  steamer  clani  landings 
from  these  areas  since  the  project  began.  In  2003  an  increase 
(67.9%)  in  the  number  of  bushels  landed  was  seen.  The  landing 
continued  to  rise  in  2004  and  2005.  When  the  2002  season  in 
compared  to  2005  there  has  been  a  94.87Vf  increase  in  bushels 
landed. 

Landings 


CORRELATION  OF  GONAD  INDEX  AND  GONAD  HIS- 
TOLOGY AS  MEASURES  OF  SPAWNING  ACTIVITY  FOR 
THE  BAY  SCALLOP.  ARGOPECTliN  IRRADIANS,  IN  NAN- 
TUCKET HARBOR.  Valerie  A.  Hall.  Robert  S.  Kennedy.  Pe- 
ter B.  Boyce.  W.  Forrest  Kennedy.  Maria  Mitchell  Association, 
4  Vestal  Street.  Nantucket,  MA  02554:  Erik  Reinbergs  and 
James  Sjolund.  Nantucket  High  School,  10  Surfside  Road,  Nan- 
tucket. MA  02554 

As  part  of  a  larger  study  conducted  by  the  Nantucket  Maria 
Mitchell  Association,  the  hermaphroditic  gonads  of  130  bay  scal- 
lops collected  on  18  dates  from  late  July,  2004  through  late  Sep- 
tember, 2005  were  processed  for  histology.  After  sectioning  and 
staining  the  paraffin-embedded  specimens,  microscopic  examina- 
tion was  used  to  determine  the  stage  of  gametogenesis  and  to 
estimate  the  average  oocyte  diameter  in  the  o\  arian  follicles.  These 
data  were  correlated  with  the  wet  gonad  index  calculated  from 
newly-dissected  scallops  collected  in  the  field.  A  cohort  of  25  adult 
scallops  entering  their  third  summer  sea.son  (22-26  months  after 
spawn)  were  chosen  for  special  analysis  because  we  were  able  to 
examine  their  gonads  throtighout  their  entire  reproductive  season, 
late  February  through  late  September.  2005.  Preliminary  compari- 
sons had  indicated  that  the  average  oocyte  diameter  exhibited  a 
similar  pattern  as  the  gonad  index  in  the  wild  population  of  bay 
scallops  sampled  in  this  study.  Both  parameters  appeared  to  in- 
crease before  and  decrease  while  spawning  occurred.  However, 
further  analysis  indicated  that  the  two  values  did  not  correlate  well. 
Comparing  oocyte  diameter  to  gonad  index  in  all  130  scallops,  the 
coiTclation  coefficient  (r)  was  0,26,  For  the  25  adults  studied 
through  their  entire  reproductive  season,  the  correlation  coefficient 
(rl  was  0,3 1 .  Thus,  the  relationship  between  gonad  index  and  mean 
oocyte  diameter  may  not  be  a  good  indicator  of  spawning  time  in 
the  Nantucket  bay  scallop.  Nevertheless,  the  progression  of  the 
stages  of  gametogenesis  could  be  traced  through  the  histological 
studies,  suggesting  that  the  third-season  scallops  did  spawn  at  the 
time  indicated  by  the  drop  in  gonad  index.  We  need  to  develop 
alternate  histological  methods  for  determining  a  scallop's  readi- 
ness to  spawn,  using  a  cohort  of  scallops  from  first  season  of 
reproduction  to  the  end  of  their  reproductive  lifetime. 


NORTH  CAPE  SCALLOP  RESTORATION  PRO.IECT-  LES- 
SONS LEARNED  FROM  THE  RESTORATION  EFFORTS 
IN  RHODE  ISLAND'S  SOUTH  COUNTY  SALT  PONDS. 
Boze  Hancock,'  James  Turek,'  Najih  Lazar"  and  John  Cat- 
ena/ '  NOAA  Restoration  Center.  28  Tarzwell  Dr..  Narragansett, 
RI  02882;  ~  Rhode  Island  Department  of  Environmental  Manage- 
ment. Division  of  Fish  and  Wildlife.  3  Fort  Wetherill  Rd,. 
lamestown,  RI  02835;  'NOAA  Restoration  Center.  One  Blackburn 
Dr.,  Gloucester,  MA  01930 

In  January  1996  the  tug  barge  Nortli  Cape  ran  agroinid  on  the 
south  coast  of  Rhode  Island,  releasing  828.000  gallons  of  No.  2 
heating  oil.  The  North  Cape  Restoration  Prograin  addresses  mul- 
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tiple  shellfish  species  including  bay  scallop  (Argopecten  irnidi- 
cins).  along  v\ith  a  number  of  other  natural  resources  injured  by  the 
oil  spill.  The  Shellfish  Restoration  Program  is  a  3+  year,  $1.3 
million  effort  to  restore  and  enhance  bivalve  populations  in  Rhode 
Island's  South  County  salt  ponds  and  Narragansett  Bay,  involving 
federal  and  state  agency  staff  and  local  community  volunteers. 

The  initial  phase  of  the  scallop  restoration  project  was  to  survey 
salt  pond  habitats,  and  release  farm-raised  seed  broodstock  in  suit- 
able habitat  areas.  Survival  and  distribution  of  the  scallop  releases 
were  monitored  during  the  following  season  using  diver  surveys, 
while  the  relative  abundance,  temporal  and  spatial  distribution  of 
settling  spat  were  monitored  using  artificial  spat  collectors.  Point 
.ludith  Pond,  one  of  eight  South  County  salt  ponds  was  chosen  as 
a  pilot  pond,  and  in  October  2002.  -640.000  scallops  (mean  size 
-30mm)  were  released.  Monitoring  during  2003  indicated  very 
low  survival  and  few  spat  were  collected.  Diver  observations  in- 
dicated that  the  high  mortality  was  likely  due  to  predation  by  crabs 
and  starfish.  As  each  of  the  semi-enclosed  salt  ponds  presents  a 
unique  ecosystem,  additional  ponds  were  seeded  in  late  2003.  A 
total  of  2.1  million  scallops  were  released  to  Potter,  Green  Hill, 
Ninigret  and  Quonochontaug  Ponds.  Diver  surveys  in  2004  indi- 
cated variable  but  low  survival  of  these  scallop  relea,ses.  The  high- 
est survivorship  was  in  Ninigret  Pond  where  the  surviving  number 
was  estimated  at  9,300  (SE  ±  5,500),  or  approximately  1.6'/f  of  the 
scallops  released. 

Low  survival  of  released  scallops  prompted  the  establishment 
of  a  caged  spawner  sanctuary,  as  a  second  phase  of  restoration,  in 
2004.  Approximately  10,000  scallop  broodstock  (l-i-  year  class) 
were  added  to  Ninigret  Pond  in  spring  of  2004.  Broodstock  were 
housed  in  25,  2'  x  2'  cages  of  I"  plastic  coated  wire  mesh,  each 
containing  four  shelves  supporting  '  :"  mesh  pouches,  with  100 
scallops  per  pouch.  A  July  2004  spawning  did  not  translate  into  a 
successful  spat  settlement,  as  determined  using  spat  collectors,  A 
modest,  late  season  spatfall  was  recorded  following  a  spawning  in 
late  September  2004.  in  the  area  of  the  broodstock.  Scallop  abun- 
dance surveys  in  2005  estimated  a  substantial  population  increase, 
resulting  from  the  2004  spat-fail,  of  132,000  (±SE  55,000).  This 
population,  along  with  an  additional  10,000  caged  broodstock. 
resulted  in  a  spat-fall  throughout  Ninigret  Pond  during  2003  thai 
was  4.5  times  the  2004  level.  The  2005  spat-fall  suggests  a  similar 
increase  in  the  abundance  of  scallops  in  2006. 


TRANSPORT  OF  HARMFUL  ALGAE  MA  RELOCATION 
OF  BIVALVE  MOLLUSKS.  Helene  Hegaret'.  Sandra  E. 
Shumuay,'  Nicolas  Saliou,"  and  Gary  H.  Wikfors.'  'Depart- 
ment of  Marine  Sciences,  UCONN.  Groton,  CT  06430;  "Produits 
Elabores  Ploermel,  56803  Ploennel,  France:  '  USDOC,  NCAA, 
National  Marine  Fisheries  Service,  Northeast  Fisheries  Science 
Center,  Milford  Laboratory,  Milford,  CT  06460 


Aquaculture  and  restoration  activities  with  bivalve  molluscs, 
including  oysters,  clams,  scallops  and  mussels,  often  include  mov- 
ing individuals  from  one  body  of  water  to  another.  Our  study  tests 
the  hypothesis  that  harmful  algae  ingested  by  source  populations 
of  shellfish  can  be  introduced  into  new  environments  by  means  of 
these  shellfish  relocations. 

Several  cultured  strains  of  harmful  algae,  including  Prorocfii- 
tniiii  luiiiiiiuiiii.  Alt'xandriiiin  fundyense  and  Heterosigma 
akashiwo.  were  fed  to  various  species  of  bivalve  molluscs,  Cras- 
sostrea  virginiia  (eastern  oyi<\.tr).  Argopeclcn  incidiaii.s  (bay  scal- 
lop), Merceiiaria  inert  cniiria  (northern  quahog  =  hard  clam),  and 
Mytdus  fdiilis  (blue  mussel)  to  assess  the  ability  of  the  algal  cells 
to  pass  intact  through  the  digestive  tract  of  the  shellfish  and  sub- 
sequently grow.  Shellfish  were  exposed  to  the  algae  at  natural 
bloom  concentrations,  or  to  a  control  of  a  commonly-used  microal- 
gal  food.  Rluii/oiiKviiis  sp..  for  four  hours.  Clearance  and  feeding 
rates  were  measured;  feces  and  pseudofeces  were  collected  and 
observed  under  the  microscope  for  presence  or  absence  of  intact, 
viable  cells  or  temporary  cysts  of  the  algae.  Ten  bivalves  of  each 
species  were  also  exposed  for  two  days  to  a  simulated  harmful 
algal  bloom  at  a  natural  bloom  concentration.  The  algae  were 
removed  after  two  days  of  exposure,  and  bivalves  were  kept  for 
two  more  days  in  ultrafiltered  seawater.  Biodeposits  were  collected 
and  observed  under  the  microscope  after  24  and  48  additional 
hours  to  evaluate  again  the  occurrence  and  condition  of  any  algal 
cells.  Subsamples  of  biodeposits  were  transfeiTed  into  algal  culture 
medium  and  filtered  seawater  and  monitored  microscopically  for 
algal  growth.  Intact  algal  cells  of  Proroccnlniiii  iiiiiuiiiiiiii.  Alex- 
ciiidriiiin  fimdyense.  and  Heterosigma  akasliiwn  were  seen  in 
biodeposits;  generally  these  re-established  growing  populations  in 
the  first  24  hr  after  transfer,  but  less  often  after  48  hr.  These  data 
show  evidence  that  transplanted  bivalves  may  be  vectors  trans- 
porting harmful  algae,  but  a  "depuration""  step  may  mitigate  this 
risk. 


A  PRELIMINARY,  FEASIBILITY  STUDY  FOR  COMMER- 
CIAL AQUACULTURE  OF  MERCENARIA  MERCENARIA 
UTILIZING  LANTERN  NETS  VIA  A  LONG-LINE  SYSTEM 
IN  SOUTHWESTERN  LONG  ISLAND  SOUND.  Jason  Heil- 
well  and  Javier  Torres.  Bridgeport  Regional  Vocational  Aqua- 
culture  School,  60  Saint  Stephens  Rd.,  Bridgeport,  CT  06605 

This  project  is  designed  to  determine  if  Chinese-style  lantern 
nets  are  a  commercially  feasible  method  for  cultivating  Merce- 
iiaria merceiiaria.  Dually,  the  data  will  also  indicate  \i Merceiiaria 
iiiercenaria  will  demonstrate  a  higher  growth  rate  in  the  photic  or 
aphotic  zone.  The  lantern  nets  are  suspended  from  a  long-line  to  a 
depth  of  one  meter  below  the  water  surface.  The  two  hundred  forty 
foot  long-line  is  deployed  approximately  one-half  mile  off  the 
coast  of  Jennings  Beach,  Fairfield,  CT.  The  preliminary  data 
analysis  consisted  of  comparing  weekly  mean  height  measure- 
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ments  of  a  five  thousand,  niernber  test  population.  From  .Septem- 
ber L^.  200.'i  until  February  10.  2006  the  mean  height  of  the  Mcr- 
cciuirici  mcni'iiarici  increased  from  17  mm.  lo  \^).'-)5  mm,  demon- 
strating a  mean  height  increase  of  2.95  mm.  indicating  a  daily 
growth  rate  of  .0189  mm.  The  initial  water  temperature  on  Sep- 
tember 13.  2005  was  16°C  and  as  of  February  10.  2006  was  3.2'-C. 
In  comparison.  Mcrceiiaria  mercenaria  cultivated  via  traditional 
clam  beds  demonstrated  a  daily  growth  rale  of  ().()9mm.  at  a  tem- 
perature of  no  less  than  15"C.  Biofouling  and  weather  related 
system  damage  are  the  initial  operational  drawbacks  of  the  project. 
Future  plans  are  to  continue  weekly  sample  measurements  of  the 
Mercenaria  mercenaria  and  to  continue  observation  of  the  system 
mechanics.  Anticipated  project  revisions  included  the  use  of  sea 
clams  directly  transferred  from  an  upweller  system  to  the  lantern 
nets. 

MONITORING  THE  RESTORATION  OF  THE  EASTERN 
OYSTER.  CRASSOSTREA  VIRGINICA  IN  RHODE  ISLAND. 
Jason  Helyer.'  Boze  Hancock."  Jim  Turek."  Najih  Lazar'and 
John  Catena,'*  'University  of  Rhode  Island.  N.  Kingston.  RI 
02881;  -  NCAA  Restoration  Center.  28  Tarzwell  Dr..  Narragan- 
sett.  RI  02882;  "^  Rhode  Department  of  Environmental  Manage- 
ment. Division  of  Fish  and  Wildlife,  3  Wetherhill  Rd..  Jamestown. 
RI  02835;  "*NOAA  Restoration  Center.  1  Blackburn  Dr..  Glouces- 
ter. MA  01930 

The  North  Cape  Shellfish  Restoration  Program  is  rebuilding 
oyster  populations  in  Rhode  Island  by  seeding  juvenile  oysters. 
The  program  has  seeded  approximately  2.4  million  juvenile  oys- 
ters at  six  restoration  sites  since  2003.  This  study  evaluated  oyster 
restoration  efforts  by  analyzing  survival  data,  growth  rates,  and  the 
presence  of  oyster  disease  in  two  cohorts  of  seeded  oysters:  2003 
and  2004. 

Comparisons  between  survival,  disease,  and  annual  growth  do 
not  suggest  any  clear  explanations  for  the  decrease  in  oysters  at 
two  of  the  restoration  sites,  or  the  higher  survival  rates  at  the  other 
four  sites.  Results  suggest  that  disease  is  not  affecting  oyster  sur- 
vival as  the  two  sites  with  the  highest  incidence  of  Pcrkin.su.s 
murinus  also  have  the  highest  survival  and  growth  rates.  Future 
sampling  done  in  both  early  summer  and  fall  may  provide  better 
insight  as  to  the  temporal  pattern  of  mortality  as  well  as  providing 
information  about  factors  influencing  oyster  survival. 

EVIDENCE  OF  LONG  ISLAND  SOUND  OYSTER 
HEMOCYTE  MICRONUCLEATION  AS  MEASURED  BY 
FLOW  CYTOMETRY.  James  B.  Hughes.  USDOC.  NCAA. 

National  Marine  Fisheries  Service.  Northeast  Fisheries  Science 
Center.  Milford  Laboratory.  Milford.  CT  06460 

Eastern  oysters  {Crassustrea  viri^inica)  are  found  in  coastal 
Connecticut  marine  habitats  that  are  chronically  affected  by  con- 
taminants. The  chromosomal  damage  in  the  form  of  breakage. 


rearrangement  and  misdivision  that  results  from  this  exposure,  can 
be  monitored  indirectly  using  the  micronucleus  test.  Micronuclei 
are  small,  intracytoplasmic  pieces  of  chromatin  that  are  either 
chromosome  fragments  that  lack  centromeres  or  complete  chro- 
mosomes that  lagged  at  anaphase  due  io  spindle  defects.  Except  for 
their  small  size,  they  resemble  the  major  nucleus.  The  micro- 
nucleus  test  is  an  internationally  recognized  system  for  the  detec- 
tion of  the  clastogenic/aneugenic  effects  of  compounds.  Examina- 
tion of  micronuclear  incidence  has  progressed  from  time- 
consuming  microscopic  analyses  to  a  faster,  more  statistically 
thorough  method  through  the  use  of  flow  cytometry. 

Oysters  were  sampled  during  October-November.  2004  at  13 
sites  along  the  northern  shore  of  the  Long  Island  Sound  from 
Darien.  CT  to  Fishers  Island.  NY.  Ten  oysters  were  collected  at 
each  site  and  brought  to  Milford  where  they  were  held  overnight 
prior  to  the  collection  of  their  hemolymph.  Oyster  hemolymph  was 
drawn  using  1.0  ml  tuberculin  syringes  and  placed  in  1.5  ml  mi- 
crocentrifuge tubes  on  ice.  A  101)  p.1  aliquot  of  hemolymph  from 
each  oyster  was  transferred  to  5.0  ml  cytometer  tubes  along  with 
4.0(0.1  SybrGreen.  4.0  (jlI  propidium  iodide,  and  100.0  |j.l  of  filtered 
sea  water.  Samples  were  analyzed  using  a  BD  Biosciences 
FACSCAN  flow  cytometer.  Coefficient  of  variation  of 
SYBRGreen  fluorescence  data  were  analyzed  using  Kruskal- 
Wallis  one-way  nonparametric  analysis  of  variance  test  (STATIS- 
TIX  7.0). 

Of  the  13  sites,  8  were  significantly  different  from  each  other, 
whereas  5  were  statistically  homogeneous.  The  Milford.  CT  site 
showed  the  lowest  nuclear  variance  and  was  significantly  less 
(p  0.0002)  impacted  than  Scott's  Cove  in  Darien.  CT,  which  had 
the  highest  variance. 

PRODUCTION  METHODS  FOR  THE  VENETIAN  SOFT 
SHELL  SHORE  CRAB  {"LE  MOLECHET').  Richard  C.  Kar- 

ney  Martha's  Vineyard  Shellfish  Group.  Inc..  Box  1552,  Oak 
Bluffs.  MA  02557;  Robert  D.  Garrison.  Wampanoag  Aquinnah 
Shellfish  Hatchery.  20  Black  Brook  Rd..  Aquinnah.  MA  02535 

The  production  of  "le  moleche."  the  soft  shell,  green  shore  crab, 
Carciniis  aestiiarii  is  centered  in  the  Adriatic  seaport  town  of 
Chioggia,  Italy  at  the  south  end  of  the  Venice  Lagoon.  The  fishery 
supports  a  local  industry  that  employs  over  220  fishermen  and  is 
valued  at  S3. 5  million.  Fishermen  receive  about  35  euros  per  kilo 
for  the  molted  crabs  that  are  an  important  part  of  the  local  cuisine. 
Using  methods  that  have  changed  little  since  the  Middle  Ages, 
crabs  are  caught  in  pound  nets,  segregated  according  to  expected 
time  to  molting,  and  held  to  shed  in  submerged  keepers.  Key  to 
successful  production  is  the  recognition  of  visual  clues  that  signal 
the  onset  of  ecdysis;  knowledge  traditionally  passed  from  father  to 
son.  The  application  of  the  molting  techniques  used  by  the  Italian 
industry  to  the  production  of  soft  shell  green  crabs  using  the  spe- 
cies Carciniis  imiemis  holds  promise  for  development  of  a  similar 
industry  in  the  US. 


666      February  27-lVIarch  I,  2006 


Abstracts  of  Technical  Papers  of  the  Milford  Aquacuhure  Seminar 


UPDATE  ON  NOAA'S  NON-NATIVE  OYSTER  RESEARCH 
PROGRAM  IN  SUPPORT  OF  THE  CHESAPEAKE  BAY 
OYSTER  EIS.  Jamie  L.  King,  NCAA  Chesapeake  Bay  Office. 
410  Severn  Ave..  Suite  107,  Annapolis.  MD  21403 

Federal  and  state  agencies  continue  to  prepare  an  Environmen- 
tal Impact  Statement  (EIS)  to  evaluate  the  proposed  introduction  of 
a  non-native  oyster.  Crcissoslieci  ariakensis.  in  Maryland  and  Vir- 
ginia waters.  As  a  Cooperating  Agency  on  the  EIS.  NOAA  is 
conducting  a  3-year.  $6M  competitive  grants  program.  This  Non- 
native  Oyster  Research  Program  is  currently  in  its  second  year,  and 
is  aimed  at  research  priorities  previously  identified  by  the  National 
Research  Council  and  the  Chesapeake  Bay  Scientific  and  Techni- 
cal Advisory  Committee.  Although  the  research  program's  third 
and  final  year  (FY06)  will  continue  to  fund  projects  through  2007. 
NCAA's  objective  is  to  facilitate  the  rapid  transfer  of  new  findings 
to  the  peer-reviewed  literature  to  support  EIS  evaluations  as  the 
research  progresses. 

Toward  this  end.  the  NOAA  Chesapeake  Bay  Office  is  spon- 
soring Quarterly  Reviews  to  provide  a  forum  for  sharing  and  dis- 
cussing the  most  current  research  findings  and  to  ensure  timely 
incorporation  of  research  results  into  the  EIS  evaluations.  The  first 
review  session  was  held  in  Spring  2005.  and  covered  a  variety  of 
topics  including  Cnis<iostiea  ariakensis  ta.xonomy  and  genetics; 
susceptibility  to  oyster  diseases  such  as  Boiuimia.  Dermo.  and 
MSX;  and  basic  life  history  and  ecology.  The  Summer  2005  Quar- 
terly Review  focused  on  'Aquacuhure  options:  Biological  and  eco- 
nomic factors  affecting  aquacuhure  production  of  native  and  non- 
native  oysters  in  the  mid- Atlantic."  The  Fall  2005  Quarterly 
Review  addressed  "Potential  for  C.  ariakensis-C.  virgiitica  inter- 
actions: Larval  substrate  selection,  post-settlement  competition, 
and  fertilization  interference.'  Reports  summarizing  the  prelimi- 
nary findings  presented  at  these  review  sessions  are  available  at 
the  NOAA  Chesapeake  Bay  Office. 

The  NOAA  Chesapeake  Bay  Office  will  also  sponsor  a  special 
session  on  non-natJ\e  oyster  research  at  the  98th  Annual  Meeting 
of  the  National  Shellfisheries  Association.  The  session  will  culmi- 
nate in  publication  of  a  special  edition  of  the  Journal  of  Shellfish 
Research.  NOAA  is  funding  the  special  session  and  journal  vol- 
ume to  facilitate  the  rapid  transfer  of  new  findings  to  the  peer- 
reviewed  literature  to  support  EIS  evaluations  as  the  research  pro- 
gresses. 


The  dinoflagellate  Prorocentriint  niiniiiuiiii  is  listed  among  the 
"HAB""  (Harmful  Algal  Bloom)  phytoplankton  because  it  some- 
times is  associated  with  harmful  effects  upon  shellfish  and  other 
marine  life  in  coastal  waters.  Studies  with  cultured  isolates  of  this 
species  have  revealed  a  diverse  array  of  bioactive  effects,  includ- 
ing inhibition  of  bacterial  growth,  allclopathic  effects  on  other 
phytoplankton  species;  in  feeding  bivalve  mollusks.  altered  feed- 
ing behavior,  tissue  pathologies,  immunomodulation  and  mortal- 
ity; and  to.\icity  of  cell  extracts  when  injected  into  mice.  Other 
studies  have  shown  no  bioactive  effects  of  P.  luiniiiniin  cultures, 
leading  to  speculation  that  strains  may  differ  in  toxicity,  or  ex- 
pression of  toxicity  is  dependent  upon  physiological  status  of  the 
population  which  is  affected  strongly  by  environmental  and  chemi- 
cal conditions.  Moreover,  chemical  identities  of  all  toxic  agents  in 
P.  inininuini  remain  poorly  known. 

The  present  experiment  was  designed  to  investigate  differential 
expression  of  proteins  or  peptides  excreted  into  the  media  by  P. 
nuninuiin  cells  cultured  under  experimentally  varied  conditions: 
nutrient  and  gas  replete.  P-depleted.  or  air-restricted.  Excreted  pro- 
teins were  analyzed  using  a  relatively-new  technokigy.  SELDI 
(surface-enhanced  laser  desorption-ionization)  time-of-flight  mass 
spectrometry.  SELDI  utilizes  protein  chip  array  technology  to 
separate  proteins  from  complex  mixtures  with  high  resolution. 
Mass  spectrometry  is  used  to  detect  proteins  that  are  selectively 
adsorbed  to  ""chip""  surfaces  of  different  chromatographic  surfaces 
while  impurities  are  washed  away.  Of  a  total  of  over  20  different 
proteins  and  peptides  detected  in  P.  niiniiiiiiiii  culture  media,  the 
majority  were  present  in  all  treatments,  suggesting  that  these  most- 
likely  are  normal,  metabolic  by-products.  Gas  restriction  resulted 
in  increased  quantities  of  five  proteins  and  decreased  amount  of  six 
proteins  compared  to  control.  P-depleted  cultures  showed  signifi- 
cant increases  in  four  proteins  and  a  decrease  in  one  protein.  A 
protein  with  M/Z  9235  was  up-regulated  in  both  gas-restricted  and 
P-depleted  treatments,  relative  to  the  control,  suggesting  the  pos- 
sibility that  this  is  a  general  stress  response.  The  changes  in  the 
protein  profiles  under  different  conditions  may  represent  a  number 
of  physiological  responses  to  protein  level.  For  example,  changes 
in  proteins  may  involve  cells  switching  from  autotrophic  to  het- 
erotrophic metabolic  mode  under  air  restricted  condition.  While 
under  P-depleted  situation,  such  changes  in  protein  may  involve 
the  production  of  diketon,  a  breakdown  product  of  carotenoid. 


DIFFERENCES  IN  PROTEIN  EXCRETION  BY  THE 
HARMFUL  MARINE  DINOFLAGELLATE,  PROROCEN- 
TRUM  MINIMUM,  UNDER  DIFFERENT  CULTURE  CON- 
DITIONS, AS  REVEALED  BY  SELDI  PROTEOMIC  TECH- 
NOLOGY. Yaqin  Li,'  Helene  Hegaret,"  Shannon  L.  Meseck.' 
Gary  H.  Wikfors.'  Mark  S.  Dixon,'  and  Jennifer  H.  Alix,' 
'USDOC.  NOAA.  National  Marine  Fisheries  Service,  Northeast 
Fisheries  Science  Center.  Milford  Laboratory.  Milford.  CT  06460; 
-Department  of  Marine  Sciences.  UCONN.  Groton.  CT  06430 


PROGRESS  IN  ISOLATION  AND  EVALUATION  OF  NEW, 
PROBIOTIC  BACTERIA  FOR  USE  IN  SHELLFISH 
HATCHERIES.  Hyun  Jeong  Lim,'  Diane  Kapareiko.'  Steven 
Pitchford,-  Jennifer  H.  Alix,"  Shannon  L.  Meseck,'  Mark  S. 
Dixon  and  Gary  H.  Wikfors."  'Aquacuhure  Division.  West  Sea 
Fisheries  Research  Institute.  Incheon  400-420,  South  Korea; 
"USDOC.  NOAA.  National  Marine  Fisheries  Service.  Northeast 
Fisheries  Science  Center.  Milford  Laboratory.  Milford,  CT  06460 
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Hatchery  production  of  shellfish  seed  is  necessary  to  supple- 
ment natural  recruitment  which  is  constrained  by  various  stresses 
including  habitat  loss,  pollutant  contamination,  overfishing,  and 
climate  fluctuations.  Bacterial  diseases  are  considered  to  be  a  ma- 
jor cause  of  mortality  in  shellfish  larviculture  and  hatcheries,  how- 
ever, over-use  of  antimicrobials  can  result  in  development  of  re- 
sistant strains  of  bacterial  pathogens.  The  use  of  probiotics  for 
di.sease  prevention  and  improved  nutrition  in  aquaculture  is  be- 
coming increasingly  popular  as  the  demand  for  environmentally- 
friendly  aquaculture  grows.  This  study,  therefore,  has  the  objec- 
tives to  isolate  and  evaluate  efficacy  of  new  probiotic  bacteria  and 
microalgae  for  use  in  shellfish  hatcheries. 

First,  26  probiotic-candidate  bacteria  were  isolated  from  oys- 
ters, scallops,  and  a  mass  culture  of  green  algae.  Sixteen  of  these 
isolates  inhibited  known  scallop-pathogen  bacterial  .strains.  Bl.S.^ 
and  81 22,  in  disc-diffusion  assays:  9  strains  were  from  oysters, 
and  7  strains  from  scallops.  Oyster  larvae  were  exposed  to  these  1 6 
probiotic  candidates  for  48  hours  to  determine  possible  positive 
effects  on  survival.  Similar  to  the  control  (unchallenged  oyster 
larvae),  larval  survival  was  >90%  with  all  probiotic  candidates. 
We  then  re-isolated  the  probiotic  candidates  from  larval  challenges 
and  confirmed  identities  by  gram  stain,  morphology,  and  Biolog. 
finding  7  distinct  strains  according  to  these  criteria.  Using  a  12- 
well,  microplate  method,  we  performed  further  larval  challenges  to 
see  if  the  probiotic  candidates  had  a  positive  effect  on  larvae  and 
suppression  of  mortality  caused  by  the  pathogen  B183.  Oyster 
larvae  exposed  to  one  probiotic  candidate  (Oy-15)  had  the  highest 
survival  rate,  and  further,  addition  of  this  probiotic  candidate  to 
oyster  larvae  challenged  with  the  pathogen  improved  survival 
compared  to  the  pathogen  alone. 

In  addition  to  the  bacterial  strains,  we  also  isolated  3  microal- 
gae from  Long  Island  Sound  during  oyster-spawning  season  using 
sorting  flow-cytometry.  We  determined  algal  division  rates  to  as- 
sess suitability  for  mass  culture  and  eventual  mixed  culture  with 
probiotic  bacteria.  Probiotic-bacteria  candidates  did  not  have  nega- 
tive effects  upon  the  newly-isolated  microalgae:  however,  Isoch- 
rysis  sp..  T-ISO.  grew  significantly  slower  when  grown  with  the 
probiotic-candidate  strain  Gl  than  when  grown  bacteria-free. 

In  the  future,  we  will  confirm  positive  effects  of  our  probiotic 
candidates  during  long-term  rearing  of  oyster  larvae  and  also  de- 
termine nutritional  value  of  mixed  cultures  of  the  new  microalgal 
and  probiotic  bacterial  strains.  This  study  can  be  the  basis  for 
development  of  functional  foods  that  incorporate  probiotics  in 
shellfish  hatcheries. 


HYBRIDIZATION  BETWEEN  TWO  DIFFERENT  GEN- 
ERA OF  CLAIVIS,  SPISULA  SOUDISS/MA  AND  MULINIA 
LATERALIS,  AND  EARLY  GROWTH  TRIALS.  Scott  Lin- 
dell,  Bethany  Walton  and  Janice  .Simmons.  Marine  Biological 
Laboratory.  Woods  Hole,  Massachusetts  02543 


The  Atlantic  surf  clam  (Spisula  soliclissima)  and  the  cool  clam 
{Mitlinia  lateralis)  occupy  different  habitat  niches  along  the  east- 
ern North  American  seaboard.  The  Atlantic  surf  clam  supports  a 
multi-million  dollar  fishery  and  has  been  the  subject  of  pilot-scale 
commercial  aquaculture.  Among  the  interesting  properties  of  the 
coot  clam  that  have  made  it  useful  to  biologists  are  its  ease  of 
culture,  short  generation  time,  and  high  rate  of  reproduction.  De- 
spite their  apparent  geographic  and  reproductive  isolation  we  have 
cross-bred  these  two  species  in  the  lab.  Larvae  of  coot  clams  and 
both  hybrids  iSiiisiila  eggs  x  Miilinia  sperm  and  Miilinia  eggs  by 
Spisula  sperm)  metamorphosed  at  10  days  at  20"C  and  were  then 
reared  on  set  screens  and  in  sand  substrate.  Results  of  the  first  lour 
months  of  growth  of  the  hybrids  and  Miilinia  lateralis  have  im- 
plications for  reassessing  the  taxonomy  of  mactrid  clam  species, 
and  may  hold  promise  for  a  new  aquaculture  species. 


INVESTIGATION  OF  GENETIC  VARIABILITY  OF  QPX. 
A  PATHOGEN  OF  THE  HARD  CLAM,  MERCENARIA 
MERCENARIA.  Qianqian  Liu,  Bassem  Allam  and  Jackie  Col- 
lier. Marine  Sciences  Research  Center.  Stony  Brook  University, 
Stony  Brook,  NY  11794 

QPX  (Quahog  Parasite  Unknown),  a  protistan  parasite  of  the 
hard  clam  Mercenaria  mercenaria,  has  caused  significant  morality 
of  hard  clam  stocks  in  many  locations  along  the  east  coast  of  the 
United  States  and  Maritime  Provinces  of  Canada  since  the  1960's. 
In  the  summer  of  2002.  an  outbreak  of  QPX  disease  occurred  in 
New  York,  causing  severe  economical  losses.  In  this  study,  we 
used  different  QPX  isolates  to  evaluate  the  molecular  genetic  vari- 
ability among  QPX  organisms  obtained  from  different  geographi- 
cal locations.  Investigated  isolates  included  QPX  obtained  from 
New  York  clams  in  2003  and  2004,  the  isolate  ATCC  .^0749 
initially  obtained  from  Massachusetts  clams  in  the  late  I990's.  and 
new  isolates  obtained  from  Massachusetts  clams  in  summer  200.5. 
Oiu'  data  showed  that  in  the  18S  and  28S  ribosomal  genes,  slight 
sequence  variations  exist  in  some  isolates.  At  the  same  time,  a 
complex  pattern  of  sequence  variations  was  found  in  the  Internal 
Transcribed  Spacer  genes  ITSl  and  ITS2:  the  variability  within  a 
single  QPX  isolate  is  as  great  as  that  among  the  different  iso- 
lates, suggesting  that  these  multi-copy  genes  might  not  be  a  good 
choice  to  investigate  QPX  genetic  variability  on  the  strain  level. 
Four  mitochondrial  protein-coding  genes  (NADH  dehydrogenase 
subunit  1  and  subunit  7;  Cytochrome  oxidase  suhunit  1  and  Cy- 
tochrome bl  showed  no  sequence  variability  among  the  four  in- 
vestigated isolates  (two  from  NY  2003,  1  from  MA  2(.)()5  and  MA 
ATCC  50749).  The  significance  of  the  variations  observed  in  the 
188  and  28S  genes  needs  to  be  further  studied. 
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ASSESSMENT  OF  THE  SETTLEMENT,  GROWTH.  AND 
SURVIVAL  RATE  OF  THE  EASTERN  OYSTER  (CRAS- 
SOSTREA  VIRGINICA)  ON  STRINGS  WITH  SURF  CLAM 
CULTCH  AND  STRINGS  WITH  SEA  SCALLOP  CULTCH. 
Kady  Marino,  Karin  A.  Tamnii,  Christopher  Davis,  Johanna 
Fay,  Timothy  Scott  and  Dale  Leavitt,  Center  for  Economic  and 
Environmental  Development,  Roger  Williams  University.  1  Old 
Ferry  Rd.,  Bristol.  RI  02809 

Traditionally,  southern  New  England  has  been  a  major  com- 
mercial source  of  oysters,  specifically  the  eastern  oyster  {CnissDs- 
trea  viri;iinca}.  However,  a  series  of  events  including  himicanes 
and  disease  has  greatly  harmed  the  industry  in  New  England.  The 
disease  Dermo.  caused  by  the  protozoan  Pcrkinsis  iiuirinus.  is  the 
mo.st  prevalent  observed  oyster  disease  in  Rhode  Island,  and  is 
largely  responsible  for  low  survival  rates  among  oysters  in  Nar- 
ragansett  Bay.  After  a  record  low  oyster  yield  in  1961 .  C.  viiginicd 
began  to  make  a  comeback  in  Rhode  Island  waters  in  the  early 
1990s.  A  common  method  of  oyster  fisheries  has  been  that  of 
remote  setting.  The  string  method  of  setting  has  declined  in  popu- 
larity in  recent  years  but  has  been  the  preferred  larval  setting 
mechanism  of  Luther  H.  Blount  for  decades.  The  aim  of  this  re- 
search is  to  assess  the  benefits  and  feasibility  of  the  string  method 
by  monitoring  settlement,  growth,  and  survival  of  eastern  oyster 
spat  when  set  on  strings  with  surf  clam  and  scallop  cultch.  The  spat 
was  monitored  on  Prudence  Island  through  the  summer  and  fall 
and  was  tested  using  RFTM  and  Ray's  tissue  assay  for  the  proto- 
zoan P.  inarinus. 

Our  analysis  of  variance  results  indicated  no  difference  in 
settlement  for  shell  type  ( sea  scallop  or  surf  clam ).  Howe\  er.  larval 
settlement  was  significantly  different  depending  upon  horizontal 
and  vertical  placement  of  the  strings  within  the  tank,  most  likely 
due  to  light  penetration  and  larval  settlement  behavior  and  air  flow 
dynamics. 


CHANGES  IN  FEEDING  AND  EXCRETION  RATES  OF 
BAY  SCALLOPS,  ARGOPECTEN  IRRADIANS,  WHEN  EX- 
POSED TO  ELEVATED  LEVELS  OF  AMMONIA  IN  A 
CLOSED  SYSTEM.  Shannon  L.  Meseck,  James  C.  Widman 
Jr.,  Lisa  M.  Milke.  George  Sennefelder,  Mark  S.  Dixon,  Diane 
Kapareiko  and  David  J.  Veilleux.  USDOC.  NCAA.  National 
Marme  Fisheries  Service.  Northeast  Fisheries  Science  Center.  Mil- 
ford  Laboratory,  Milford.  CT  06460 

Good  water  quality  is  crucial  to  high  survival  and  growth  rates 
of  bivalves  held  in  closed  or  semi-closed  rearing  systems.  As 
concentrations  of  nitrogenous  waste  increase  in  seawater  systems, 
these  compounds  can  become  toxic.  In  a  scallop  nm'sery  system, 
removal  and  addition  of  nitrogen  can  occur  through  numerous 
pathways.  For  example,  removal  of  nitrogen  can  be  attributed  to 
phytoplankton  uptake,  while  the  main  inputs  of  nitrogen  are  often 
through  waste  production  from  the  scallops.  The  atmosphere  can 
also  act  as  an  important  source  or  sink  of  nitrogen  depending  on  a 


variety  of  factors,  including  concentration  gradients  and  mixing. 
This  study  was  designed  to  examine  the  sources  and  sinks  of 
aiumonia  in  a  closed  system  used  to  grow  bay  scallops.  The  study 
further  examined  if  high  concentrations  of  anmionia  would  result 
in  changes  to  those  removal  or  input  factors. 

Bay  scallops,  ranging  in  size  from  8  mm  to  1 2  mm,  were  placed 
in  buckets  with  8  L  of  water  for  24  hours,  where  they  were  fed 
every  four  hours,  so  that  by  the  end  of  24  hours  they  had  been  fed 
2%  of  their  live,  whole-body  weight.  Every  four  hours,  samples 
were  taken  to  monitor  the  change  in  ammonia  over  time.  The 
scallops  were  exposed  to  one  of  three  levels  of  total  ammonia: 
ambient  seawater  concentrations  (<0.0I  mg  L~').  1.5  mg  L~',  and 
4.0  mg  L"'. 

For  each  of  the  buckets,  removal  rate  by  phytoplankton  utili- 
zation, excretion  from  scallops,  and  other  inputs/outputs  were 
monitored.  Results  from  the  experiment  suggest  that  the  removal 
of  ammonia  via  phytoplankton  uptake  did  not  change  at  higher 
ammonia  concentrations.  However,  at  the  higher  ammonia  con- 
centrations, there  was  a  large  loss  attributable  to  atmospheric  ex- 
change, bacterial  uptake,  and/or  adhesion  of  ammonia  to  suifaces 
of  the  containers.  The  input  of  ammonia  via  excretion  from  the 
scallops  appears  to  remain  similar  at  different  ammonia  levels. 
This  short-term  study  suggests  that  the  interaction  of  input  and 
outputs  of  ammonia  in  a  closed  system  is  complex:  however,  scal- 
lop excretion  and  phytoplankton  uptake  of  aiumonia  appear  to  be 
constant  for  a  wide  range  of  ammonia  concentrations. 


TETRASELMIS  CHUf  (PLY429)  DIVISION  RATE  AND  UP- 
TAKE OF  NITRATE  AND  PHOSPHATE  AT  EXPERIMEN- 
TALLY-VARIED PH.  Shannon  L.  Meseck,  Jennifer  H,  Alix. 
Mark  S.  Dixon,  Barry  C.  Smith  and  Gary  H.  Wikfors,  USDOC, 

NCAA,  National  Marme  Fisheries  Service,  Northeast  Fisheries 
Science  Center,  Milford  Laboratory,  Milford.  CT  06460 

Mass  cultures  of  phytoplankton  are  complex  because  growth  is 
dependent  upon  a  number  of  variables,  including  pH.  light  inten- 
sity, day  length,  nutrient  availability,  and  temperature.  In  high- 
volume  mass  cultures  of  microalgae  (e.g.,  18,000-L  tanksl,  at  the 
NMFS  Laboratory  in  Milford,  a  contaminating  microalga  can  often 
be  observed  growing  with  Tctmselinis  cluii  (PLY429 — an  algal 
strain  used  widely  as  an  aquaculture  feed)  and  can  dominate  the 
ctilture  eventually.  The  succession  of  one  algal  species  to  another 
may  be  a  consequence  of  differing  light,  nutrient,  temperature,  and 
pH  requirements  of  the  competing  species.  This  study  is  the  first 
part  of  an  investigation  on  how  pH  can  affect  the  succession  ot  one 
algal  species  to  another.  The  results  presented  focus  on  the  effects 
that  pH  has  on  the  growth  of  and  uptake  of  nutrients  by  Tctrasel- 
mis  chili  (PLY429). 

Teuaselinis  chiii  cultures  were  grown  aseptically  in  2L  carboys 
of  F  media  at  a  temperature  of  19.5°C.  a  light  intensity  of  110 
|j.Einst.  m"-  s"'.  with  a  light  dark  cycle  of  16:8.  The  experiment 
was  run  at  the  following  pH's:  6.23,  7.26,  8.07,  9.03.  and  9.32  with 


Ahstracts  o['  Technical  Papers  of  the  Milt'ord  Aiiuaciilturc  Sciiiinar 


Fcbruurv  27-M;irch  1.  2006      669 


the  initial  pH"s  obtained  by  adding  either  hydrochloric  acid  or 
sodimii  hydroxide  to  the  carboys.  During  the  experiment,  the  pH 
was  maintained  at  ±0.2  pH  units  by  the  addition  of  carbon  dioxide 
1(1  tlie  carboys.  The  pH  did  significantly  affect  the  division  rate  (P 
<().()!  )orPLY429.  At  the  lowest  pH.  division  rates  were  0..^7  d~'; 
whereas,  division  rate  was  0.88  d"'  at  a  pH  of  7.26.  Fitting  the  data 
to  a  division  rate  curve  revealed  that  the  optimal  growth  of 
PLY42y  occurs  at  a  pH  of  approximately  7.8.  Uptake  of  nitrate  and 
phosphate  per  cell  indicates  that  the  pH  had  no  significant  effect  on 
the  utilization  of  nitrate  (P  =  0.71 );  however,  there  was  a  signifi- 
cant effect  of  pH  on  the  loss  of  dissolved  phosphate  in  the  cultures 
(P  =  0.04).  Loss  of  dissolved  phosphate  from  the  media  at  pHs  of 
6.23,  9.03.  and  9.32  were  statistically  indistinguishable  and  greater 
than  at  the  other  pH"s.  Unlike  nitrate,  phosphate  can  complex  with 
other  chemicals  in  the  media  (i.e..  calciuin,  magnesium,  sodium, 
and  iron)  and  render  it  less  bioavailable  for  phytoplankton  uptake. 
Phosphate  complex  formation  with  these  chemicals  is  dependent 
upon  their  relative  concentrations  and  upon  the  pH  ot  the  media. 
Our  data  suggest  that  in  the  cultures  in  which  pH  was  near  6  or 
above  9,  phosphate  may  have  reacted  with  other  chemicals  in  the 
media  to  lorni  complexes  that  were  not  available  to  the  phy- 
toplankton for  growth.  Thus,  PLY429  may  be  at  a  competitive 
disadvantage  if  pH  is  outside  of  the  optimal  range,  rendering  it 
more  susceptible  to  domination  by  microalgal  contaminants. 


CHANGES  IN  ENZYMATIC  ACTIVITY  DURING  EARLY 
DEVELOPMENT  OF  BAY  AND  SEA  SCALLOPS.  AR- 
GOPECTEN  IRRADIANS  AND  PLACOPECTEN  MAGEL- 
LANICUS.  Lisa  M.  Milke,  USDOC.  NCAA.  National  Marine 
Fisheries  Service.  Northeast  Fisheries  Science  Center.  Milford 
Laboratory.  Milford,  CT  06460:  V.  Monica  Bricelj  and  Neil  W. 
Ross,  National  Research  Council.  Institute  for  Marine  Biosciences. 
141  I  Oxford  Street,  Halifax.  NS  B3H  3ZI  Canada 

Poor  growth  and  survival  of  postlarval  scallops  is  often  ob- 
served in  hatcheries  during  post-metamoiphic  development  when 
they  undergo  marked  morphological  changes  and  may  thus  be 
particularly  vulnerable  to  dietary  deficiencies.  Although  stage-  and 
species-specific  differences  in  dietary  requirements  have  been 
demonstrated,  the  mechanisms  responsible  for  differential  diet  per- 
formance remain  largely  unexplained.  While  biochemical  compo- 
sition is  central  to  assessing  the  nutritional  \alue  of  a  diet,  an 
animal's  digestive  and  assimilation  capacity  are  equally  important. 
Digesti\e  capacity  of  sea  and  bay  scallops  may  differ  I )  over 
development  in  association  with  morphological  changes,  and  2) 
between  species,  as  these  two  species  are  adapted  to  different 
environmental  conditions  and  food  supply. 

To  test  these  hypotheses,  scallop  postlarvae  |niitial  shell  height 
(SH)  -250  |j.ml  were  reared  on  a  inixed  algal  diet  consisting  of  one 
diatom  {Chaetoccnis  mueHeri)  and  one  fiagcllate  (PavUyva  sp, 
CCMP  459  or  Pavlova  piiiiiiiis)  until  4-5  mm  SH.  and  were 
sampled  at  inter\  als  coinciding  with  major  morphological  changes. 


A  series  of  colorimetric  assays  were  conducted  to  measure  the 
specific  activity  of  carbohydrases  (laminarinase,  cellulase  and  al- 
pha-amylase),  proteases  (azocasein  and  cathepsin  B)  and  lipase 
(esterase)  in  scallop  tissues. 

Preliminary  findings  do  not  indicate  any  trends  in  protease  or 
lipase  activity  either  over  time  or  between  species;  however,  clear 
patterns  in  carbohydrase  activity  were  observed.  Sea  scallops  ex- 
hibited higher  laminarinase  activity,  but  lower  levels  of  alpha- 
amylase  and  cellulase  activity  than  bay  scallops,  with  the  most 
pronounced  changes  in  enzymatic  activity  occurring  in  both  scal- 
lop species  prior  to  attaining  -1.2  mm  SH.  However,  laminarinase 
activity  was  significantly  higher  than  activities  of  either  alpha- 
amylase  or  cellulase  in  both  scallop  species.  This  is  consistent  with 
previous  reports  of  higher  activities  of  laminarinase  than  alpha- 
amylase  in  adult  sea  scallop  digestive  glands.  Interestingly,  lower 
activities  of  laminarinase  than  either  alpha-amylase  or  cellulase, 
were  reported  in  digestive  glands  of  adult  bay  scallops,  further 
indicating  that  enzymatic  activity  may  vary  among  scallop  devel- 
opmental stages  and  species.  Our  findings  have  implications  for 
developing  targeted  diets  that  could  optimize  postlarval  scallop 
growth  and  survival  in  commercial  hatcheries  and  for  understand- 
ing utilization  of  the  natural  food  supply. 


DEVELOPMENT  OF  A  SUBMERSIBLE  MUSSEL  RAFT. 

Dana  Morse.  Maine  Sea  Grant.  Darling  Marine  Center.  Walpole, 
ME  04573;  Babe  Stanley.  Shaba  Shellfish,  42  Old  Mill  Stream 
Road,  Sullivan,  ME  04664;  and  John  Riley.  University  of  Maine, 
Norman  Smith  Hall,  Oroiio,  ME  04469 

In  recent  years,  mussel  producers  in  Maine  have  focused  on 
floating  rafts  as  the  preferred  method  of  suspension  culture,  aug- 
menting the  already  substantial  production  of  bottom-raised  prod- 
uct. Raft  culture  produces  a  high  quality  mussel,  and  is  relatively 
protected  against  predation  from  the  large  population  eider  ducks 
in  the  state.  However,  rafts  have  the  twin  drawbacks  of  potentially 
impacting  navigation  and  scenery,  and  also  of  suffering  damage 
from  icy  or  otherwise  extreme  weather  conditions. 

In  2003.  an  idea  came  from  industry  to  develop  a  submersible 
version  of  a  inussel  raft,  and  a  group  came  together  to  support  this 
idea,  consisting  of  industry,  engineering,  conservation,  hoineown- 
ers  and  extension.  The  design  incorporates  a  set  of  hollow  pon- 
toons with  steel  or  aluminum  cross  pieces,  and  surface  buoys.  Air 
is  pumped  in  or  out  of  the  pontoons,  and  the  suiface  buoys  regulate 
height  below  the  surface,  and  absorb  surface  energy. 

A  scale  model  was  tested  in  the  Tow  Tank  at  the  University  of 
Maine  in  2004.  and  early  results  indicated  that  the  concept  had 
potential.  Follow  up  to  the  model  trials  has  included  fundraising  to 
build  half-  and  full-scale  versions  of  the  rafts,  and  a  full  scale 
prototype  is  presently  undergoing  initial  field  trials.  The  advance- 
ment of  this  idea  has  implications  for  both  the  production  methods 
used  in  the  state,  and  its  acceptance  by  potentially  competing  user 
groups. 
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SEEKING  THE  MOST  INTELLIGENT  DESIGN:  THE 
EARLY  EVOLUTION  OF  OYSTER  GARDENS  IN  MAINE. 
Dana  Morse.  Maine  Sea  Grant.  Darling  Marine  Center.  Walpole. 
ME  04373;  Chris  Davis.  Maine  Aquacuhure  Innovation  Center. 
University  of  Maine.  Corhetl  Hall.  Orono.  ME  04469 

A  two-year  oyster  gardening  program  in  Maine  was  initiated  in 
2004.  and  the  inaugural  class  completed  its  work  in  September  of 
2003.  Students  received  approximately  20  hours  of  classwork  early 
in  2004.  and  began  field  activities  in  July  of  that  year.  Each  student 
purchased  equipment  sufficient  for  floating  culture  of  1000  seed 
oysters,  and  was  given  assistance  in  the  construction,  deployment 
and  maintenance  of  the  floating  bags  and  the  oysters.  Sites  to 
accommodate  these  activities  were  obtained  through  the  Limited 
Purpose  Aquacuhure  License,  as  administered  by  the  Maine  De- 
partment of  Marine  Resources. 

The  program  was  successful  in  raising  oysters,  and  the  students 
have  obtained  an  e.xcellent  education  in  relevant  marine  issues,  as 
well  as  being  enthusiastic  consuiners  of  their  home-grown  product. 
However,  critical  issues  remain,  if  such  an  approach  can  be  suc- 
cessful in  the  long-term  in  Maine.  For  example,  how  do  we  ac- 
commodate the  continued  interest  in  the  program,  without  having 
an  undue  effect  on  space  available  to  the  cominercial  industry  and 
to  other  users  of  the  waterways?  How  can  such  programs  be  taught 
effectively,  over  large  geographic  distances?  Discussions  have 
taken  place  between  the  project  partners,  industry  members  and 
others,  to  ensure  that  the  benefits  of  the  oyster  garden  program  in 
Maine  are  not  outweighed  by  negative  outcomes.  One  option,  the 
development  of  community  gardens,  will  be  implemented  for  the 
next  class,  anticipated  to  begin  in  April  of  2006. 


A  HATCHERY  EXPANDS  TO  HELP  RESTORE  BAY 
SCALLOP.  ARGOPECTEN  IRRADIANS,  POPULATIONS 
AND  FISHERIES  IN  NEW  YORK.  R.  Micliael  Patricio.  Cor- 
nell Cooperative  Extension  of  Suffolk  County,  .^690  Cedar  Beach 
Road.  Southold.  NY  11971 

The  near  total  collapse  of  bay  scallop  populations  and  the  his- 
toric fishery  it  supported,  on  Eastern  Long  Island.  New  York  has 
prompted  funding  of  a  large  scale  restoration  program.  This  four 
year  effort  will  require  raising  production  levels  from  1  million  to 
10-20  million  animals,  annually.  Although  the  hatchery  has  been 
in  operation  since  1991.  this  project  will  necessitate  considerable 
expansion  of  all  aspects  of  production.  The  hatchery  has  been 
using  batch  algae  culture  for  many  years,  however,  to  meet  the 
demands  of  our  restoration  project,  a  continuous  algal  production 
system  was  put  in  place. 

A  Seasalter  Continuous  Algal  Production  Systems  (SeaCAPS). 
system  was  installed  to  provide  the  volume  of  algae  needed  to 
increase  the  hatchery's  production.  This  system  was  chosen  be- 
cause it  could  provide  not  only  the  volume  needed  for  the  project, 
but  also  a  constant  supply  of  higher  quality  algae  compared  to  the 
batch  culture  system. 


An  expanded  post-set  growing  facility  was  htiilt  to  provide 
enough  space  for  scallops  that  range  from  250  microns  to  2  mm. 
Juvenile  scallops  are  placed  on  downweller  sieves  and  receive 
coarsely  filtered  water  which  is  free  from  macroplankton;  a  rotary 
drum  filter  was  utilized  to  provide  filtered  (<100|x)  seawater.  Scal- 
lops (>2  mm)  will  be  placed  in  spat  bags  for  continued  growth  up 
to  10  mm.  A  portion  of  the  10-F  mm  scallops  will  be  free-planted, 
while  the  rest  will  continue  to  grow  in  lantern  nets  to  be  used  the 
following  year  as  spawner  sanctuary  stock.  It  is  expected  that  the 
expansion  and  improvement  of  our  facility  will  meet  the  needs  of 
the  restoration  program  and  help  retiu'n  the  scallop  fishery  to  East- 
ern Long  Island. 


PROGRESS  AT  THE  SOUND  SCHOOL  AQUACULTURE 
CENTER'S  LOBSTER  HATCHERY.  Elyse  R.  Rabinoff,  John 
J.  Roy  and  Angel  G.  Santiago,  Soinid  School  Regional  Aquacul- 
ture  Center.  17  Sea  St..  New  Haven.  CT  06.319 

Believed  to  be  the  first  lobster  hatchery  operated  by  high  school 
students  in  the  nation,  the  Interdistrict  Marine  Educational  Pro- 
gram's Instructional  Lobster  Hatchery  (IMEP/ILH)  is  designed  to 
provide  high  school  students  with  an  opportunity  for  the  enhance- 
ment of  knowledge  in  aquacuhure  and  marine  sciences.  The  de- 
velopinent  of  "hands  on"  curricula  assists  students  in  applying 
lessons  to  "real  world"  situations.  The  program  is  funded  by  the 
Office  of  Urban  and  Priority  School  districts,  the  Connecticut  State 
Department  of  Education  as  a  Continuing  Interdistrict  Cooperative 
Grant  and  is  administered  by  the  Science  Department  at  the  Somid 
School. 

The  Lobster  Hatchery  Program  was  initiated  in  2002  with  tech- 
nical advice  coming  from  the  University  of  Rhode  Island.  Froin  the 
inception,  the  lobster  hatchery  program  has  been  supported 
through  a  cooperative  working  relationship  with  the  students  and 
staff  at  EllaT.  Grasso/Southeastem  Regional  Vocational  Technical 
School  in  Groton.  It  was  anticipated  from  the  onset  that  the  ILH 
would  be  a  multiyear  undertaking.  Progress  with  propagation 
would  be  realized  in  incremental  steps  as  more  experience  was 
gained  with  lobster  husbandry. 

During  the  past  five  years,  the  lobster  hatchery  has  undergone 
several  changes  both  in  location  and  equipment  design.  The  initial 
goals  for  the  program  have  been  met.  Broodstock  iHoiiuinis 
americumts)  have  been  successfully  held,  and  viable  young  have 
been  produced.  Each  year  the  students  who  are  involved  in  the  ILH 
make  advances  based  on  the  work  of  the  preceeding  years'  par- 
ticipants. Cannibalism  is  a  major  obstacle  to  successful  lobster 
culture.  Last  year's  primary  objective  was  to  have  ten  larvae  sur- 
vive past  the  fourth  instar.  During  March  and  April  of  2003.  stu- 
dents collected,  counted  and  sorted  3.832  viable  larvae  from  the 
broodstock  tanks.  Young  animals  were  fed  enriched  Arlciiiia  daily. 
The  young  were  counted  every  other  day  and  monitored  for  de- 
velopmental advancement.  Thirty-four  animals  had  reached  the 
fourth  instar  when  a  chiller  malfunctioned  killing  all  but  two  of  the 
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juvenile  lobsters.  We  were  successful  in  keeping;  those  animals 
alive  until  September  of  2005. 

This  season  we  will  incorporate  what  was  learned  last  spring 
and  implement  some  modifications  in  collection  and  culture  tech- 
niques that  should  allow  more  indixiduals  to  reach  the  benthic 
stage.  Oin-  objective  will  be  to  have  one  hundred  animals  survive 
to  reach  the  fourth  instar.  Within  the  next  few  years,  it  is  expect 
that  a  portion  of  the  juveniles  produced  will  reach  adulthood.  As 
technic|ues  continue  to  advance,  the  juveniles  that  are  produced 
will  be  made  available  to  both  educational  and  aquacultural  re- 
.searchers.  In  the  future,  it  is  anticipated  that  the  IMEP/ILH  will 
become  a  reliable  source  of  known-aged  lobsters  that  can  be  used 
for  research.  We  hope  that  these  animals  will  help  establish  suc- 
cessful ventures  in  lobster  culture  that  may  one  day  serve  to  lessen 
the  demands  on  the  wild  population  of  lobsters  in  Long  Island 
Sound. 


THE  ATTACHMENT  STRENGTH  OF  MYTILUS  EDULIS 
AND  THE  STRENGTH/LENGTH  RELATIONSHIP.  James 
F.  Reinhardt  and  Sean  P.  Grace,  Southern  Connecticut  Slate 
University.  501  Crescent  St..  New  Haven.  CT  06515 

A  mussel's  ability  to  remain  attached  to  the  substrate  is  con- 
tingent on  its  ability  to  attach  at  a  greater  strength  than  the  maxi- 
mum hydrodynamic  force  to  which  it  is  exposed.  For  mussels 
located  in  a  bed.  lift  is  often  considered  the  hydrodynamic  force 
most  responsible  for  dislodgement.  The  force  of  lift  is  propiirtional 
to  the  surface  area  that  the  force  acts  upon,  and  can  be  approxi- 
mated as  the  area  of  an  ellipse.  Lift  is  also  proportional  to  the 
square  of  the  velocity  of  water  moving  over  the  mussel,  hi  order  to 
accurately  predict  size  based  differences  in  the  probability  of  dis- 
lodgement it  is  necessary  to  understand  how  attachment  strength 
varies  as  size  increa.ses.  This  size-strength  relationship  must  be  put 
into  the  context  of  time,  because  both  attachment  strength  and 
wave  climate  vary  temporally.  Climatologists  have  predicted  an 
increase  in  hurricane  activity,  including  an  earlier  start  to  the  hur- 
ricane season.  Given  the  predictions,  it  can  be  expected  that  greater 
wave  energies  may  occur  during  the  late  summer  months,  when 
mussel  attachment  strengths  are  at  their  lowest. 

To  understand  better  how  changes  in  wave  climate  may  affect 
mussel  dislodgment.  attachment  strengths  of  Mxtihis  ediilis  were 
measured  at  two  different  sites  1 )  a  protected  site  (Southport.  CT) 
and  2)  a  wave  exposed  site  (Jamestown.  Rl)  monthly  during  spring 
tides,  over  the  past  year.  There  were  significant  differences  in  the 
attachment  strength  between  sites  and  attachment  strength  covar- 
ied  significantly  with  size.  Information  gained  from  this  study  is 
important  in  understanding  how  increased  wave  energies  during 
late  summer  months  may  affect  dislodgment  rates  of  the  blue 
mussel. 


EAST  COAST  SHELLFISH  GROWERS  ASSOCIATION- 
POLITICS.  POLICIES  AND  PROGRAMS  THAT  AFFECT 
YOU!  Ed  Rhodes.  Executive  Director.  East  Coast  Shellfish 
Growers  Association.  Rutgers  Cooperative  Extension.  1623 
Whitesville  Rd..  Toms  River.  NJ  0X755 

The  East  Coast  Shellfish  Growers  Association  (ECSGA)  was 
born  at  a  Milford  Aquaculture  Seminar  four  years  ago.  The 
ECSGA  is  now  composed  of  about  a  hundred  shellfish  companies 
of  all  sizes  from  all  of  the  Atlantic  coastal  stales  and  includes  a 
number  of  researchers  and  others  with  an  interest  in  shellfish  aqua- 
culture.  In  2005  the  ECSGA  was  directly  involved  in  a  number  of 
national  issues  that  affect  the  shellfish  industry  and  ECSGA  mem- 
bers made  four  trips  to  D.C.  to  help  educate  Congress  and  Federal 
Agencies.  In  January  during  the  annual  all-coasts  shellfish  "Walk- 
on-the-Hill"  6  ECSGA  members  visited  17  senators  and  represen- 
tatives over  a  3-day  period  and  discussed  the  need  for  a  more 
coordinated  approach  by  Federal  agency  interactions  on  shellfish 
issues,  the  erosion  of  aquaculture  funding  by  both  the  National 
Oceanic  and  Atmospheric  Administration  (NOAA)  and  the  De- 
partment of  Agriculture,  country  of  origin  labeling  definitions  of 
"wild"  and  "farm-raised"  shellfish,  the  EPA  sewage  blending  pro- 
posal that  would  reduce  standards  for  treatment  plants,  the  need  for 
good  science  to  address  the  introduction  of  the  non-native  Cras- 
soslrea  ariakeiisis  species,  and  the  need  for  Federal  assistance  in 
shellfish  marketing  and  crop  insurance. 

Two  months  later  we  were  back  in  D.C.  following  the  accep- 
tance by  NOAA  of  the  petition  for  an  Endangered  Species  Act 
listing  of  the  American  oyster  and  helped  arrange  a  House  Re- 
sources Committee  hearing  on  this  issue  where  wc  offered  testi- 
nwny.  In  September  we  were  in  the  capital  supporting  our  Gulf 
coast  brethren  as  they  made  their  post-Katrina  needs  known  to 
Congress  and  for  the  launch  of  the  new  Shellfish  Caucus  in  the 
House  of  Representatives.  We  also  visited  key  Congressional  of- 
fices emphasizing  repeal  of  the  Byrd  .Amendment  that  has  resulted 
in  tariffs  on  American  oysters  exported  to  Canada.  Finally,  in 
December  we  attended  a  Pentagon  briefing  for  the  head  of  the 
Army  Corps  of  Engineers  to  try  and  derail  their  march  toward 
regulation  of  shellfish  culture  under  provisions  of  the  Clean  Water 
Act.  All  of  the  issues  above  are  still  active  and  will  be  discussed 
in  modest  detail,  along  with  some  suggestions  for  actions  that  can 
be  taken  to  keep  the  shellfish  industry  viable  and  growing. 


QUAHOG  [MERCENARIA  MERCENARIA)  SPAWNER 
SANCTUARIES:  DOES  SIZE  OR  LOCATION  MATTER? 
Michael  A.  Rice.  Department  of  Fisheries.  Animal  &  Veterinary 
Science.  University  of  Rhode  Island.  Kingston,  RI  02879 

Although  the  State  of  Rhode  Island  has  undertaken  projects 
since  1954  to  relay  quahogs  (Meneiuiria  inerceiuiria)  from  pol- 
lution closure  areas,  many  have  argued  that  the  numerous  coves 
and  inlets  around  Narragansett  Bay  that  serve  as  a  source  of  relay 
stock  do  in  fact  serve  as  de  facto  spawner  sanctuaries.  Adult  qua- 
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hog  densities  in  polkition  closure  areas  have  been  reported  to 
average  as  high  as  190  individuals/iir,  but  population  densities 
above  40  individuals/nr  in  the  coves  and  other  shellfishery  closure 
areas  are  not  unusual  in  Narragansett  Bay.  Several  lines  of  evi- 
dence suggest  that  high  density  adult  populations  of  quahogs  in 
closure  areas  may  be  reproductively  impaired  and  thus  limiting 
their  utility  as  spawner  sanctuaries  that  replenish  nearby  shellfish- 
eries.  First,  shell  growth  of  quahogs  in  coves  has  been  shown  to  be 
impaired,  presumably  due  to  crowding  effects,  and  it  is  known  that 
crowding  affects  soft  tissue  growth,  including  gonads,  before  shell 
growth  depression  in  many  bivalves.  Second,  data  from  Greenwich 
Bay  show  a  gradient  of  quahog  larval  abundance  higher  in  the 
open  areas  of  the  bay  with  adjacent  coves  nearly  devoid  of  larvae 
throughout  an  entire  spring-summer  monitoring  season.  For  ex- 
ample, in  the  middle  of  Greenwich  Bay  in  1993  peak  larval  abun- 
dance was  in  mid-June  reaching  170  larvae/L.  but  in  Apponaug 
Cove  and  Greenwich  Cove  that  have  high  density  adult  assem- 
blages >40  individuals/in",  a  late  July  increase  in  larval  numbers 
only  reached  a  peak  of  30  larvae/L.  Subsequent  data  from  the 
spring  to  fall  of  1995  showed  a  down-Nanagansett  Bay  gradient  in 
mean  seasonal  quahog  larval  concentrations  of  10.6,  16.0,  7.8.  5.4 
and  3.6  larvae/L  at  Conimicut  Point,  Rocky  Point,  Warwick  Point, 
Mount  View/High  Banks,  and  Wickford,  respectively,  with  peak 
larval  abundance  on  June  20  of  149.7  larvae/L  and  197.4  larvae/L 
at  Conimicut  Point  and  Rocky  Point,  respectively.  Collectively 
these  data  suggest  that  the  quahog  population  in  the  large  shell- 
fishery  pollution  closure  area  in  the  Providence  River  and  Upper 
Narragansett  Bay  may  be  the  major  source  of  larvae  for  much  of 
Nanagansett  Bay,  including  Greenwich  Bay.  Third,  recent  2005 
data  show  that  the  condition  index  (CI)  of  quahogs  from  areas  of 
high  density,  including  Greenwich  and  Apponaug  Coves,  as  well 
as  the  Providence  River,  to  be  substantially  lower  than  in  quahogs 
from  areas  that  are  actively  fished,  particularly  the  major  condi- 
tional fishing  areas  in  Upper  Narragansett  Bay.  This  growing  body 
of  evidence  suggests  that  shellfishery  pollution  closure  areas,  es- 
pecially in  confined  cove  areas,  may  not  necessarily  serve  well  as 
de  facto  spawner  sanctuaries.  Partial  harvest  and  relay  of  adult 
quahogs  from  the  coves  to  managed  sanctuary  areas  may  be  a  good 
management  alternative  to  increase  overall  spawning  potential  and 
subsequent  quahog  fishery  recruitment. 

AN  INVESTIGATION  OF  CILIATE  XENOMAS  IN  CRAS- 
SOSTREA  VIRGINICA.  Emily  Scarpa  and  Susan  Ford,  Haskin 
Shellfish  Research  Laboratory,  Institute  of  Marine  and  Coastal 
Sciences  Rutgers  University,  Port  Noms,  NJ  08349;  Bruce  Smith, 
New  Hampshire  Fish  &  Game,  Durham.  New  Hampshire  03824; 
David  Bushek.  Haskin  Shellfish  Research  Laboratory,  Institute  of 
Marine  and  Coastal  Sciences,  Rutgers  University,  Port  Norris,  NJ 
08349 

Since  the  late  1990s,  unusually  high  prevalences  of  xenomas 
have  been  noted  during  routine  histological  examination  of  oysters 
from  Great  Bay,  New  Hampshire.  Xenomas  are  formed  when  in- 


tracellular parasites  accumulate  within  host  cells,  causing  them  to 
hypertrophy.  Although  in  fish  xenomas  are  commonly  caused  by 
microsporidians.  in  oysters  xenomas  are  caused  by  ciliates.  genus 
Splieiioplina.  and  are  rare.  Because  they  are  macroscopically  vis- 
ible on  gills,  the  marketability  of  infected  oysters  has  been  ques- 
tioned. 

In  this  study,  samples  were  collected  every  fall  from  1997 
through  2005  and  processed  using  norinal  histological  procedures. 
In  2005,  counts  were  also  made  of  macroscopically  visible  xe- 
nomas. Prevalence  varied  according  to  site  within  Great  Bay  and 
also  by  year.  In  histological  sections,  it  has  increased  notably  since 
1997,  when  only  1%  of  oysters  were  affected.  In  2004,  prevalence 
ranged  from  33%  to  82%  between  sites.  Densities  were  mostly 
below  20  xenomas  per  histological  section,  but  reached  as  high  as 
173.  Macroscopically.  samples  frotn  2005  contained  a  mean  15,5 
xenomas  per  oyster,  ranging  from  0  to  more  than  100. 

The  xenomas  were  located  in  gill  water  tubes  and  were  often 
large  enough  to  occupy  the  entire  cross  sectional  area.  They  cause 
localized  epithelial  erosion  and  most  likely  impede  water  flow. 
Nevertheless,  the  histological  appearance  of  the  remaining  tissues 
was  not  obviously  affected  and  there  was  no  clear  correlation 
between  oyster  size  and  infection.  There  was  an  inverse  relation- 
ship between  the  prevalence  of  Haplosporiclimn  nelsoni  (MSX) 
infections  and  that  of  xenomas,  although  the  reason  is  presently 
unclear. 


STRATEGY  FOR  DETERMINING  BIOCHEMICAL  NU- 
TRITION OF  SHELLFISH  BROODSTOCK  CONDITION- 
ING. Ghazala  Siddiqui,'  Marl\  S.  Dixon,"  .loseph  Clioroman- 
ski."  David  J.  Veilleux,"  and  Gary  H.  Wikfors.^  'Centre  of  Ex- 
cellence in  Marine  Biology,  University  of  Karachi,  Karachi-75270. 
Pakistan;  "'USDOC.  NOAA.  National  Marine  Fisheries  Service, 
Northeast  Fisheries  Science  Center.  Milford  Laboratory,  Milford, 
CT  06460 

The  natural  gametogenic  cycle  in  oysters  is  closely  associated 
with  glycogen  storage  and  subsequent  synthesis  of  lipid  during 
vitellogenesis.  The  lipid  constituent  of  the  egg  is  most  affected  by 
the  quality  of  food  provided  to  the  broodstock  and,  thus,  the  de- 
ficiencies in  es.sential  fatty  acids  can  alter  fecundity  and  hatching 
rates  and  can  trigger  anomalies  in  the  larvae.  The  importance  of 
lipid  and  PUFA  particularly  docosahexonic  acid  (DHA;  22;6  n-i). 
eicosapentanoic  acid  (EPA;  22:5)!-3)  and  arachidonic  acid  (AA; 
20:4)1-6)  and  sterols,  24-methylcholesterol  or  24-methylene- 
cholesterol,  during  egg  and  larval  development  have  been  recog- 
nized. Therefore,  techniques  have  been  employed  to  directly  de- 
liver or  supplement  the  microalgal  diets  with  these  essential  lipids 
used  for  broodstock  conditioning. 

The  objective  of  this  study  is  to  evaluate  the  impact  of  fatty 
acid  composition  and  sterol  content  of  the  algal  diet  on  the  fecun- 
dity, egg  quality,  hatching  success  and  larval  performance  of  Cra.r- 
sostrea  virginica  broodstock.  For  an  initial  experiment,  the  oysters 
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will  be  conditioned  with  unialgal  diets  of  Tetrasebnis  cliiii  and 
Chaetocerus  neogracile  and  mixed  diet  of  T.  chid  and  C.  iicdt^nu- 
ile  ( 1 : 1 .  on  dry  weight  basis).  The  fatty  acid  and  sterol  composition 
of  these  diets  have  previously  been  determined.  Subsequently,  an 
attempt  will  also  be  made  to  condition  the  oysters  with  diet  supple- 
mented with  DHA,  AA  and  sterols  individually  to  confirm  any 
specific  requirements  suggested  by  correlations  found  in  the 
mixed-algal  diet  experiment. 


A  PORTABLE.  EXPERIMENTAL  SHELLFISH-FEEDING 
SYSTEM:  DESIGN  AND  VALIDATION  OF  OPERATION. 
Barry  C.  Smith.'  Helene  Hegaret,"  Sebastian  Saliou.'  and  Gary 
H.  VViJvfors.'  'USDOC.  NOAA,  National  Marine  Fisheries  Ser- 
vice. Northeast  Fisheries  Science  Center.  Milford  Laboratory.  Mil- 
ford.  CT  06460;  "Department  of  Marine  Sciences.  University  of 
Connecticut.  Groton.  CT  06340;  'Patisseries  Gourmandes  SA. 
22602  Loudeac  Cedex.  France 

Environmental  events,  such  as  harmful  algae  blooms  (HABs). 
typically  do  not  occur  at  experimental  research  laboratories.  In- 
vestigators are  challenged  to  find  ways  to  either  bring  the  bloom  or 
other  environmental  condition  to  the  laboratory,  or  bring  the  ex- 
periments to  the  location  of  the  given  event.  Compounding  experi- 
mental location  constraints,  the  duration  of  natural  events  can  be 
very  short.  To  address  these  realities,  a  water-exposure  and  phy- 
toplankton-feeding  system  has  been  developed  that  is  transportable 
to  any  location  and  can  accommodate  a  variety  of  test  organisms. 
Further,  the  system  is  readily  adaptable  to  a  variety  of  applications 
and  experiment  designs,  from  comparing  responses  of  animals 
exposed  to  particulate  and  dissolved  substances  in  seawater  to 
conducting  feeding  studies  with  different  phytoplankton  suspen- 
sions. 

A  shipping  tote  forms  the  main  stnicture  of  the  exposure  sys- 
tem. When  set  up  for  operation,  twelve  exposure  trays  reside  inside 
the  tote.  Controlled  water  or  culture  flow  is  delivered  to  these  trays 
through  a  bank  of  regulated  flow  meters.  The  original  design  sup- 
plied the  flow  meters  with  natural  phytoplankton  at  ambient  con- 
centration, twice  ambient  concentration,  and  0.2  |xm-filtered  bay- 
water  using  a  peristaltic  pump  and  tangential-tlow  filter.  By  re- 
plumbing  the  four  manifolds,  other  combinations  of  liquids  can  be 
metered  to  the  exposure  trays;  an  example  was  an  experinient 
exposing  shellfish  to  four  different  algal  sources  in  four  head  jars 
delivered  to  the  trays  by  gravity  feed.  The  system  has  repeatedly 
performed  reliably,  within  fiow-rate  tolerances,  with  a  \ariety  of 
plumbed  arrangements,  on  two  continents.  Although  \alidated 
with  Eastern  oysters  (Crassoslrea  virginica).  Suminoe  oysters  (C. 
ayiakeiisis).  and  bay  scallops  (Argopeclcii  imulians).  any  organ- 
ism that  can  fit  in  the  exposure  trays  could  be  used  as  a  test  subject. 
The  controlled-flow  regime  also  allows  post-exposure  treatment  of 
water  and  organisms  for  quarantine.  The  system  components  pack 
into  the  shipping  tote  itself  for  secure  shipment  to  any  destination. 


A  DEVICE  FOR  CONCENTRATING  DINOFLAGELLATE 
CYSTS  FROM  SEDIMENT  SAMPLES.  Barry  C.  Smith',  Ag- 
neta  Persson"  and  Gary  H  Wikfors.'  '  USDOC.  NOAA,  Na- 
tional Marine  Fisheries  Service,  Northeast  Fisheries  Science  Cen- 
ter. Milford  Laboratory.  Milford.  CT  06460;  "Smedjebacksviigen 
13.  SE-771  90  Ludvika.  Sweden 

Finding  and  enumerating  protistan  cysts  from  sediment  in  the 
natural  environment  is  a  tedious  and  time-consuming  endeavor, 
generally  involving  sieving  of  large  quantities  of  .sediment  and 
long  hours  of  microscope  searching.  With  increasing  concern 
about  harmful  algal  blooms  (HABs).  and  the  fate  of  the  cysts 
produced  at  the  later  part  of  the  bloom,  development  of  improved 
methods  to  detect,  enumerate,  and  determine  viability  of  cysts  is  of 
increasing  importance.  Separating  other  sediment  components 
would  facilitate  cyst  identification  and  counting  by  concentrating 
them  and  removing  obscuring  debris.  A  system  to  mechanically 
concentrate  cysts,  undamaged,  from  the  natural  environment  has 
been  developed  and  tested.  The  system  allows  for  quantifiable 
recovery  of  natural  cysts  for  a  variety  of  uses. 

The  ""Particle  Separator"  is  a  rectangular  trough  with  an  in- 
clined screen  slanting  up  the  long  dimension.  A  sediment  sample 
is  suspended  in  water  and  delivered  to  the  deep  end  of  the  trough 
by  a  peristaltic  pump,  and  the  suspension  is  circulated  between  a 
reservoir  and  the  trough  until  all  particles  have  settled.  Each  par- 
ticle present  has  a  unique  combination  of  mass,  volume,  and  sur- 
face coefficient  of  friction.  Thus,  similar  particles  will  settle  onto 
the  screen  at  discrete  locations  along  the  length  of  the  trough. 
Cysts  are  recovered  from  the  section  of  the  screen  where  they  have 
accumulated.  The  system  has  been  used  to  collect,  identify,  and 
quantify  cysts  from  two  locations.  Further,  a  bivalve  feeding  study 
using  natural  dinotlagellate  cysts  has  been  conducted  with  cysts 
collected  and  concentrated  from  a  sediment  sample. 


EVALUATION  OF  SCALLOP  GENETIC  LINES  FOR 
GROWTH.  OVERWINTERING  SURVIVAL  AND  PHENO- 
TYPIC  AND  GENOTYPIC  MARKERS.  Sheila  Stiles,  .loseph 
Choromanski,  Dorothy  Jeffress,  Steven  Pitchford  and  Dionna 
WiUiams.  USDOC.  NOAA.  National  Marine  Fisheries  Service, 
Northeast  Fisheries  Science  Center.  Milford  Laboratory.  Milford. 
CT  06460 

One  of  the  major  obstacles  to  bay  scallop  conimerciali/.ation  in 
the  northeast  US  is  overwintering  survival.  To  address  this  issue, 
genetic  lines  of  bay  scallops.  Aigopecten  inadiims.  are  being  se- 
lectively bred  for  improved  growth  and  survixal.  One  strategy  is  to 
increase  growth  rate  to  reach  a  marketable  size  prior  to  the  onset 
of  winter,  thus  bypassing  the  need  to  overwinter.  Another  ap- 
proach is  to  select  scallops  for  improved  over-winter  survival 
where  temperatures  often  reach  0°C.  A  preliminary  trial  to  assess 
overwintering  survival  from  December  to  March  of  various  bay 
scallop  genetic  lines  of  different  sizes  and  ages  in  tanks  with 
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to  43.5'^  in  2003.  Lines  were  composed  of  F,  and  F,  generation 
groups,  selected  primarily  for  growth,  a  self-fertilized  inbred  line, 
and  lines  with  different  phenotypic  markers  such  as  striped  shells, 
which  should  retlect  differences  in  genotypes.  Mean  sizes  of  scal- 
lops from  all  groups  ranged  from  15.68  mm  to  48.84  mm.  The 
highest  percentage  survival  was  in  a  low  selected  line  with  slower 
growth.  This  outcome  suggests  an  inverse  relationship  between 
growth  rate  and  survival.  The  next  highest  percent  survival  was  in 
the  inbred  line,  which  could  indicate  that  some  inbred  lines  are 
better  adapted  than  other  groups  for  specific  traits  under  certain 
conditions.  More  focused  experiments  are  warranted  to  confirm 
these  preliminary  observations. 


OYSTER  SET  IN  LONG  ISLAND  SOUND  FOR  CON- 
NECTICUT (1997-2005).  Inke  Sunila,  State  of  Connecticut.  De- 
partment of  Agriculture,  Bureau  of  Aquaculture.  P.O.  Box  97. 
Milford.  CT  06460 

Long  Island  Sound  is  a  major  growing  area  for  eastern  oysters. 
Crassostrea  vii-f>iiuca.  In  Connecticut,  oyster  aquaculture  is  based 
on  leased  grounds,  where  oyster  seed  from  natural  seed  beds  is 
transplanted  for  grow-out.  Only  a  small  portion  of  oysters  originate 
from  hatchery-raised  seed.  Thus,  a  steady  annual  oyster  set  would 
result  in  a  steady  production  of  market  oysters.  However,  com- 
mercial oyster  set  in  CT  occurs  irregularly  and  often  w  ith  intervals 
of  several  years,  unlike  in  more  southern  estuaries.  A  major  set  in 
1987  resulted  in  peak  production  during  the  following  years  and  in 
1993  Long  Island  Sound  accounted  for  94'(-  of  all  cultured  oysters 
in  the  eastern  LIS. 

Each  fall  the  Bureau  of  Aquaculture  collects  oysters  from  the 
entire  CT  shoreline.  One  of  the  parameters  measured  is  the  set  on 
oyster  shells.  During  the  fall  survey  the  set  from  the  previous 
summer  is  already  visible  to  the  naked  eye.  An  average  of  43  sites 
and  1370  shells  are  checked  for  the  presence  of  set  each  year. 

In  1997  and  1998  an  epizootic  of  Haplospoiidiiim  iit'lsoni 
(MSXl  affected  CT"s  oyster  stocks.  MSX  characteristically  infects 
market  size  oysters  first  and  seed  in  its  second  year.  There  was  a 
heavy  set  in  1997,  but  the  seed  acquired  MSX  infection  the  next 
year.  1998  was  also  a  year  of  relatively  good  oyster  set,  but  the 
seed  became  infected  as  well.  No  significant  oyster  sets  occurred 
during  the  following  five  years.  Patchy  sets  were  observed  in  some 
areas  of  no  major  commercial  interest.  Production  decreased  stead- 
ily because  market  size  oysters  decreased  without  further  recruit- 
ment. 

In  2004  a  significant  set  occurred.  It  was  a  light  set  with  on  the 
average  of  only  \5%  of  the  shells  surveyed  set  on.  However,  it 
landed  in  CT's  major  oyster  growing  areas  south  of  Bridgeport. 
Norwalk  and  Westport.  A  good  set  also  occurred  in  2003.  but 
mostly  in  the  Milford-Branford  area.  No  oyster  set  has  been  ob- 
served during  the  study  years  in  the  eastern  end  of  the  state  be- 
tween Clinton  and  Stonington.  At  the  present  time,  oysters  origi- 
nating from  the  2004  set  have  no  significant  disease  prevalences. 


Oysters  originating  from  natural  set  need  three  to  four  years  to 
reach  market  size.  Without  interference  from  a  disease  outbreak 
they  are  likely  to  fonii  a  new  peak  in  CT's  oyster  production  after 
a  couple  of  years. 


BIOCHEMICAL  COMPOSITION  AND  ADDUCTOR 
MUSCLE  CELL  SIZE  OF  TRIPLOID  AND  DIPLOID  BAY 
SCALLOPS,  ARGOPECTEN  IRRADIANS.  Amandine  Surier, 

Martha's  Vineyard  Shellfish  Group.  Oak  Bluffs.  MA  02337; 
Chester  B.  Zarnoch,  Aquatic  Research  and  Environmental  As- 
sessment Center,  Brooklyn  College.  Brooklyn  NY  1  1210 

Triploidy  which  has  been  found  to  improve  overall  perfor- 
mance in  many  shellfish,  is  pailicularly  interesting  in  scallops  as 
the  increased  growth  rate  is  associated  with  decreased  gonad  de- 
velopment and  increased  adductor  muscle  mass,  Triploid's  in- 
crease in  somatic  biomass  is  thought  to  be  the  result  of  energy 
reallocation  from  reproduction  towards  somatic  growth  or  in- 
creased fitness  due  to  higher  heterozygosity.  Another  hypothesis  is 
triploidy  gigantism,  which  associates  the  increased  size  of  triploid 
organisms  with  a  larger  cell  size. 

In  .luly  2003,  under  funding  from  the  Northeastern  Regional 
Aquaculture  Center,  triploidy  was  induced  in  the  bay  scallop,  Ar- 
fiopecten  irnulUins.  The  experimental  scallops,  which  tested  97% 
triploid  m  .lulv  2004,  were  grown  in  bottom  cages  in  Katama  Bay, 
Massachusetts.  Triploid  wet  adductor  muscle  indexes  were  32% 
and  17%  greater  than  diploids  in  July  and  October  2003  respec- 
tively. 

In  December  2003.  triploid  and  diploid  adductor  muscle 
samples  were  sent  to  Brooklyn  College  for  biochemical  composi- 
tion. Although  the  protein  and  carbohydrate  contents  were  higher 
and  lipid  content  was  lower  in  triploid  muscles  the  differences 
were  not  significant.  In  the  spring  2004,  survivors  from  the  ex- 
periment were  sampled  for  cell  size  analysis.  A  portion  of  the 
smooth  adductor  muscle  from  triploids  and  diploids  was  processed 
using  standard  histological  techniques,  photographed  and  analyzed 
for  muscle  cell  size  and  number  of  cells/area  using  NIH  ImageJ 
software.  Adductor  smooth  muscle  fibers  of  triploids  were  signifi- 
cantly wider  than  those  of  diploid  controls.  In  contrast  the  number 
of  muscle  fibers  per  unit  area  was  not  significantly  different  be- 
tween ploidy  groups. 


ASSESSING  IMPACTS  OF  SHELLFISH  AQUACULTURE 
ON  EELGRASS  POPULATIONS  IN  EASTERN  LONG  IS- 
LAND SOUND.  Jamie  Vaudrey.'  Tessa  S.  Getchis,"  Robert 
Britton"  and  .lini  Kremer.'  'University  of  Connecticut.  1080 
Shennecossett  Road.  Groton.  CT  06340:  "^Sea  Grant  Extension 
Program,  1080  Shennecossett  Road.  Groton,  CT  06340 

Eelgrass  (Zastem  marina)  is  the  dominant  vascular  plant  of 
northern  estuaries  of  the  east  and  west  coasts  of  the  United  Slates. 
Eelgrass  beds  provide  critical  ecological  functions  such  as  remov- 
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ing  excess  nitrates  and  phospfiates  and  stabilizing  fine  sediments. 
Beds  also  provide  critical  habitat  to  a  myriad  of  marine  organisms 
including  juvenile  tlsh.  shellfish,  and  crustaceans,  among  others. 
Eelgrass  is  considered  an  indicator  of  a  "healthy"  system  and  much 
attention  has  been  focused  on  investigating  potential  causes  of  the 
loss  of  eelgrass  and  determining  methods  to  minimize  the  decline 
in  eelgrass  abundance. 

Bi\alve  aquaculture,  specifically  the  utilization  of  submerged 
cultivation  and  depuration  gear  has  been  implicated  as  a  potential 
source  of  negative  impacts  to  eelgrass  populations.  However, 
shellfish  aquaculture  has  also  been  shown  to  provide  an  equivalent 
or  greater  degree  of  ecosystem  services  as  submerged  aquatic  veg- 
etation. 

This  study  was  conducted  to  determine  the  type  and  degree  of 
impacts  and  benefits  that  oyster  depuration  bottom  cages  have  on 
eelgrass  and  surrounding  water  and  sediment  quality  in  order  to 
provide  producers  and  policy-makers  with  the  scientific  data 
needed  to  make  informed  decisions  regarding  the  siting  of  aqua- 
culture in  Long  Island  Sound.  Effects  of  the  oyster  cages  were 
gauged  by  looking  at  reference  sites  (eelgrass  areas  without  cages, 
bare  areas  with  cages)  and  experimental  plots  (eelgrass  areas  with 
cages)  in  triplicate.  Direct  effects  measured  included:  short  shoot 
density,  dry  weight  areal  biomass,  and  growth  rate.  Indirect  effects 
measured  using  water  column  and  sediment  samples  included: 
benthic  microalgae  chlorophyll  concentration,  sediment  percent 
organics,  and  water  column  chlorophyll  concentrations.  Water  col- 
umn profile  measurements  were  recorded  at  all  sites  on  the  cage 
deployment  and  retrieval  days  (temperature,  salinity,  dissolved 
oxygen,  turbidity.  //;  .siiii  chlorophyll).  Video  monitoring  was  uti- 
lized to  document  ph\ sical  disturbance  from  the  cultivation  gear. 

The  water  column  at  all  three  sites  was  vertically  well  mixed 
and  no  effect  of  the  cages  on  water  column  characteristics  was 
detectable.  Sediment  characteristics  did  not  change  as  a  result  of 
the  presence  of  the  cages  over  the  2-3  week  deployments.  One 
deployment  showed  a  statistically  significant  increase  in  sheath 
length  at  the  eelgrass  with  cages  site,  indicating  that  the  eelgrass 
was  exhibiting  either  a  stress  response  to  reduced  light  availability 
or  an  increase  in  production  due  to  higher  nutrient  availability  in 
the  pore  waters  of  the  sediment.  Further  deployments  are  needed  to 
verify  this  response  and  determine  the  cause  for  the  increase  in 
sheath  length.  No  other  eelgrass  indices  showed  a  significant  effect 
of  the  cases. 


COMMUNAL  EFFFXTS  AMONG  ARGOPECTEN  IRRADI- 
ANS,  LITTORINA  UTTOREA.  AND  ILYANASSA  OBSO- 
LETA.  David  J.  Veilleux,'  Sean  Grace.'  Ronald  Goldberg,'  and 
Dwight  Smith.-  'USDOC,  NOAA.  National  Marine  Fisheries  Ser- 
vice, Northeast  Fisheries  Science  Center,  Milford  Laboratory,  Mil- 
ford,  CT,  06460;  -Southern  Connecticut  Slate  University,  501 
Crescent  St.,  New  Haven,  CT 


In  an  attempt  to  investigate  ways  to  control  biofouling  and 
sedimentation  associated  with  aquaculture  gear,  two  species  of 
snail,  Llriorinci  littorea  L.  and  Ilyiuuissu  obsotela  Say,  were  added 
to  bay  scallops,  Ai-gopecten  inadiims  Lamarck,  being  cultured  in 
pearl  nets  (N  =  15).  The  study  site  was  in  Milford  Harbor,  at  the 
dock  of  the  National  Marine  Fisheries  Service,  Milford  Labora- 
tory. The  study  was  conducted  over  forty  days,  from  June  29, 
2004.  to  August  8,  2004.  The  total  amount  of  fouling  (as  deter- 
mined by  weight),  total  growth  of  scallops  and  snails  (as  a  measure 
of  shell  height  and  buoyant  weight),  sedimentation,  mortality,  and 
fiow  rate  through  the  nets  were  analyzed.  Results  indicated  that 
although  there  was  no  significant  difference  in  amount  of  fouling, 
sedimentation,  fiow.  and  mortality  associated  with  the  snail  treat- 
ments, there  was  a  significant  increase  in  the  growth  rate  of  scal- 
lops. 


SUPERIOR  GROWTH  OF  TRIPLOID  EASTERN  OYSTER 
DEPENDS  ON  CULTURE  ENVIRONMENT.  Vongplng 
Wang.'  Ximing  Guo.'  Gregory  DeBro.sse,'  Rick  Karney."  Paul 
BagnalL'  Jack  Blake."*  Susan  Ford'   and  David  Bushck.' 

'Haskin  Shellfish  Research  Laboratory,  Institute  of  Marine  and 
Coastal  Sciences,  Rutgers  University,  Port  Norris.  NJ  08349: 
-Martha's  Vineyard  Shellfish  Group  Inc..  Oak  Bluffs,  MA  02557; 
'Edgartown  Shellfish  Department.  Edgartown.  MA  02539;  ''Sweet 
Neck  Farm.  Edgartown.  MA  02539 

The  eastern  oyster  [Crassostrea  viif^inka)  faces  three  major 
diseases  in  the  Northeastern  region:  MSX  (caused  by  the  parasite 
Hciplosporidhtiu  ncl.siini).  Dermo  (caused  by  the  parasite  Perkinsus 
maiinus).  and  the  juvenile  oyster  disease  (JOD.  caused  by  a  bac- 
terium). The  development  of  a  disease-resistant  and  fast  growing 
stock  would  help  the  oyster  culture  industry.  In  a  previous  study, 
we  have  shown  that  hybrids  between  the  Rutgers  NEH  strain  (re- 
sistant to  MSX  and  Dermo)  and  a  commercial  stock  from  the 
Flower's  Oyster  Company  (FMF.  known  for  its  fast  growth  and 
JOD-resistance)  outperformed  either  parental  stock  in  yield  under 
Dermo  infections.  To  see  if  the  hybrid  advantage  can  be  trans- 
ferred to  or  amplified  in  triploids  (3n)  which  grow  faster  than 
diploids  (2n).  we  produced  3n  hybrids  between  the  two  stocks  and 
compared  them  to  2n  hybrids,  pure-line  2n  and  3n  controls.  Four 
groups  were  produced  in  the  summer  of  2005:  I )  3nFTM.  3n  hybrids 
by  crossing  2n  FMF  females  and  4n  NEH  males:  2)  3nNN,  3n 
NEH  by  crossing  2n  and  4n  NEH;  3)  2nFN.  2n  hybrids  between  2n 
FMF  females  and  2n  NEH  males:  and  4)  2nNN.  2n  pure  NEH 
control.  The  four  groups  were  deployed  at  Cape  Shore  (CS)  in 
New  Jersey  and  two  sites  at  Martha's  Vineyard  in  Massachusetts: 
one  in  Katama  Bay  (KB)  and  the  other  in  a  hatchery  at  Edgartown 
Harbor  (EH).  Oyster  spat  were  produced  inside  the  hatchery  using 
sterilized  seawater  and  certified  Dermo-  and  MSX-free  before  de- 
ployment at  the  two  MA  sites.  At  3-4  months  of  age.  50-100 
oysters  were  sampled  from  each  group.  Ploidy  of  each  oyster  was 
individually  verified  using  flow  cytometry  and  all  three  3n  groups 
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were  lOO^f  triploid.  Triploids  and  diploids  were  compared  in  pairs 
between  3nNN  and  2nNN.  and  between  3nFN  and  2nFN.  Growth 
at  the  KB  site  was  significantly  faster  than  the  other  two  sites. 
Overall,  the  oysters  were  24.7  mm  in  height  at  KB.  L\2  mm  at  EH 
and  12.6  mm  at  CS.  Triploids  were  bigger  than  diploids  at  all  sites, 
although  the  magnitude  of  difference  varied  considerably  among 
sites.  At  the  slow-growing  sites  (CS  and  EH),  triploids  were  larger 
than  diploids  by  11-18%  in  shell  height  and  30-66%  in  whole 
body  weight.  At  the  fast-growing  site  (KB),  triploids  were  strik- 
ingly larger  than  diploids — by  49-50%  in  shell  height  and  165- 
180%  in  whole  body  weight.  This  result  demonstrates  that  superior 
growth  in  triploids  depends  on  the  culture  environment.  Triploids, 
when  cultured  in  productive  waters  and  systems,  will  bring  con- 
siderable benefits  to  oyster  farmers.  The  fact  that  triploids  grow 
significantly  faster  than  diploids  at  4  months  of  age.  long  before 
sexual  maturation,  suggests  that  sterility  is  not  an  important  factor 
contributing  to  the  superior  growth  of  triploids.  The  superior 
growth  of  triploids  is  likely  caused  by  triploid  gigantism,  whose 
expression  is  dependent  on  culture  environments.  Triploids  at  KB 
also  had  fewer  deaths  from  .lOD  than  diploids. 


A  COMPARISON  OF  BAY  SCALLOP.  ARGOPECTEN  IR- 
RADIANS.  SURVIVAL  AND  GROWTH  WHEN  FED  TET- 
RASELMIS  CHllI  GROWN  IN  E  OR  F  MEDIA.  James  C. 
Widman  Jr.,  Shannon  L.  Meseck,  David  J.  Veilleux  and  Mark 
S.  Dixon,  USDOC,  NCAA,  National  Marine  Fisheries  Service. 
Northeast  Fisheries  Science  Center,  Milford  Laboratory,  Milford 
CT  06460 

Bay  scallops.  Argopecten  irradians.  were  fed  Tetraselmis  chid 
grown  in  either  E  or  f  media.  Phytoplankton  concentrations  were 
maintained  at  8,000  cells/ml  utilizing  an  automated  computer  con- 
trol system.  On  a  daily  basis  buckets  were  drained  and  filled  with 
15  L  of  l|x  cartridge  filtered  seawater.  Twice  weekly,  scallops 
were  removed  from  the  containers  and  placed  in  clean  1 5  L  buck- 
ets. Shell  height  measurements  were  recorded  weekly. 

Scallop  survival  averaged  98%  for  both  groups.  There  was  no 
difference  in  survival  of  scallops  fed  Tetrasehnis  chid  grown  in 
either  E  or  f  media. 

Urea  concentrations  after  24  hours  were  markedly  different 
from  one  another.  Urea  ranged  from  0.28-0.31  umol/L  after  24 
hours  in  scallops  fed  Tetrasebnis  chid  grown  in  f  media.  Scallops 
fed  T.  chid  grown  in  E  media  had  urea  concentrations  ranging  from 
4.58-4.73  umol/L  during  the  same  time  period. 

Scallops  fed  Tetrasebnis  chiii  with  an  initial  mean  shell  height 
of  7.9-8.0  mm  grew  to  final  mean  shell  heights  of  12.3-13.5  mm 
26  days  later.  Survival  was  high  for  scallops  fed  Tetraselmis  clnd 
grown  with  either  type  of  media.  After  26  days  there  were  no 
significant  differences  (p  >  0.05)  between  scallops  fed  T.  chid 
grown  on  either  E  or  f  media. 


DO  VARYING  TETRASELMIS  CHUl  CONCENTRATIONS 
AFFECT  AMMONIA  CONCENTRATIONS  IN  BAY  SCAL- 
LOP. ARGOPECTEN  IRR.ADIANS.  CULTURES?  James  C. 
Widman  Jr..  Shannon  L.  Meseck.  David  J.  Veilleux  and  Mark 
S.  Dixon,  USDOC,  NOAA.  National  Marine  Fisheries  Service, 
Northeast  Fisheries  Science  Center,  Milford  Laboratory.  Milford 
CT  06460 

Bay  scallops.  Argopecten  irradians.  were  grown  in  semi-static 
culture  systems  containing  Tetraselmis  chid  at  concentrations  of 
1,000.  3,500.  8.000  and  II. 000  cells/ml.  We  wanted  to  determine 
whether  phytoplankton  concentrations  would  affect  ammonia  lev- 
els in  the  culture  system.  F  media  was  used  to  grow  the  Tetraselmis 
chid.  Microalgal  cell  concentrations  were  continuously  monitored 
and  maintained  by  an  automated  computer  control  system.  Buckets 
were  drained  and  filled  with  15  L  of  1  |ji  cartridge  filtered  seawater 
daily.  Twice  weekly  scallops  were  removed  from  the  containers 
and  placed  in  clean  15  L  buckets.  Every  week  ammonia  levels 
were  measured  over  a  24  hour  period. 

Scallops  grew  from  initial  mean  shell  heights  of  10.5-10.9  mm 
to  final  mean  shell  heights  of  15.2-17.9  mm.  Scallops  grew  at 
similar  rates  for  the  first  14  days.  After  21  days,  scallops  grown  at 
a  cell  concentration  of  1 1.000  cells/ml  were  significantly  smaller 
than  those  grown  at  1,000  cells/ml.  Throughout  the  experiment 
scallops  grown  at  1,000  and  3,500  cells/ml  were  not  significantly 
different  (p  >  0.05)  from  one  another.  Similarly,  scallops  grown  at 
3.500  and  8,000  cells/ml  grew  at  similar  rates  (p  >  0.05).  Scallops 
grown  at  the  two  highest  concentrations,  8.000  and  1 1 ,000  cells/ml 
grew  at  similar  rates  (p  >  0.05).  A  previous  study  had  shown  no 
growth  differences  when  scallops  were  fed  varying  concentrations 
of  T.  chid  grown  in  E  media. 

Ammonia  concentrations  were  not  measured  above  10  umol/L. 
There  was  no  relationship  between  the  ammonia  concentrations 
observed  and  scallop  growth  rates. 

In  summary,  ammonia  levels  were  not  affected  by  phytoplank- 
ton concentrations.  Scallop  growth  was  affected  by  phytoplankton 
concentration  of  Tetraselmis  chid  erown  with  f  media. 


IMMUNE-STATUS  ASSESSMENTS  OF  OYSTERS  FROM 
THE  2004  ANNUAL  STATE  OF  CONNECTICUT  BUREAU 
OF  AQUACULTURE  SURVEY.  Gary  H.  Wikfors.'  Inke  Su- 
nila.-  Jennifer  H.  Alix.'  April  N.Croxton.'  Helene  Hegaret.' 
and  Shannon  L.  Meseck.'  'USDOC,  NOAA,  National  Marine 
Fisheries  Service,  Northeast  Fisheries  Science  Center,  Milford 
Laboratory,  Milford,  CT  06460;  "Bureau  of  Aquaculture,  Depart- 
ment of  Agriculture.  State  of  Connecticut,  Milford,  CT  06460; 
'Department  of  Marine  Sciences.  UCONN.  Groton.  CT  06430 

Every  organism  has  a  defense  mechanism.  When  the  capacity 
of  the  defense  mechanism  is  exceeded,  pathological  changes  fol- 
low. The  State  of  Connecticut  Bureau  of  Aquaculture  has  been 
conducting  an  annual  autumn  survey  of  oyster  pathology  for  sev- 
eral years;  the  2004  survey  provided  an  opportunity  to  explore 
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possible  relationships  between  pathology  observed  histologically 
and  heniocyte  ininiune-det'ense  measurements  made  with  flow- 
cytometry.  Ten  oysters  from  each  of  14  sites  selected  from  the 
survey  were  sampled  for  heniolymph  and  analyzed  individually  lor 
descriptive  hematology  (numbers  and  percentages  of  different 
hemocyte  types,  percentage  of  dead  hemocytes)  and  several  im- 
mune functions  (phagocytosis,  respiratory  burst,  adhesion). 
Heniocyte  parameters  and  histological  findings  were  compared  on 
an  individual-oyster  basis  using  multivariate  statistics. 

The  strongest  associations  o\'  hemocyte  parameters  were  with 
intensity  of  parasitism  by  Pcrkiiisiis  inariniis  (Dermo  disease),  as 
measured  by  the  Mackin  scale.  Oysters  with  slight  infestations 
(Mackin  0.5-1)  had  elevated  granulocyte  percentages  and  func- 
tions (phagocytosis,  respiratory  burst);  whereas,  circulating  granu- 
locytes and  their  functions  were  repressed  with  more-severe 
Dermo  disease  (Mackin  2  and  above).  These  findings  are  consis- 
tent with  the  etiology  of  Dermo  disease  described  previously:  the 
initial  stimulation  of  hemocyte  functions  represents  induction  of 
the  defense  mechanism  to  the  parasite,  and  subsequent  develop- 
ment of  pathological  changes  accompanies  exceedance  of  the  de- 
fense mechanism.  Other  associations  between  pathology  and 
hemocyte  characteristics  were  less  pronounced  than  those  for 
Demio  because  many  oysters  showed  multiple  pathologies,  but 
several  observations  suggest  possible  future  research  topics,  rela- 
tive to  imiiiLMie  status  and  pathology  in  oysters. 


LISTING  A  SPPXIES  AS  THREATENED  OR  ENDAN- 
GERED—WHAT HAPPENED  WITH  THE  EASTERN  OYS- 
TER PETITION?  Gary  H.  Wikfors.  USDOC.  NOAA.  National 
Marine  Fisheries  Service,  Northeast  Fisheries  Science  Center.  Mil- 
ford  Laboratory.  Milford,  CT  06460 

A  petition  to  consider  the  listing  of  the  Eastern  Oyster,  Cras- 
sostrea  virginica.  as  threatened  or  endangered  pursuant  to  the  Fed- 
eral Endangered  Species  Act  (ESA)  was  filed  by  Ecosystem  Ini- 
tiatives Advisory  Services  in  January  2005.  A  positive  initial  find- 
ing (90  day  finding),  based  upon  evidence  presented  in  the  petition 
and  existing  information  in  possession  of  the  NOAA  ESA  Program 
at  the  time  of  petition  receipt,  prompted  creation  of  a  Biological 
Review  Team  (BRT),  consisting  of  representatives  of  NOAA  and 
state  resource  agencies  from  throughout  the  US  range  of  the  spe- 
cies, to  assess  the  status  of  the  species.  The  process  for  determin- 
ing whether  a  species  should  be  listed  is  based  upon  the  best 
available  scientific  and  commercial  information.  The  Status  Re- 
view Report  (SRR)  is  based  upon  an  assessment  of  factors  speci- 
fied in  section  4(a)(1)  of  the  ESA  that  may  be  contributing  to 
decline,  including:  1 )  the  present  or  threatened  destruction,  modi- 
fication, or  curtailment  of  its  habitat  or  range;  2)  overutili/ation  for 
commercial,  recreational,  scientific,  or  educational  purposes;  3) 
disease  or  predation;  4)  inadequacy  of  existing  regulatory  mecha- 
nisms; or  5)  other  natural  or  manmade  factors  affecting  the  con- 


tinued existence  of  the  species.  Finally,  risk-of-extinction  analysis 
must  be  completed  by  the  BRT. 

Sources  of  data  that  the  BRT  explored  in  the  SRR  included 
published  scientific  literatuie,  presentations  by  invited  experts, 
fishery  and  fishery-independent  population  assessments  housed  in 
various  state  and  federal  repositories,  and  a  survey  of  state  re- 
source managers  and  academic  experts  from  each  coastal  state 
within  the  species'  range.  The  document  will  be  peer  reviewed, 
and  as  such,  the  SRR  will  represent  the  most  comprehensive  re- 
source document  for  this  species.  The  SRR  will  be  completed, 
despite  withdrawal  of  the  petition  prior  to  the  decision  date,  thus, 
it  is  hoped  that  it  will  help  inform  coastal  resource  managers  as 
they  continue  to  manage  and  restore  this  species. 


INVESTIGATING  THE  OVER-WINTER  MORTALITY  OF 
HARD  CLAM  SEED,  MERCENARIA  MERCENARIA.  Ches- 
ter B.  Zarnoch  and  Martin  P.  Schreibnian.  Aquatic  Research 
and  Environmental  Assessment  Center  (AREAC).  Brooklyn  Col- 
lege, The  City  University  of  New  York.  2900  Bedford  Ave., 
Brooklyn,  NY  11210 

Over-winter  mortality  of  aquacultured  hard  clam  seed  is  a  sig- 
nificant problem  for  Mid-Atlantic  and  Northeast  aquaculturists. 
Although  protecting  seed  from  predators  improves  survival,  sig- 
nificant mortalities  still  frequently  exceed  50%.  This  is  often  at- 
tributed to  the  severe  temperatures  of  winter;  however,  this  hy- 
pothesis has  yet  to  be  systeinatically  investigated.  We  hypothesize 
that  extended  periods  of  low  water  temperature  (<5°C)  will  result 
in  reduced  hard  clam  pumping,  and  thus  an  increase  in  the  use  of 
energy  stores  for  metabolism.  This  would  lead  to  an  insult  in 
physiological  condition  and  cause  mortality  in  the  spring  when 
water  temperatures  increase,  food  levels  are  low  and  metabolic 
demands  are  high. 

In  this  study,  seed  (SL  =  10  mm)  were  planted  at  two  sites  in 
Jamaica  Bay,  NY  in  the  fall  of  each  year  between  2001-2004,  to 
investigate  the  magnitude  of  over-winter  mortality  and  to  study 
physiological  condition  through  the  winter  and  spring.  The  data 
indicate  that  a  mild  winter  results  in  negligible  mortality.  Simi- 
larly, a  severe  winter  followed  by  a  spring  in  which  the  rise  in 
water  temperature  coincides  with  high  food  levels  also  results  in 
low  mortality.  In  contrast,  significant  mortality  (up  to  45%  per 
sample)  occurs  in  the  spring  following  a  severe  winter,  at  a  time 
when  water  temperatures  are  rising  and  food  levels  are  low 
(<.^|a.g/L).  During  this  period  a  rapid  decline  of  carbohydrate  con- 
tent is  observed,  suggesting  the  use  of  energy  reserves  to  maintain 
increased  metabolic  activity.  Mortality  occurs  when  carbohydrate 
levels  fall  below  10%  of  the  tissue  dry  weight.  Therefore,  the 
timing  of  phytoplankton  blooms  and  the  increase  in  water  tem- 
perature during  the  spring  dictates  the  magnitude  of  over-winter 
mortality  followina  a  severe  winter. 
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A  REVIEW  OF  BACTERIOLOGICAL  STUDIES  SUP- 
PORTING ROSEOVARIUS  CR-ASSOSTKEAE  AS  THE  ETIO- 
LOGICAL AGENT  OF  JUVENILE  OYSTER  DISEASE  IN 
CRASSOSTREA  VIRGINICA.  Katherine  J.  Boettcher'  -  and 
Aaron  P.  Maloy.'"'  'Department  of  Biochemistry.  Microbiology, 
and  Molecular  Biology.  University  of  Maine.  Orono.  ME.  04469- 
5735.  -Present  address:  1 1208  Beechvvood  Pointe.  Smithficld.  VA 
23430.  Present  address:  U.S.  Geological  Survey.  Lake  Ontario 
Biological  Station.  Oswego.  NY  13126 

By  1997.  studies  by  other  investigators  had  provided  evidence 
for  either  a  protistan  or  bacterial  etiologv  for  JOD.  That  year  we 
conducted  a  study  on  Maine's  Damariscotta  River  to  distinguish 
between  these  two  possibilities.  Both  a  delav  in  JOD-onset  and  a 
significant  reduction  in  cumulati\e  mortalities  were  observed 
among  oysters  exposed  to  strictly  antibacterial  agents.  In  addition, 
there  was  a  numerical  dominance  of  a  no\el  species  of  marine 
a\\A\?L-Proteohacteiia  in  JOD-affected  oysters.  By  the  end  of  the 
recovery  period,  the  le\els  of  these  bacteria  in  the  survivors  had 
dropped  to  <19f  of  total  colonies.  This  species  (named  Roseova- 
rius  cnissostreae)  was  subsequently  found  to  be  consistently  and 
exclusively  associated  with  JOD  throughout  the  Northeast.  Heavy 
colonization  by  R.  crassostrcae  was  also  documented  among  a 
population  of  larger  oysters  with  JOD-signs  that  were  in  otherwise 
good  condition.  Such  observations  argue  against  a  role  for  R.  cra.s- 
sostreac  as  a  non-specific  colonizer  of  terminally  ill  individuals. 
An  attempt  to  reproduce  JOD  by  exposure  to  R.  crassoslrccit'  re- 
sulted in  impaired  feeding  of  challenged  oysters,  followed  by  mor- 
tality episodes  during  which  the  inoculating  strain  was  reisolated 
from  affected  individuals.  A  later  attempt  to  produce  the  entire 
suite  of  JOD-signs  resulted  in  increased  levels  of  conchiolin  de- 
position among  challenged  animals  (although  without  subsequent 
mortality).  Finally,  the  presence  of/?,  cra.s.soxrreae  was  confirmed 
in  a  field  population  from  Massachusetts  one  week  prior  to  the 
appearance  of  gross  signs  and  ensuing  mortality.  The  cumulative 
evidence  will  be  discussed  within  the  cunent  guidelines  for  proof 
of  causation  (e.g.  Koch"s  postulates). 


A  REVIEW  OF  MOLECULAR  APPROACHES  FOR  EPI- 
ZOOTIOLOGICAL  STUDIES  OF  JUVENILE  OYSTER 
DISEASE  AND  DETECTION  OF  ROSEOVARIUS  CRASSOS- 
TREAE  IN  SITU.  Katherine  J.  Boettcher'  "  and  Aaron  P. 
Maloy.'"'  'Department  of  Biochemistry.  Microbiology,  and  Mo- 
lecular Biology.  University  of  Maine,  Orono.  ME.  04469-5735. 
-Present  address:    11208   Beechwood  Pointe.  Smithfield.  VA 


23430.  'Present  address:  U.S.  Geological  Survey.  Lake  Ontario 
Biological  Station.  Oswego.  NY  13126 

We  sought  to  develop  genetic  tools  for  the  culture-independent 
detection  of  Roseovciriiis  cnissostreae  and  for  understanding  range 
expansion  of  JOD.  Greater  than  99.8"*  identity  was  found  among 
the  1 6S  rDNAs  of  isolates,  but  informative  variation  was  detected 
v\ithin  the  I6S-23S  rDNA  internal  transcribed  spacer  (ITS).  Using 
restriction  enzyme  analysis  and  sequencing  of  the  ITS  region,  a 
total  of  1 1  genotypes  were  identified.  In  many  instances,  a  single 
genotype  was  recovered  from  a  given  epizootic,  but  occasionally 
multiple  genotvpes  were  involved.  Furthermore,  phylogenetic 
analysis  showed  that  diversification  of  the  ITS  did  not  map  directly 
onto  patterns  of  disease  occurrence.  Still,  most  genotypes  were 
associated  with  specific  years  and/or  locations.  The  data  are  con- 
sistent with  the  existence  of  indigenous  R.  crassostreue  that  be- 
come enriched  at  sites  of  oyster  culture.  A  PCR  assay  was  also 
developed  for  the  direct  detection  of  R.  crassostreae  from  oysters. 
The  assay  was  validated  using  closely  related  roseobacters.  and  no 
false  positives  were  obtained  from  oyster  samples.  The  assay  has 
the  potential  to  detect  as  few  as  10  cells  of  R.  crassostreae  in 
oysters,  and  is  equally  or  more  effective  than  standard  bacteriology 
in  detecting  the  bacterium  from  field  samples.  Finally,  in  related 
studies  we  had  shown  bacterial  microcolonies  on  the  inner  shell 
surfaces  of  oysters  with  JOD.  To  confirm  that  the  bacteria  were  R. 
crassostreae.  we  used  universal  primers  to  produce  a  library  of 
I6S  rDNA  clones  from  affected  individuals.  Sequence  analyses 
confirmed  the  numerical  dominance  of  R.  crassostreae  sequences 
and  no  other  species  was  similarly  abundant. 


JUVENILE  OYSTER  DISEASE:  MICROFLORA  FROM 
CONTROL  AND  INFECTED  POPULATIONS  OF  AMERI- 
CAN OYSTERS  (CRASSOSTREA  V7/fG/,V/CA)  ALONG  THE 
ATLANTIC  COAST.  Rocco  C.  Cipriano,'  E.  Jay  Lewis"  and 
Ana  Baya."'  'United  States  Geological  Survey.  National  Fish 
Health  Research  Laboratory,  1 1649  Leetown  Road,  Kearneysville, 
WV  25430:  "NOAA/NOS.  Coastal  Center  for  Environmental 
Health  and  Biomolecular  Research,  904  South  Morris  Street,  Ox- 
ford. Maryland  21654;  'University  of  Maryland,  College  of  Vet- 
erinary Medicine  and  Maryland  Department  of  Agriculture,  8077 
GreeniTiead  Drive,  College  Park,  MD  20742 

The  bacterial  flora  was  evaluated  from  1 1  populations  of  the 
American  oysters  (Crassostrea  virginica)  cultured  in  Virginia, 
New  York,  Massachusetts.  Rhode  Island,  and  Maine.  Samples 
were  obtained  from  both  diseased  and  apparently  unaffected  oys- 
ters. The  prevalence  of  juvenile  oyster  disease  was  based  on  mor- 
tality within  a  population  and  clinical  signs  of  infection  on  indi- 
\  idual  oysters.  Bacterial  swabs  were  obtained  from  clinical  inter- 
nal surfaces  with  evident  mantle  rescission,  blackening,  and 
conchiolin.  Similar  samples  were  obtained  from  the  internal  sur- 
faces of  shells  from  individuals  that  did  not  show  clinical  evidence 
of  infection.  Swabs  were  eluted  (weight  to  volume)  in  sterile  phos- 
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phate  buffered  sahne  and  bacteria  were  cultured  by  dilution  plate 
counts  on  medium  containing  l.S"^  sea  salts.  0. 1'/r  NHjCl.  0.02% 
Na  acetate.  0.03%  peptone,  0.01%  yeast  extract,  and  1.5%  agar. 
When  the  results  of  the  1  1  sample  sites  were  reviewed  collectively, 
bacterial  counts  ranged  between  1.0  x  10''  to  4.1  x  10"  colony 
forming  units  (cfu)  per  niL  of  sample.  Motile  aeromonads. 
pseudomonads.  streptococci.  Coiiioiiioims  terriiienia.  Acineto- 
hacter  sp..  and  Vibrio  spp.  were  commonly  isolated.  Because  of 
their  prevalence  in  both  affected  and  non-affected  oysters,  none  of 
the  aforementioned  organisms  were  considered  putative  eliologic 
agents.  Even  the  vibrio  isolates  were  obtained  at  nearly  the  same 
frequencies  from  infected  and  normal  oysters.  A  total  of  IS  known 
vibrio  species,  as  well  as  26  unidentified  species  of  vibrios,  were 
obtained.  Of  these.  Vibrio  algiiiolyticiis  (45%).  V.  splemlidits 
(42%).  and  V.  pelagius  (41%)  were  the  most  prevalent  species. 
Unidentified  vibrios  were  isolated  so  infrequently  that  they  were 
not  considered  to  cause  disease. 


PATTERN,  EFFECTS,  AND  REMEDIATION  OF  JUVE- 
NILE OYSTER  DISEASE  (JOD)  IN  THE  DAMARISCOTTA 
RIVER  ESTUARY.  MAINE.  Richard  Clime.  Dodge  Co\e  Ma 
rine  Farm.  Inc..  P.O.  Box  211.  Newcastle.  Maine  0455.^ 

Roughly  eighty  percent  of  Maine's  culti\ated  American  oyster 
production  is  located  in  the  Damariscotta  River.  Common  nursery 
techniques  are  deployment  of  electrically  powered  floating  up- 
wellers  (FLUPSYS)  for  hatchery  raised  2-2.5  mm  seed  (May- 
June),  and  graded  transfer  of  12-15  mm  seed  into  floating  bags 
(July-October)  for  end  of  season  dispersal  on  shallow  sub  tidal 
bottom  at  .■'0—45  mm.  Salinities  in  the  areas  of  densest  culture 
range  seasonally  from  23-31  ppt.  Temperature  maxima  in  August 
approach  24-27^C.  while  winter  minima,  often  under  sea  ice.  can 
fall  to  -1.5"C.  Oysters  v\ill  be  metabolically  active  from  April- 
November  although  most  shell  growth  occurs  from  June  through 
September. 

JOD  probably  appeared  in  1991  or  1992  although  the  effects 
were  mild  at  first  and  hard  to  discern  from  other  causes  of  mor- 
tality. By  1993  mortalities  of  nursery  raised  seed  had  surpassed 
50%  and  in  subsequent  years  would  range  from  50-80%  of  the 
seed  crop.  Symptoms  appeared  from  late  July  to  early  August  and 
were  characterized  by  a  cessation  of  growth  at  the  12-20  mm  si/e. 
an  extreme  cupping  of  the  lower  valve,  heavy  interior  shell  con- 
cholin  deposits,  a  general  loss  of  healthy  pigmentation,  and  even- 
tual gaping  before  death.  Distribution  of  diseased  oysters  within 
the  floating  bag  nursery  was  non-random  predominately  affecting 
smaller,  slower  growing  juveniles,  but  also  showing  a  "locus  cen- 
tered" pattern  within  bag  lines  where  some  bags  were  fully  in- 
volved while  others  were  only  lightly  in\olved. 

Attempts  at  remediation  of  the  epizootic  by  our  company  began 
piece-meal  with  trial  and  eiTor  tests  of  the  following  strategies: 

1)  Split  hatchery  seed  purchases  between  May  and  August 
deliveries. 


2)  Adopt  use  of  FLUPSYS  for  sinall  seed  nursery  culture  (win- 
dow screen  tray  and  bag  in.serts  previously  used). 

3)  Geographically  separate  the  FLUPSYS  nursery  from  the 
floating  bag  nursery  and  where  possible,  locate  disea.se  free  sites 
for  FLUPSYS. 

4)  Undertake  a  formal  selective  breeding  program  choosing  fast 
growing  disease  challenged  oysters  as  broodstock. 

5)  Avoid  overcrowding  juveniles  in  the  nursery  while  maxi- 
mi/ine  seawater  circulation  through  the  FLUPSYS  and  floating 
bags. 

6)  Expose  hatchery  ju\ciilles  (2-2.5  mm)  and  FLUPSYS  juve- 
niles (10-15  mm)  to  microbial  probiotic  colonization  with  lab 
cultures  of  _Stappia stellulata_.  naturally  occurring  marine  bac- 
teria isolated  from  inside  shell  and  mantle  surfaces  of  healthy 
juvenile  American  oysters. 

Other  Maine  companies  may  have  tried  a  combination  of  dif- 
ferent remedial  strategies  about  which  we  are  unaware. 

By  2001.  the  course  of  the  disease  had  lessened  perhaps  as  a 
result  of  our  remediation  or  perhaps  it  had  simply  run  its  course. 
Since  then  our  nursery  ju\enile  monality  from  all  causes  has  di- 
minished to  under  5%  and  overall  yields  of  harvestable  oysters 
ha\e  risen  to  44%  of  purchased  hatchery  seed. 


A  REVIEW  OF  JUVENILE  OYSTER  DISEASE  (JOD)  OUT- 
BREAKS IN  MAINE  AND  APPROACHES  TAKEN  TO  RE- 
DUCE JOD  INDUCED  MORTALITIES.  Christopher  V. 

Davis.  Pemaquid  Oyster  Company.  Inc..  P.O.  302.  Waldoboro. 
ME  04572  and  the  Maine  Aquaculture  Innovation  Center.  5717 
Corbett  Hall.  Orono.  ME  04469.  Paul  D.  Ravvson  ,  School  of 
Marine  Sciences.  University  of  Maine.  Orono.  ME  04469.  Bruce 
J.  Barber.  Eckerd  College.  200  54th  A\enue  South.  St.  Peters- 
burg. Florida  3371  1.  Robert  O.  Havves  .  Professor  emeritus.  Uni- 
versity of  Maine.  Orono.  ME  04669  and  Scott  C.  P'eindel  .  School 
of  Marine  Sciences.  University  of  Maine.  Orono.  ME  04469 

Outbreaks  of  Juvenile  Oyster  Disease  (JOD)  have  been  an  on- 
going concern  for  growers  of  Eastern  oysters  (Crassostrea  vir- 
i>inica)  in  the  northeastern  United  States  since  JOD's  first  docu- 
mented occurrence  in  198S.  In  Maine.  JOD  induced  mortalities 
have  resulted  in  juvenile  crop  losses  exceeding  in  some  cases  90%. 
A  collaboration  of  industry  growers  and  University  of  Maine  re- 
searchers has  led  to  the  development  of  genetically  selected  brood- 
stock  and  specific  management  strategies  to  help  alleviate  JOD 
impacts  on  Maine  oyster  farmers.  Since  1985.  the  University  of 
Maine's  oyster  selective  breeding  program  has  produced  multiple 
lines  of  second  and  third  generation  broodstock  that  exhibit  supe- 
rior growth  and  JOD  resistance  compared  to  unselected  controls. 
Concurrently,  studies  relating  size-dependency  to  rates  of  JOD 
induced  mortality  ha\e  led  oyster  farmers  to  develop  management 
strategies  that  maximize  growth  prior  to  and  following  midsummer 
epizootic  periods  when  high  JOD  induced  mortalities  tend  to  oc- 
cur. 
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JOD  INVESTIGATIONS  BY  RUTGERS  AND  SUNY. 
STONY  BROOK,  1991-1994:  EPIZOOTIOLOGY.  HISTO- 
PATHOLOGY  AND  BACTERIOLOGY.  Susan  Ford.  Haskin 
Shellfish  Research  Laboratop,'.  Rutgers  University.  Port  Nonis.  NJ 
08349 

In  1988.  a  producer  in  Maine  sent  a  hatch  of  juvenile  oysters  to 
the  Haskin  Shellfish  Research  Laboratory  (HSRL)  for  pathological 
examination.  The  oysters  had  the  classical  symptoms  of  what 
would  become  known  as  Juvenile  Oyster  Disease  (JOD) — the  or- 
ganic deposit  on  the  inner  shell — but  no  histologically  detectable 
pathogen.  Although  this  may  have  been  the  first  recorded  outbreak 
of  JOD,  concerted  investigations  of  the  disease  did  not  begin  until 
1991.  after  extensive  juvenile  oyster  mortalities  occurred  on  Long 
Island,  New  York.  That  year,  studies  were  conducted  by  HSRL 
and  SUNY  Stony  Brook  and  by  Battelle  Ocean  Sciences,  at  the 
Frank  M.  Flower  Co.  at  Oyster  Bay.  NY,  on  the  north  shore  of 
Long  Island.  They  documented  I )  the  timing  and  extent  of  mor- 
talities; 2)  that  they  occurred  at  temperatures  >21-22°C;  3)  that 
reducing  densities  also  reduced  mortalities;  and  4)  that  lesions,  but 
no  obvious  pathogen,  were  detectable  in  the  gills  and  mantle  of 
affected  oysters  by  either  light  or  electron  microscopy,  although 
bacteria  were  observed  on  and  within  the  deposit.  This  study  also 
recorded  a  link  between  phytoplankton  blooms  and  the  occurrence 
of  lesions.  In  1992,  a  larger  study  was  undertaken  that  involved  8 
sequentially  spawned  cohorts  deployed  over  a  several-month  pe- 
riod at  sites  in  and  offshore  of  Oyster  Bay.  and  a  separate  series 
deployed  at  the  Blue  Points  Hatchery  on  the  south  shore  of  Long 
Island.  Wild  set  also  developed  JOD  symptoms  when  exposed  in 
Oyster  Bay.  Regardless  of  age  or  size,  JOD  symptoms  and  subse- 
quent mortality  began  about  the  same  time  in  all  groups  at  Oyster 
Bay.  but  never  appeared  at  Blue  Points.  Oysters  >25  mm  devel- 
oped shell-deposit  symptoms,  hut  experienced  low  mortalities 
(<3G%)  compared  to  smaller  oysters  in  which  losses  were  60  to 
90%.  Histologically  detected  lesions  on  the  mantle  were  highly 
correlated  with  shell  deposits  and  mortality,  and  were  present 
about  2  weeks  before  mortality  began.  Results  offered  the  FMF 
Co.  a  means  to  control  the  disease:  earlier  hatchery  production  so 
that  the  oysters  would  be  >25  mm  when  the  "window'"  of  expo- 
sure to  the  JOD  agent(s)  was  present.  At  about  this  time,  we 
became  aware  of  research  in  France  that  implicated  a  marine  bac- 
terium in  the  genus  Vibrio  in  Brown  Ring  Disease  (BRD)  of  Ma- 
nila clams.  The  BRD  symptom,  like  that  of  JOD,  is  an  organic 
deposit  on  the  inner  shell.  Consequently,  HSRL  and  SUNY  Stony 
Brook  embarked  upon  a  third  project  in  collaboration  with  the 
FMF  Co.  It  was  conducted  in  1 993-94  and  focused  on  determining 
the  role,  if  any,  of  Vibrio  bacteria  and  of  plankton  blooms  in  JOD. 
Field  sampling  of  three  cohorts  showed  an  exponential  increase  in 
total  Vibrio  counts  just  before  the  onset  of  JOD  symptoms,  and 
that  the  Vibrio  increases  were  preceded  by  plankton  blooms.  Sev- 
eral Vibrio  isolates  were  used  in  challenge  experiments,  and  al- 


though several  caused  mortality,  none  consistently  reproduced  the 
JOD  shell  deposit  symptom.  A  final  study  was  conducted  in  1994 
when  Dr.  Christine  Paillard,  the  French  investigator  who  discov- 
ered the  cause  of  BRD  in  Manila  clams  spent  several  months  at 
HSRL.  She  demonstrated  that  mantle  fluid  of  affected  oysters 
caused  JOD  symptoms  when  injected  into  the  shell  cavities  of 
experimental  oysters.  She  also  isolated  a  number  of  bacterial  spe- 
cies (genera  Vibrio.  Aeromonas.  and  Pscudoinonas)  that  were  sys- 
tematically and  predominantly  present  only  in  individuals  with 
JOD  symptoms.  None,  however,  produced  JOD  symptoms  in  chal- 
lenged oysters.  The  conclusion  of  these  studies  was  that  JOD  was 
most  likely  caused  by  one  or  more  bacterial  species,  perhaps  as- 
sociated with  plankton  blooms,  which  affected  principally  oysters 
in  crowded  culture  situations  and  that  outbreaks  were  probably 
triggered  by  temperature. 

The  Northeastern  Regional  Aquaculture  Center  funded  most  of 
this  work. 


TESTING  DISEASE  RESISTANCE  IN  OYSTERS:  EXPERI- 
MENTAL INFECTIONS  WITH  BACTERIAL  PATHOGENS 
IN  CRASSOSTREA  VIRGINICA  LARVAE  AND  SPAT.  Javier 
Gomez-Leon.  Luisa  Villamil.  Rachel  Hadley  and  Marta 
Gomez-Chiarri.  Department  of  Fisheries.  Animal,  and  Veterinary 
Science.  University  of  Rhode  Island.  20A  Woodward  Hall,  Kings- 
ton. RI  02881 

Culture  of  the  American  oyster  iCrassostrea  rirginicii)  is  a 
traditional  activity  that  has  great  economical  importance  in  the 
East  Coast  of  USA  and  the  Gulf  of  Mexico.  Globally,  shellfish 
production  is  often  affected  by  bacterial  pathogens,  mainly 
Vibriiis.  which  lead  to  high  mortality  rates  in  shellfish  hatcheries. 
Another  bacterial  disease  that  has  heavily  impacted  oyster  culture 
in  the  Northeast  US  is  Juvenile  Oyster  Disease  (JOD).  thought  to 
be  caused  by  Roscovariits  crassostreae.  In  the  present  study,  bac- 
terial isolates  that  caused  important  mortalities  in  Pacific  oyster 
larvae,  RE22  and  RE  101,  as  well  as  an  isolate  from  JOD-affected 
oysters  (CV919-312)  were  used  to  perform  experimental  infec- 
tions of  oyster  larvae  and  spat  in  order  to  determine  differences  in 
the  susceptibility  to  bacterial  infection  of  three  oyster  lines:  a  local 
Rhode  Island  line,  a  line  resistant  to  Dermo  and  MSX  (NEH),  and 
a  line  resistant  to  JOD  (FMF).  All  bacterial  isolates  tested  were 
able  to  induce  significant  mortality  in  larvae  and  spat  of  C.  vir- 
i;inicci,  reaching  mortalities  ranging  from  50-\009c.  Differences  in 
susceptibility  between  the  lines  were  observed,  with  the  NEH  line 
showing  the  highest  survival.  Infected  larvae  exhibited  abnormal 
circular  swimming  movements  on  their  sides  and  deformed  velum 
with  cilia  clumping.  Factors  affecting  survival  included  tempera- 
ture and  size  of  the  oysters.  This  research  may  provide  a  useful  tool 
to  test  for  disease  resistance  mechanisms  in  oysters. 
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INVESTIGATING  THE  ETIOLOGY  OF  JUVENILE  OYS- 
TER DISEASE.  Geoffrey  C.  Horwitz'.  Sliawn  Poison'^,  Mats 
Liindqvist,-"'  Sara  Poison,"  Julie  Higgins.'  Earl  J.  Lewis.'  Dor- 
otliy  Houard'  and  Clieryl  M.  Woodley."''  'Trinity  University. 
One  Tnnit>  Place.  San  Antonio,  TX  78212;  "NCAA.  National 
Ocean  Service.  CCEHBR.  Hollings  Marine  Laboratory,  331  Fort 
Johnson  Rd.  Charleston,  SC  29412;  'NOAA.  National  Ocean  Ser- 
vice, Coopeiative  Oxford  Laboratory,  904  S.  Morris  St.,  Oxford, 
MD  21654;^Medical  University  of  South  Carolina.  Marine  Bio- 
medical and  En\ironniental  Sciences.  Charleston.  SC  29412 

JuNcnile  Oyster  Disease  (JOD)  was  first  observed  in  1984  and 
was  responsible  for  the  loss  of  over  95%  of  the  seed  oysters  de- 
ployed for  grow-out  in  the  late  I980's  and  early  I990"s.  Hatchery 
owners  have  circunnented  the  disease  primarily  through  improve- 
ments in  management  practices  and  the  development  of  brood 
slock  less  susceptible  to  JOD.  However,  because  no  definitive 
causative  agent  has  been  identified  and  no  simple  diagnostic  or 
prevention  techniques  currently  exist,  the  disease  remains  respon- 
sible for  a  significant  nimiber  of  oyster  deaths  and  financial  losses 
each  year.  In  this  study,  mantle  tissue  from  both  healthy  and  dis- 
eased (as  assessed  by  the  presence  of  conchiiilin)  oysters  was 
screened  for  the  presence  of  the  suspected  bacterial  pathogen, 
Roseovariiis  criissostrecie.  and  new  candidate  pathogen-associated 
protists  by  examining  16S  and  18S  ribosomal  sequences,  respec- 
ti\ely.  Similar  methodologies  were  also  used  to  examine  diagnos- 
tic inclusion  bodies  which  had  been  isolated  from  histological 
samples  of  mantle  tissue  using  laser  capture  micro  dissection.  A 
strong  relationship  was  found  between  both  the  presence  of  R. 
crassostreae  and  the  candidate  protist  Piiitinciphyrs  iiicigna.  but  not 
in  the  second  protist  examined,  the  suctorian  Pnidiscophrya  sp.  in 
oysters  with  diagnostic  signs  of  Juvenile  Oyster  Disease.  While 
recent  literature  has  ignored  the  possibility  of  a  protozoan  etiology, 
these  results  indicate  that  a  protist  component  of  the  disease  is  not 
only  possible,  but  very  likely. 


OBSERVATIONS  ON  AN  EPIZOOTIC  OF  JUVENILE 
OYSTER  DISEASE  (JOD)  IN  KATA\1A  BAY  IN  EDGAR- 
TOWN,  MASSACHUSETTS.  Ricliard  C.  Karney.  Martha's 
Vineyard  Shellfish  Group,  Inc..  Box  15.52,  Oak  Bluffs,  MA  02557; 
John  C.  Blake,  Sweet  Neck  Farm,  Box  1468,  Edgartown.  MA 
02539 

In  2003.  oyster  farmers  in  Katama  Bay  on  Martha's  Vineyard 
suffered  losses  of  up  to  999r  of  their  seed  oysters  due  to  an  epi- 
zootic of  Juvenile  Oyster  Disease  (JOD),  This  was  the  first  con- 
firmed JOD  mortality  on  the  farms  that  have  operated  in  the  bay 
since  1996.  The  first  manifestation  of  the  disease  was  observed  in 
early  August  2003  as  a  slowed  growth  rate  in  12  mm  (average) 
seed  in  tidal  upweller  nurseries.  Mortalities  and  shell  deformities 
were  evident  by  mid  September.  Juvenile  oysters  from  2002  cul- 
tured nearby  in  bags  on  racks  also  showed  slow  growth  and  inor- 
talities  in  2003.  These  oysters  were  about  50-60  mm  when  im- 


pacted and  had  mortalities  as  high  as  50%.  Some  of  these  2002 
oysters  survived  the  disease  but  continued  to  grow  slowly  to  mar- 
ket size  and  showed  a  distinctive  rai.sed.  brown  ring  on  the  interior 
shell  surface.  JOD  related  mortalities  continued  to  be  obser\ed  in 
oyster  seed  cultured  in  the  bay  in  2004  and  2005  but  with  reduced 
intensity.  There  is  evidence  for  differential  survival  tied  to  lineage, 
and  the  use  of  resistant  seed  stocks  is  believed  to  have  been  key  to 
tlie  improved  production  in  2004  and  2005. 


A  SUSPECTED  CASE  OF  JUVENILE  OYSTER  DISEASE 
AT  GREAT  BAY,  NEW  HAMPSHIRE  IN  1984.  Ricfiard  Lan- 

gan.  Cooperative  Institute  for  New  England  Mariculture  and  Fish- 
eries. University  of  New  Hampshire,  Durham,  NH  03824 

A  commercial  oyster  farm  in  the  Great  Bay  Estuary,  New 
Hampshire  experienced  heavy  moilalities  in  a  cohort  of  year  one 
Eastern  oysters  (C  virginica)  in  1984.  One  hundred  thousand 
cultchless  oyster  seed,  purchased  from  a  hatchery  in  Maine,  were 
deployed  in  stacked  trays  in  May  1984.  The  trays  were  suspended 
from  a  raft  in  near-surface  waters  and  maintained  at  densities 
equivalent  to  807f-100%  of  the  surface  area  of  the  trays.  The 
oysters  grew  from  their  initial  size  of  5  mm  to  approximately  25 
mm  by  September  with  virtually  no  mortality.  In  late  September, 
growers  began  to  notice  some  gaping  oysters  with  some  chalky 
deposits  on  the  shells.  In  October,  mortalities  began  to  appear  and 
total  mortality  by  the  end  of  November  was  approximately  30%. 
Specimens  of  affected  oysters  were  sent  to  a  shellfish  pathologist 
at  the  University  of  Rhode  Island.  Diagnosis  revealed  inflamma- 
tion and  degeneration  of  mantle  tissue  and  conchilin  deposits  on 
the  shells,  however,  no  pathogenic  organisms  were  isolated.  The 
surviving  oysters  were  transferred  from  trays  to  wire  mesh  cages 
and  place  on  bottom  over  the  winter.  When  retrieved  in  the  spring 
of  2005.  approximately  50%  of  the  oysters  were  dead.  Conchilin 
deposits  were  found  on  the  shells  of  the  dead  oyster  as  well  as 
some  that  had  survived.  After  removing  the  shells  of  dead  oysters, 
the  survivors  were  redeployed  in  bottom  cages  and  grown  out  to 
market  size  over  the  next  two  years  without  any  significant  mor- 
tality. Subsequent  year  classes  of  seed  that  were  purchased  from 
the  same  hatchery  were  grown  in  the  same  location  using  similar 
methods  without  incident. 


JUVENILE  OYSTER  DISEASE  (JOD)  STUDIES  1991-2005. 
Earl  J.  Lewis.'  C.  Austin  Farley,"  Dorothy  Howard,'  and  Tim 
K.  Maugel."'  'NOAA,  National  Ocean  Service,  Cooperative  Ox- 
ford Laboratory.  904  S.  Morris  St..  Oxford.  Maryland  21654; 
"NOAA.  National  Ocean  Service.  Cooperative  Oxford  Laboratory, 
904  S.  Morris  St..  Oxford.  Maryland  21654-  Retired;  'University 
of  Maryland.  Department  of  Biology.  College  Park.  Maryland 
20742 

Cultured  oysters.  Crassosirea  virginica.  moved  from  Maine  to 
Great  Bay,  New   Hampshire  experienced  mortalities  in   1984. 
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Shells  of  dead  oysters  were  unique  in  the  high  prevalence  of  con- 
chiolinous  deposits  on  the  interior  of  the  shell.  By  1990.  cultured 
oysters  throughout  the  northeast  region  experienced  mortalities  in 
first  year  oysters  10-30  mm  in  shell  length.  The  disease,  juvenile 
oyster  disease  (JOD).  only  caused  mortalities  in  cultured  C.  vir- 
;»(»((■(/ juveniles  although  juvenile  hard  clams.  Mcncnaria  uierce- 
nariu.  oysters,  Ostieu  ediilis.  and  other  invertebrates  were  cultured 
in  or  inhabited  nearby  waters.  All  genetic  strains  of  C.  virgiiiica 
evaluated  were  susceptible  to  JOD  and  the  disease  was  found  to  be 
the  same  in  oysters  from  Maine  South  to  New  York.  Multi-year 
studies  showed  oysters  experience  fast  growth  and  feed  well  until 
an  abrupt  cessation  of  growth  and  the  start  of  mass  mortalities. 
Affected  oysters  show  no  new  shell  growth  and  produce  conchi- 
olinous  deposits  on  the  interior  shell  that  pailially  or  completely 
encircle  the  oyster.  As  the  disease  progresses,  oysters  develop 
mantle  recession  and  the  adductor  muscle  of  some  oysters  migrate 
over  areas  of  conchiolin  and  looses  its  ability  to  tightly  close  the 
shell.  In  some  cases  oyster  meats  detach  and  float  free  of  the  shells. 
Mortalities  of  60-80%  are  not  uncommon  and  may  approach 
100%  in  some  groups.  Survivors  of  JOD  often  have  shell  checks, 
thickened  ridges  or  growth  rings  that  coiTclate  with  the  si/e  of  the 
oyster  at  disease  onset  and  perhaps  recurrence  of  the  disease.  Bac- 
teriological studies  of  mantle  tissue,  shell  lesions,  and  shell  fluid 
showed  comparable  bacterial  flora  and  counts  in  infected  and  un- 
infected oysters  from  numerous  locations.  Protistan  cultures  com- 
monly yielded  parasitic  ciliates,  such  as  Mesano/iluys  sp.,  Mer- 
aiuipluys  sp.,  Paranophrys  sp.,  and  a  suctorian  Eiulospluieni  sp., 
that  were  isolated  only  from  JOD  infected  oysters  and  water  from 
JOD  affected  sites.  When  examined  by  histology,  affected  juvenile 
oysters  have  focal  mantle  lesions  containing  intracellular  inclusion 
bodies  that  possess  a  single  nucleus  with  condensed  Feulgen- 
positive  material  or  one  large  and  a  smaller  secondary  Feulgen- 
positive  body  like  the  macro  and  micro  nucleus  of  a  ciliale.  Mantle 
lesions  progress  in  size  and  number  and  ultimately  form  ulcer- 
ations. Mortalities  were  shown  to  peak  one  week  after  mantle 
lesions  peak  and  begin  to  drop  one  week  after  lesions  begin  to 
resolve.  A  battery  of  special  stains  revealed  no  further  information 
on  identification  of  the  small  round  bodies  or  cause  of  the  disease. 
Electron  microscopy  showed  the  intracellular  bodies  to  contain 
what  appear  to  be  nuclei  with  condensed  chromatin,  but  usually 
lacking  a  nuclear  membrane. 

JUVENILE  OYSTER  DISEASE  (JOD)-TRANSMISSION, 
THERAPEUTIC  TREATMENT,  AND  DISEASE  RESIS- 
TANCE STUDIES.  Earl  J.  Lewis,'  C.  Austin  Farley,"  Dorothy 
Howard,'  David  Relyea.'  Joseph  Zahtila,"*  and  Gregg  Rivara.'* 

'NOAA,  National  Ocean  Service,  Cooperative  Oxford  Laboratory, 
904  S.  Morris  St.,  Oxford,  Maryland  21654;  "NOAA,  National 
Ocean  Service.  Cooperative  Oxford  Laboratory,  904  S.  Morris  St., 
Oxford,  Maryland  21654  -  Retired;  "*  Frank  M.  Flower  and  Sons, 
Inc.,  34  Ludlam  Ave.  Bayville,  NY  1 1709;  -*  Cornell  Marine  Cen- 
ter, 3690  Cedar  Beach  Road,  Southold,  NY  1 1971 


Early  studies  suggested  juvenile  oyster  disease  (JOD)  was 
caused  by  an  infectious  agent  rather  than  a  genetic,  nutritional, 
toxin,  or  environmental  condition.  In  addition,  the  movement  of 
oysters  from  JOD-infected  locations  often  appeared  to  cause  the 
outbreak  and  continuance  of  disease  at  previously  unaffected  cul- 
ture facilities.  Field  studies  at  Long  Island  New  York  sites  rou- 
tinely showed  disease  onset  was  three  to  four  weeks  after  water 
temperatures  exceeded  and  remained  S:20°C;  mortalities  then  con- 
tinued throughout  the  growing  season.  Multiple  laboratory  experi- 
ments conducted  over  several  years  showed  the  disease  was  trans- 
missible to  different  genetic  stocks  of  oysters,  Cnissosirca  vir- 
^liiiiica.  using  infected  oysters  and  size  specific  fractions  of  material 
filtered  from  growing  water  at  infected  culture  facilities  by  stan- 
dard bag  filters  (3-100  |xm).  The  disease  was  transmitted  at  sa- 
linities above  1 8  ppt.  the  onset  of  disease  was  three  to  seven  weeks 
depending  on  water  temperature,  and  the  10-25  |xm  size  fraction 
of  filtered  material  produced  the  heaviest  mortalities  and  highest 
prexalence  of  conchiolin.  Transmission  rarely  occuiTcd  from  in- 
oculums filtered  at  1-5  pim  and  the  infectious  agent  was  not  found 
to  pass  the  I  fxm  filter.  This  may  partially  explain  why  on  occasion 
batches  of  oysters  from  some  hatcheries  reared  in  5  |j.m  Altered 
water  developed  and  transmitted  JOD  when  relocated  and  others 
from  the  same  batch  remained  unaffected  by  the  disease.  In  each 
case,  results  of  laboratory  experiments  supported  findings  of  Held 
studies.  Oysters  produced  typical  conchiolinous  shell  lesions  and 
mortalities  comparable  to  those  observed  in  natural  infections. 
Saltwater  aquarium  medications  used  to  treat  infected  oysters  had 
differing  affects  on  the  disease  progression.  Maracyn  (erythromy- 
cin), recommended  for  treatment  of  gram-positive  bacterial  infec- 
tions, was  the  most  effective  medication  to  reduce  mortality  in 
JOD-infected  oysters.  Two  effective  ways  to  manage  the  effects  of 
JOD  is  to  spawn  oysters  earlier,  allowing  them  to  grow  above  30 
mm  in  size  before  disease  onset,  and  development  of  disease  re- 
sistant strains.  One  year  old  oysters,  selected  for  survival  of  JOD 
and  the  presence  of  multiple  severe  shell  checks  (thickened  ridges 
or  growth  rings  believed  to  be  evidence  of  surviving  JOD  infec- 
tion), were  spawned  and  reared  under  normal  culture  protocols  by 
Frank  M  Flower  and  Sons.  Inc.  and  the  Cornell  Marine  Center. 
Offspring  of  these  oysters  survived  JOD  far  better  than  susceptible 
oysters  reared  under  the  same  conditions.  Continued  selective 
breeding  of  three  generations  of  oysters  showed  no  improvement 
in  resistance.  Growers  using  these  spawning  methods  continue  to 
have  minimal  losses  to  JOD. 


THE  INCIDENCE  OF  JUVENILE  OYSTER  DISEASE  AT 
FISHERS  ISLAND  OYSTER  FARM,  FISHERS  ISLAND, 

NY.  Steve  Malinowski,  Fishers  Island  Oyster  Farm,  Box  402, 
Fishers  Island,  NY  06390 

During  1988-1990,  Fishers  Island  Oyster  Farm  attempted  to 
integrate  the  culture  of  juvenile  oysters,  Crassostreu  rirginica.  into 
an  existing  adult  oyster  growout  system  in  West  Harbor,  Fishers 
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Island  Sound,  NY.  This  site  (depth  =  2-3  m  at  low  water)  is 
significantly  influenced  by  Block  Island  Sound.  Maximum  surface 
water  temperature  is  22°C.  The  adult  growout  system  consisted  of 
an  array  of  longlines  used  to  suspend  lantern  nets.  Nets  were 
stocked  with  one  year  old  oyster  seed  (si/e  range  approx.  30-50 
mm)  obtained  from  Ocean  Pond.  Corp.,  a  producer  of  seed  oysters 
utilizing  a  salt  pond  (salinity  =  12-20  ppt)  on  Fishers  Island.  NY. 
Growout  of  this  large  seed  to  market  size  occurs  in  6-18  months. 
In  an  effort  to  increase  the  quantity  of  large  seed  oysters  available 
to  stock  this  system,  1mm  juveniles  were  cultured  in  a  land  based 
upwelling  system,  grown  to  a  size  of  4  mm,  and  stocked  in  pearl 
nets  (34  x  34  cm)  at  densities  ranging  from  200-500  oysters  per 
net.  The  pearl  nets,  in  vertical  arrays  of  4  nets,  were  deployed  at 
the  adult  growout  site  during  July  for  3  consecutive  years.  Each 
year,  an  initial  period  of  satisfactory  growth  was  followed  by  an 
episode  of  high  mortality  (50-959?)  during  August.  Conchiolin 
deposition  was  noted  in  live  and  dead  oysters  all  three  years.  After 
three  years,  culture  of  first  year  oysters  was  abandoned  at  this  site. 
Since  then,  seed  production  at  the  salt  pond,  where  JOD  has  never 
been  observed,  has  been  increased  and  provided  lOO'/r  of  the  30- 
50  mm  seed  required  to  stock  a  significantly  expanded  adult  grow- 
out  system  in  West  Harbor. 

JOD  AT  OYSTER  BAY,  NEW  YORK.  David  Relyea,  Frank  M 
Flower  &  Sons,  Inc.,  P.O.  Box  88,  Oyster  Bay,  NY  1 1771 

In  July  of  1990,  Frank  M.  Flower  and  Sons  (FMF)  experienced 
it's  first  hatchery  oyster  seed  mortalities  from  Juvenile  Oyster 
Disease  (JOD).  At  the  time  it  was  called  "Unexplained  Mortality"". 
Samples  were  sent  to  NMFS,  Rutgers  and  VIMS.  No  pathogen  was 
identified.  Heavy  mortalities  continued  in  "91.  '92,  and  "93.  Dur- 
ing that  time  Frank  M.  Flower  was  learning  how  to  cope  with  the 
problem  as  research  progressed.  By  1994,  oyster  seed  production 
was  back  to  normal  levels  due  to  strategies  developed  by  FMF  in 
conjimction  with  researchers.  To  date  it  is  still  questionable  as  to 
what  actually  causes  JOD. 

FIELD  TRANSMISSION  OF  JUVENILE  OYSTER  DIS- 
EASE ON  LONG  ISLAND  AND  FLOW/DENSITY/ 
MORTALITY  STUDIES.  Gregg  Rivara,  Cornell  University 
Cooperative  Extension  of  Suffolk  County,  Southold,  NY  11971; 
Stan  Czyzyk,  Long  Island  Mariculture  Technologies.  Holbrook. 
NY  11741 

Field  transmission  of  JOD  to  the  Suffolk  County  Marine  En- 
vironmental Learning  Center  (SCMELC)  occurred  with  transfer  of 
broodstock  and  seed  oysters  in  1992  and  1993  from  Long  Island 
hatcheries.  In  1994  a  flow/density  study  was  undertaken  at  the 
SCMELC  with  support  from  NOAA"s  Oyster  Disease  Research 
Program. 

A  three  tank,  27  silo  upflow  nursery  system  was  constructed. 
Each  tank  served  as  a  flow  treatment;  low  (4  L/min  per  silo), 
medium  (20  L/min)  and  hich  (40  L/min).  Within  each  tank  three 


target  stocking  densities  were  triplicated:  low  (one  liter  per  silo), 
medium  (six  liters)  and  high  (12  liters).  Tanks  were  fed  unfiltered 
creek  water  from  a  3.4  m'  head  tank  filled  by  two  2-horsepower 
centrifugal  pumps. 

Silo  units  were  initially  stocked  on  1  1  July  1994.  Shell  height 
at  this  tiine  averaged  8  mm  and  stocking  densities  were  well  below 
targets.  Each  week,  for  a  period  of  nine  weeks,  the  volume  and 
mortality  (number  dead  per  100  randomly-selected  oysters)  of 
each  silo,  along  with  shell  height  measurements  (live  and  dead) 
were  recorded.  Physical  parameters  measured  weekly  included 
temperature,  salinity,  Secchi  depth  and  a  check  of  flow  rates.  As 
the  actual  volume  exceeded  the  target  volume  for  each  silo,  oysters 
were  randomly  removed  to  bring  the  volume  back  down  to  the 
treatment  level. 

Substantial  m(irl;ilities  (>20%)  were  seen  by  week  three  in  low 
fiow  silos;  by  week  lour  mortalities  in  these  silos  averaged  60%. 
At  this  time  mortalities  in  high  flow  silos  were  at  or  under  33%. 
and  remained  at  this  level  until  the  end  of  the  experiment.  Weekly 
volumetric  increases  were  higher  in  medium  and  high  flow  silos  as 
compared  to  low  flow  silos.  Flow  affected  growth  and  survival 
more  than  stocking  density. 

It  is  not  know  to  what  degree  nutritional  stress  caused  by  low 
flows  and  high  densities  affects  the  manifestation  of  JOD.  It  is  that 
suggested  that  silos  can  be  highly  stocked  without  excessive  mor- 
talities as  long  as  relatively  high  flow  rates  are  maintained;  at  the 
SCMELC  this  equates  to  0.03  liters  of  flow  per  square  centimeter 
of  silo  screen.  These  results  prompted  the  development  of  the  axial 
flow  floating  upweller  system  at  Cornell  in  1995. 

Anecdotally.  the  authors  saw  free-floating  oysters  in  silos  dur- 
ing these  experiments  and  in  years  prior.  Upon  observation  with  a 
dissecting  scope,  these  oysters  were  found  to  be  alive.  It  is  hy- 
pothesized that  the  case  of  death  from  JOD  is  the  self  "shucking" 
of  the  oyster  when  at  least  one  adductor  muscle  attachment  site  is 
severed  by  conchiolin  deposition,  causing  the  oyster  to  lose  control 
of  its  gape  and  its  ability  to  keep  potential  pathogens  and  predators 
out  of  the  shell  cavity. 

This  project  was  supported  by  NOA.^  award  NA47FL0174. 


JUVENILE  OYSTER  DISEASE  (JOD)  IN  CRASSOSTREA 
VIRGINICA:  SYNTHESIS  OF  KNOWLEDGE  AND  REC- 
OMMENDATIONS. Katherine  Boettcher.  1 1 208  Beechwood 
Pointe,  Smithfield,  VA  23430;  Roxanna  Sniolowitz,  Marine  Bio- 
logical Laboratory,  7  MBL  St  Woods  Hole,  MA  02536;  Earl  J. 
Lewis,  NOAA  NOS.  904  S.  Mon-is  St.,  Oxford,  MD  21654;  Bas- 
sem  Allani.  MSRC.  Stony  Brook  University.  Stony  Brook,  NY 
1  1794;  Harry  Dickerson,  College  of  Veterinary  Medicine,  Uni- 
versity of  Geoi-gia,  Athens,  GA  30602;  Susan  Ford,  Haskin  Shell- 
fish Laboratory,  Rutgers  University,  P.O.  Box  687,  Port  Norris,  NJ 
08349;  Anwar  Huq,  Center  of  Marine  Biotechnology.  University 
of  Maryland.  Columbus  Center.  701  E.  Pratt  St..  Baltimore,  MD 
21202;  Kimberlv  Reece,  Virtrinia  Institute  of  Marine  Science. 
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P.O.  Box  1346  Gloucester  Point.  VA  23062;  Gregg  Rivara,  Cor- 
nell Cooperative  Extension.  3690  Cedar  Beach  Rd..  Southold.  NY 
11971  and  Cheryl  M.  Woodley.  NOAA  NOS.  331  Ft.  Johnson 
Rd.  Charleston.  SC  29412 

The  Juvenile  Oyster  Disease  Workshop  held  in  conjunction 
with  the  26th  Milford  Aquacnlture  Seminar  chronicled  two  de- 
cades of  an  industry's  fight  against  juvenile  oyster  disease  to  save 
their  businesses;  their  partnership  with  the  research  community  to 
find  the  causative  agent(s)  for  this  devastating  disease  of  cultured 
young  oysters;  and  their  experiences  in  learning  how  to  manage 
this  disease  to  keep  an  industry  alive. 

THE  ISSUE 

Juvenile  oyster  disease  (JOD)  is  a  significant  disease  of  juve- 
nile cultured  oysters  in  the  Northeastern  United  States.  The  earliest 
report  dates  back  to  the  mid-1980's.  however  the  peak  of  the 
devastation  experienced  by  most  nursery  operations  occurred  in 
the  1990"s.  Those  able  to  withstand  the  economic  losses  wrought 
by  this  disease  did  so  by  devising  effective  management  methods 
and  the  disease  no  longer  affects  the  viability  of  those  commercial 
operations.  Nevertheless,  as  new  oyster  aquaculture  ventures 
emerge  in  the  Northeast  (driven  in  part  by  the  need  of  fishing 
communities  to  retool  after  the  devastating  collapse  in  numbers  of 
feral  finfish  and  shellfish  in  the  area).  JOD  outbreaks  continue  to 
appear  sporadically  in  other  culture  sites  previously  thought  to  be 
unaffected  or  those  only  rarely  affected.  The  annual  variability  in 
occurrence  and  intensity  often  results  in  unexpected  and  marked 
economic  loss  to  individual  producers.  Basic  and  applied  research 
conducted  over  the  last  20  years  has  resulted  in  significant  ad- 
vances in  our  knowledge  of  the  disease,  its  etiology,  and  methods 
for  its  mitigation;  however,  questions  remain.  A  more  thorough 
understanding  of  the  disease  pathogenesis,  including  host/ 
pathogen  interactions  and  other  factors  (i.e.,  anthropogenic  or 
physical  and/or  biological  agents  in  the  environment)  that  contrib- 
ute to  JOD-epizootics.  will  facilitate  the  development  of  reliable 
surveillance  measures  for  early  warnings,  help  identify  threat  lev- 
els for  a  given  location,  and  provide  a  basis  for  growers  and 
regulators  to  make  informed  decisions. 

THE  DISEASE 

JOD  is  generally  observed  after  water  temperatures  have 
reached  20°C  and  at  sites  where  salinities  are  above  18  ppt  and 
primarily  affects  animals  between  15-25  mm  in  shell  height.  The 
first  clinical  sign  of  the  disease  syndrome  is  decreased  growth 
followed  by  the  appearance  of  gross  signs  that  include  extreme 
cupping  of  the  left  valve,  loss  of  the  growing  edge  of  the  right 
valve  resulting  in  uneven  valve  margins  with  retraction  of  the 
mantle  edges  within  the  shell  (mantle  recession)  and  deposition  of 
abnormal  brownish  layers  of  conchiolin  (organic  shell  matrix)  on 
the  inner  surface  of  the  affected  shells.  Mortality,  which  may  reach 
90%,  begins  within  a  week  or  two  of  the  onset  of  slowed  growth. 
Conchiolin  deposition  (a  non-specific  host  response  by  oysters)  is 
often  observed  in  the  form  of  a  raised  ridge  aromid  the  retracted 
mantle  edge.  The  conchiolin  layer  may  also  interfere  with  attach- 
ment of  the  adductor  muscle.  Histological  lesions  in  the  mantle 
occur  before  abnormal  conchiolin  is  deposited.  Depending  on  the 


size  of  the  animals,  not  all  of  the  particular  clinical  signs  may  be 
present  in  an  individual  oyster  (however  they  can  be  observed 
within  a  random  sampling  of  a  production  lot).  For  example,  oys- 
ters less  than  15  mm  shell  height  often  die  before  they  are  able  to 
mount  the  characteristic  conchiolin  response.  Animals  between  15 
and  25  mm  shell  height  typically  show  all  gross  signs  of  disease 
(including  abnormal  conchiolin  deposition  and  uneven  valve  mar- 
gins). In  addition,  the  highest  mortality  rales  occur  among  oysters 
that  are  less  than  25  mm.  Juveniles  over  25  mm  shell  height  often 
show  abnormal  conchiolin  deposition,  but  growth  effects  (includ- 
ing uneven  valve  margins)  and  accompanying  mortalitv  are  less 
common.  Animals  surviving  JOD  may  develop  external  shell 
checks  that  result  when  normal  growth  is  resumed. 

Typical  histological  findings  with  JOD  begin  early  in  the  dis- 
ease process.  Initially,  there  is  increased  hemocytic  inflammation 
in  the  sinusoidal  tissues  of  the  mantle  underlying  the  shell  epithe- 
lium that  is  associated  with  attenuation  and  cuboidal  metaplasia 
and/or  hyperplasia  of  shell  epithelium.  In  more  advanced  lesions, 
necrosis  of  shell  epithelium  occurs,  resulting  in  ulceration  and 
severe  hemocytic  inflammation.  Other  histological  findings  in- 
clude diapediasis  of  hemocytes  across  the  epithelium  into  the  ex- 
tra-pallial  space  (located  between  the  epithelium  and  shell),  accu- 
mulation of  necrotic  cellular  debris  and  bacteria  between  layers  of 
abnormal  conchiolin  in  that  space  and  occurrence  of  small  coccoid 
bodies  in  the  affected  epithelium.  Although  the  precise  cause  of 
death  is  unknown,  these  lesions  may  result  in  destruction  of  the 
adhesion  between  the  shell  and  adductor  muscle  causing  a  critical 
loss  of  function.  Secondary  infections,  loss  of  hemolymph  and 
generalized  physiological  dysfunction  also  may  contribute  to 
death. 

Advances  in  management  practices  that  are  effective  in  helping 
to  control  JOD  include: 

•  Increasing  water  flow  in  nurseries,  including  the  use  of  floating 
upweller  systems  and  mesh  sizes  of  6  mm  or  greater  in  grow-out 
containers. 

•  Decreasing  stock  density. 

•  Selective  breeding  has  resulted  in  some  stocks  of  oysters  that 
demonstrate  enhanced  tolerance  to  JOD. 

THE  AGENT 

No  set  of  criteria  can  provide  absolute  proof  of  causation  but 
that  guideline  can.  and  should,  be  used  to  weigh  evidence  (Sir 
Austin  Hill.  1965) 

In  the  late  ISOO's  Robert  Koch  recognized  the  need  for  defining 
a  causal  relationship  between  a  microbe  and  a  specific  disease.  His 
postulates  have  since  been  used  to  guide  the  collection  of  evidence 
to  determine  if  a  given  organism  is  the  cause  of  a  disease  with  the 
proof  lying  in  the  concordance  of  the  evidence.  Ideally,  one  should 
show  I )  the  parasite  occurs  in  every  case  of  the  disease  and  under 
circumstances  that  can  account  for  the  pathology  and  clinical 
course  of  the  disease;  2)  the  parasite  occurs  in  no  other  disease  as 
a  fortuitous  and  nonpathogenic  parasite;  and  3)  after  being  isolated 
from  the  body  and  repeatedly  grown  in  pure  culture,  the  parasite 
can  again  induce  the  disease  and  be  reisolated.  These  postulates 
illustrate  the  underlying  principles: 
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•  Demonstration  of  a  specific  association  v\  ith  disease  serves  to 
rule  out  a  commensal  relationship. 

•  Isolation  in  pure  culture  on  laboratory  medium  proves  the  ex- 
istence of  an  independent  living  organism  and  provides  a  pure 
inoculum. 

•  The  ability  to  reproduce  disease  by  exposure  to  the  pure  culture 
of  the  microorganism  demonstrates  pathogenicity. 

•  The  ability  to  re-isolate  the  microorganism  in  cullure  from  an 
experimentally  infected  host  strengthens  the  case  and  demon- 
strates replication  within  the  animal. 

•  The  microbiological  evidence  should  also  be  in  agreement  with 
the  pathological  and  circumstantial  data. 

Based  on  these  postulates  and  additional  supporting  evidence, 
Roseorahus  crassostreae.  has  been  established  as  the  etiological 
agent  of  JOD.  This  novel  species  is  a  gram-negative  bacterium 
within  the  Roscobacwr  clade  of  the  marine  Alphaproteobacteria. 
and  IS  the  numerically  dominant  bacterium  isolated  from  JOD- 
affected  oysters.  Their  relative  abundance  was  confirmed  using  a 
culture-independent  approach  (i.e.  sequence  analysis  of  16S  rDNA 
libraries  from  affected  oysters).  The  association  is  consistent  re- 
gardless of  time,  location  or  size  of  the  animals.  Thus,  R.  cnissos- 
tretic  is  the  only  organism  that  completely  satisfies  Koch's  first 
postulate.  In  agreement  with  Koch's  second  postulate,  R.  cra.ssiKS- 
treae  is  not  found  associated  with  any  other  oyster  disease  and  is 
not  found  in  healthy  individuals.  (Interestingly,  a  close  relative  has 
been  implicated  in  black-band  disease  of  corals,  but  the  bacterium 
has  not  been  isolated  in  culture).  Both  mortalities  and  JOD-like 
conchiolin  have  been  induced  in  healthy  oysters  under  laboratory 
conditions  when  challenged  by  injection  with  R.  crassostreae,  and 
the  bacteria  were  re-isolated  from  affected  individuals.  R.  crassos- 
treae has  also  been  detected  in  oysters  coincident  with  the  earliest 
microscopic  lesions  and  at  least  one  week  prior  to  the  appearance 
of  gross  JOD-signs.  The  bacteria  appear  to  use  polar  fimbriae  to 
preferentially  colonize  the  inner  shell  surface,  including  the  con- 
chiohii  deposits.  Consistent  with  previous  histological  studies,  R. 
crassostreae  do  not  appear  to  invade  the  oyster  soft  tissues. 

The  disease  can  be  spread  directly  among  animals,  but  factors 
influencing  its  emergence  are  not  well  understood.  Minor  genetic 
variations  in  the  I6S-23S  rDNA  internal  transcribed  spacer  (ITS) 
region  sequences  of  R.  crassostreae  strains  have  been  identified 
and  used  for  epizootiological  applications.  The  data  indicate  that 
widespread  dispersal  of  genotypes  occurs  more  quickly  than  the 
time  required  for  even  slight  divergence  in  the  ITS.  Some  data  also 
suggests  that  most  new  cases  of  JOD  arise  from  indigenous  R. 
crassostreae  and  that  prolonged  use  of  shellfish  culture  sites  may 
contribute  to  their  enrichment  in  those  sites.  Some  R.  crassostreae 
introductions  may  have  resulted  from  direct  transfer  of  adults  or 
seed  oysters. 

It  is  still  possible  that  other  bacteria  and/or  protisls  may  play  a 
role  in  predisposing  oysters  to  JOD  or  in  the  disease  process  itself. 
For  example.  JOD  frequently  occurs  soon  after  exposure  of  the 
seed  to  a  phytoplankton  or  zooplankton  bloom,  which  in  turn  may 
be  followed  by  a  bloom  of  Vibrio  spp.  Whereas  no  particular 
Viljrio  species  has  ever  been  associated  with  JOD,  increases  in 
total  Vi/jrio  levels  in  the  environment  (and  in  the  oysters  them- 
selves) have  been  associated  with  at  least  some  JOD  outbreaks. 


Elevated  Vibrio  levels,  which  appear  before  JOD  symptoms  and 
persist  as  the  disease  develops,  may  also  contribute  to  mortality.  In 
a  recent  molecular  study  into  a  possible  protistan  involvement  in 
JOD  (using  cloned  I8S  ribosomal  RNA  sequences),  a  ciliate.  Me- 
saiiopliriis  magna,  was  identified  in  a  population  of  JOD-affected 
animals.  Subsequent  PCR-based  screening  of  those  same  oysters 
with  primers  specific  for  M.  magna  and  R.  crassostreae  showed 
highly  significant  correlations  with  the  presence  of  these  two  mi- 
crobes in  diseased  tissues. 

CONCLUSIONS 

After  reviewing  the  history  and  findings  presented  during  this 
workshop  the  invited  external  panel  and  members  of  the  workshop 
recognize  that  significant  advances  in  understanding  the  etiology 
of  JOD  have  occurred.  Nevertheless,  they  emphasize  that  many 
questions  remain  unanswered.  They  were  asked  to  1 )  identify  sa- 
lient gaps  in  our  understanding  of  this  disease  and  its  process  that 
will  improve  the  management  and  control  of  JOD  and  2)  make 
recommendations  as  to  the  strategic  research  needs.  The  recom- 
mendations they  put  forth  are  as  follows: 

•  Characterization  of  the  environmental,  physical  and  biological 
conditions  that  drive  the  disease  process  (e.g.,  salinity,  tempera- 
ture, and  the  potential  involvement  of  algal  blooms)  will  provide 
information  for  early  warning  and  devising  better  management 
strategies. 

•  Development  of  additional  (e.g..  quantitative)  diagnostics  for 
early  detection  and  surveillance  of  potential  areas  which  may  be 
at  risk  are  needed  to  limit  the  spread  of  the  disease. 

•  Elucidation  of  the  pathogenesis  of  JOD  is  needed  and  includes 
determining  the  conditions  that  facilitate  colonization  of  hosts 
by  R.  crassostreae.  the  minimum  infectious  dose,  the  identifi- 
cation and  regulation  of  virulence  factors,  and  a  more  thorough 
examination  of  the  host  responses  to  the  infection. 

•  Identification  of  factors  associated  with  oyster  development  and 
their  role  in  susceptibility  to  JOD  may  provide  insight  into  the 
restricted  period  during  which  the  animals  are  susceptible. 

•  Understanding  defense  mechanisms  (host  response)  of  infected 
oysters  is  needed  for  insight  into  the  biological  basis  of  resis- 
tance. 

•  The  ecology  of  R.  crassostreae  needs  to  be  further  investigated 
(e.g..  factors  influencing  its  distribution  and  abundance,  reser- 
voirs, and  possible  intermediate  hosts). 

•  Further  evaluation  is  needed  of  Slappia  stellidata  as  a  potential 
bacterial  probiotic  to  prevent  R.  crassostreae  colonization  of 
oyster  seed  and  subsequent  mortalities. 

•  Future  efforts  directed  at  development  of  additional  disease- 
resistant  strains  using  information  from  research  as  well  as  sur- 
vivor breeding  will  provide  excellent  management  methods  for 
this  disease. 
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P.  A.  Barnes.  W.  Friesen  and  S.  Switzer 

PARTICULATE  MATTER  PRODUCTION  ASSOCIATED  WITH  DEEP-WATER  SUSPENDED  PACIFIC 
OYSTER  {CRASSOSTREA  GIGAS)  FARMS  IN  BRITISH  COLUMBIA 
P.  A.  Barnes.  S.  Switzer  and  B.  Burd 

INVERTEBRATE  BIODIVERSITY  ASSOCIATED  WITH  DEEP-WATER  PACIFIC  OYSTER  {CRASSOSTREA 
GIGAS)  FARMS  IN  BRITISH  COLUMBIA.  CANADA 
Aaron  T.  Bennett.  Bruce  A.  MacDonald  and  Fred  H.  Page 

HOW  EFFICIENT  IS  THE  BLUE  MUSSEL  {MYTILUS  EDULIS  L.)  AT  FILTERING  EXCESS  PARTICULATE 
MATERIAL  AT  AN  INTEGRATED  AQUACULTURE  SITE? 
S.  Anne  Boettger.  Charles  W.  Walker,  Michael  G.  Devin.  Stephen  A.  Watts.  Mickie  L.  Powell  and  Addison  L.  Lawrence 
APPLICATION  OF  PHOTOPERIOD  MANIPULATION  AND  NEW  EXTRUDED  DIETS  IN  SEA  URCHIN 
AQUACULTURE 
Michelle  Boudreaux  and  Dr.  Linda  Walters 

SPATIAL  COMPETITION  BETWEEN  OYSTERS  AND  BARNACLES  IN  A  FLORIDA  ESTUARY 
Joshua  V.  Bouma.  C.  Jackels,  K.  M.  Straus,  B.  Vadopalas,  C.  S.  Friedman  and  D.  P.  Rothaus 

JUVENILE  RECRUITMENT  DYNAMICS  OF  THE  PINTO  ABALONE  {HALIOTIS  KAMTSCHATKANA)  IN  THE 
SAN  JUAN  ISLAND  ARCHIPELGO.  WASHINGTON 
Andrew  R.  Brand  and  Katherine  A.  Ross 

FOULING  IN  SCALLOP  CULTIVATION:  SOME  ISLE  OF  MAN  EXPERIENCES 
E.  F.  Brownlee.  A.  R.  Place.  H.  Nonogaki.  J.  E.  Adolf.  S.  G.  Sellner  and  A.  G.  Sellner 

CRASSOSTREA  ARIAKENSIS  AND  C  VIRGINICA  RESPONSES  TO  ICHTHYOTOXIC  KARLODINIUM 
VENEFICUM 
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Robert  D.  Brumbaugh  and  A.  Thomas  Leggett  Jr. 

FILTRATION  CAPACITY  AS  A  WAY  TO  SCALE  RESTORATION  OBJECTIVES:  AN  EXAMPLE  FROM 

CHESAPEAKE  BAY 
Stephan  G.  Bullard,  Robert  B.  Whitlatch.  Richard  W.  Osman  and  Sandra  E.  Shumway 

IMPACTS  OF  THE  COLONIAL  ASCIDIAN  {DIDEMNUM  SP.  A)  ON  MUSSELS.  OYSTERS  AND  SCALLOPS 
Colleen  A.  Burge,  Carolyn  S.  Friedman,  Kimberly  S.  Reece,  Jessica  A.  Moss  and  Tristan  Renault 

A  MOLECULAR  COMPARISON  OF  OYSTER  HERPES  VIRUSES  FROM  ASIA.  EUROPE  AND  NORTH 

AMERICA 
Russell  Burke,  Romuald  Lipcius,  Mark  Luckenbach,  P.  G.  Ross,  Justine  Woodward  and  David  Schulte 

EASTERN  OYSTER  SETTLEMENT  AND  EARLY  SURVIVAL  ON  ALTERNATIVE  SUBSTRATES  ALONG 

INTERTIDAL  MARSH.  RIP  RAP  AND  MANMADE  OYSTER  REEF 
Lyubov  E.  Burlakova,  Alexander  Y.  Karatayev,  David  N.  Hollas  and  Leah  D.  Cartwright 

CHANNELED-TYPE  APPLESNAILS:  CURRENT  DISTRIBUTION.  DENSITIES  AND  POTENTIAL  THREAT  TO 

NATURAL  ECOSYSTEMS  AND  AGRICULTURE 
David  Bushek,  Andrea  Kornbluh,  Greg  Debrosse,  Haiyan  Wang  and  Ximing  Guo 

OYSTER  SEX  WARS:  EVIDENCE  FOR  A    GAMETE  SINK"  IF  CRASSOSTREA  VIRGINICA  AND 

CRASSOSTREA  ARIAKENSIS  SPAWN  SYNCHRONOUSLY 
Jennifer  Cahalan 

ESTIMATION  OF  RECREATIONAL  DUNGENESS  CRAB  HARVEST  IN  PUGET  SOUND.  WASHINGTON 

USING  A  TELEPHONE  SURVEY  OF  HARVESTERS 
Mark  D.  Camara,  Sanford  Evans  and  Chris  Langdon 

INBREEDING  EFFECTS  ON  GROWTH  AND  SURVIVAL  IN  A  NATURALIZED  POPULATION  OF  THE 

PACIFIC  OYSTER  (CRASSOSTREA  CICAS)  REVEALED  USING  MARKER  BASED  RELATEDNESS 

ESTIMATES 
Ryan  B.  Carnegie,  Nancy  A.  Stokes,  Corinne  Audemard,  Eugene  M.  Burreson,  Melanie  J.  Bishop,  Charles  H.  Peterson, 
Ami  E.  Wilbur.  Troy  D.  Alphin  and  Martin  H.  Posey 

POTENTIAL  IMPACT  OF  BONAMIA  SP.  ON  CRASSOSTREA  ARIAKENSIS  IN  CHESAPEAKE  BAY  AND 

NORTH  CAROLINA 
Claire  Carver  and  Andre  Mallet 

DEVELOPING  STRATEGIES  TO  REDUCE  THE  IMPACT  OF  THE  BORING  SPONGE  CLIONA  CELATA  ON 

CULTURED  EASTERN  OYSTERS  CRASSOSTREA  VIRGINICA 
Richard  K.  Childers,  Paul  W.  Reno  and  Robert  E.  Olson 

PREVALENCE  AND  GEOGRAPHIC  DISTRIBUTION  OF  A  DUNGENESS  CRAB  (CANCER  MAGISTER) 

MICROSPORIDIAN  PARASITE 
Marnita  M.  Chintala,  Eric  J.  Weissberger,  David  W.  Grunden,  Elizabeth  Hinchey.  William  G.  Nelson,  Russell  Ahlgren 
and  Michael  Charpentier 

HABITAT  ATTRIBUTES  ASSOCIATED  WITH  BAY  SCALLOPS  IN  AN  AREA  WITH  ACTIVE  RESTORATION 
Eu-Lin  E.  Chu,  Eric  D.  Lund  and  Jennifer  A.  Littell 

EFFECTS  OF  TRICLOSAN  ON  THE  OYSTER  PARASITE.  PERKINSUS  MARINUS  AND  ITS  HOST.  THE 

EASTERN  OYSTER.  CRASSOSTREA  VIRGINICA:  A  COMPARISION  AT  DIFFERENT  TEMPERATURES 
L.  D.  Coen,  K.  E.  Schulte,  G.  M.  Yianopoulos,  R.  F.  Van  Dolah,  W.  D.  Anderson,  M.  A.  Finkbeiner  and  W.  R.  Stevenson 

SOUTH  CAROLINA'S  COMPREHENSIVE  INTERTIDAL  OYSTER  ASSESSMENT  USING  HIGH  RESOLUTION 

IMAGERY  FOR  MANAGEMENT  AND  RESTORATION 
Loren  D.  Coen,  Rob  Brumbaugh  and  Nancy  H.  Hadley 

APPROACHES  TO  SMALL-SCALE  OYSTER  RESTORATION:  SITE  CRITERIA  AS  A  MEANS  OF 

DETERMINING  OPTIMAL  METHODS  FOR  PUBLIC  INVOLVEMENT 
Jackie  L.  Collier,  Hua  Qian,  Qianqian  Liu  and  Bassem  Allam 

MOLECULAR  GENETIC  VARIATION  AMONG  QPX  ISOLATES 
Sara  L.  Colosimo,  Martin  H.  Posey  and  Troy  D.  Alphin 

PERKINSUS  MARINUS  INFECTION  IN  OYSTERS  FROM  SOUTHEASTERN  NORTH  CAROLINA  TIDAL 

CREEKS  WITH  VARYING  WATER  QUALITY 
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Charles  Cunningham.  Jiinichi  Hikima.  Robert  Chapman.  Matthew  J.  Jenny,  Jeff  Tomkins  and  Greg  W.  Warr 

CHARACTERIZATION  OF  BAC  LIBRARIES  FROM  THE  OYSTERS  CRASSOSTKEA  VIRGINICA  AND  C 

GIGAS 
Charlie  Cunningham.  Malt  Jenny.  Robert  Chapman.  Gregory  Warr.  Jonas  Almeida.  Ann  Chen,  Dave  Mckillen  and 
Hal  Trent 

DESIGN  AND  CHARACTERIZATION  OF  A  MULTI-SPECIES  OYSTER  CDNA  MICROARRAY 
Jason  Curole 

EXPRESSION  ANALYSIS  OF  CANDIDATE  LOCI  FOR  GROWTH  HETEROSIS  IN  THE  PACIFIC  OYSTER 
Louis  R.  D'Abramo.  Jessica  Montana-Vargas,  Armando  Shimada,  Carlos-Vasquez-Pelaez  and  Maria  Teresa  Viana 

BIOENERGETICS  OF  JUVENILE  PINK  ABALONE  FED  FORMULATED  DIETS  CONTAINING  DIFFERENT 

LEVELS  OF  PROTEIN  AND  STARCH:  LIPID  RATIOS 
Trine  Dale,  Sten  I  Siikavuopio,  Anders  Aksnes,  Britt  Hoppe  and  Mats  Carlehog 

THE  RELATIONSHIP  BETWEEN  PRODUCT  QUALITY  AND  BIOCHEMICAL  COMPOSISTION  IN  SEA 

URCHIN  GONADS,  WITH  EMPHASIS  ON  TASTE  AND  TEXTURE 
Jonathan  P.  Davis 

GEODUCK  AQUACULTURE  IN  NORTH  AMERICA 
Lewis  E.  Deaton 

DIGESTIVE  ENZYME  ACTIVITY  IN  BIVALVE  TISSUES 
Lionel  Degremont,  Standish  K.  Allen  Jr,  E.  M.  Burreson  and  Gregory  Debrosse 

SURVIVAL  AND  GROWTH  OF  CRASSOSTREA  VIRGINICA  LINES  IN  CHESAPEAKE  AND  DELAWARE 

BAYS 
Donatella  Del  Piero 

THE  OTHER  SIDE  OF  RESTORATION 
Michael  Devin 

LAND-BASED  SEA  URCHTN  CULTURE  SYSTEM 
Bill  Dewey 

SHELLFISH  CROP  AND  CULTURE  GEAR  FOULING  IN  THE  PACIFIC  NORTHWEST 
Michael  H.  Doall.  Dianna  K.  Padilla.  Carl  Lobue  and  Laurie  Perino 

RESTORING  MERCENARIA  ON  LONG  ISLAND:  CONDITION  AND  SPAWNING  OF  TRANSPLANTED  HARD 

CLAMS  IN  SANCTUARIES  IN  LONG  ISLAND,  NEW  YORK 
Peter  Downey 

GEODUCK  FARMING  101— THE  TRIALS  AND  TRIBULATIONS  OF  STARTING  A  NEW  FARM 
Andre  Drapeau,  Luc  Comeaii  and  Jeff  Davidson 

HUSBANDRY  PRACTICES  AND  ASSOCIATIONS  WITH  PRODUCTIVITY  IN  PRINCE  EDWARD  ISLAND 

MUSSEL  FARMS 
Brett  R.  Dumbauld,  Jennifer  Ruesink  and  Miranda  Wecker 

OYSTER  AQUACULTURE  IN  A  PACIFIC  NORTHWEST  (USA)  ESTUARY:  A  PLEA  FOR  TAKING  A 

LANDSCAPE-ECOSYSTEM  PERSPECTIVE 
Christopher  F.  Dungan,  Rosalee  M.  Hamilton,  Kimberly  S.  Reece,  Jessica  A.  Moss  and  Ben  K.  Diggles 

PERKINSVS  OLSENI  IN  VITRO  ISOLATES  FROM  NEW  ZEALAND  CLAMS  (AUSTROVENUS  STUTCHBURYI) 
Sarah  Dzinbal,  Celia  Barton  and  Jeffrey  Schreck 

WASHINGTON  STATE  GEODUCK  AQUACULTURE  PROGRAM 
Sarah  Dzinbal  and  Todd  Palzer 

WASHINGTON  STATE  GEODUCK  FISHERY  MANAGEMENT 
Dana  M.  Frank,  J.  Evan  Ward,  Sandra  E.  Shumway  and  Lewis  Deaton 

COMPARATIVE  EFFECTS  OF  NEUROTRANSMITTERS  AND  CALCIUM  BLOCKERS  ON  ISOLATED  GILLS 

AND  WHOLE  ANIMALS  OF  THE  MUSSEL.  MYTILUS  EDULIS 
Carolyn  S.  Friedman,  B.  B.  Scott,  R.  E.  Strenge,  N.  A.  Wight,  Thomas  B.  McCormick  and  George  Trevelyan 

OPTIMIZATION  OF  OXYTETRACYCLINE  TREATMENT  IN  TWO  ABALONE  SPECIES.  HALIOTIS 

SORENSENI  AND  H.  RUFESCENS 
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Patrick  Gaffney.  Hyiingtaek  Jung,  Woo-jin  Kim,  Robin  Varney  and  Coren  Milbury 

DEVELOPMENT  AND  APPLICATION  OF  TYPE  I  MARKERS  FOR  LINKAGE  MAPPING  AND  POPULATION 

GENETICS  IN  CRASSOSTREA  SPECIES 
David  J.  Garbary  and  A.  G.  Miller 

GREEN  CRABS  (CARCINUS  MAENAS)  AS  THE  GRIM  REAPER:  DESTRUCTION  OF  EELGRASS  BEDS  IN 

NOVA  SCOTIA 
R.  J.  Gast,  D.  M.  Moran,  K.  R.  Vhlinger.  D.  R.  Leavitt  and  R.  Smolowitz 

DETECTION  AND  DISTRIBUTION  OF  QUAHOG  PARASITE  UNKNOWN  IN  THE  COASTAL  MARINE 

ENVIRONMENT 
Catherine  M.  Gatenby,  Matthew  A.  Patterson,  Julie  L.  Devers  and  Danielle  A.  Kreeger 

CONDITION  OF  FRESHWATER  MUSSELS  HELD  IN  REFUGIA  AT  THE  WHITE  SULPHUR  SPRINGS 

NATIONAL  FISH  HATCHERY.  WEST  VIRGINIA 
Julie  D.  Gauthier,  Chris  R.  Miller  and  Ami  E.  Wilbur 

TAQMAN©  MGB  REAL-TIME  PCR  APPROACH  TO  QUANTIFICATION  OF  PERKINSUS  MARINUS  AND 

PERKINSUS  SPP.  IN  OYSTERS 
Sophie  B.  George 

INGESTION  RATES  AND  LARVAL  DEVELOPMENT  OF  ECHINODERMS  ON  NATURAL  AND  ARTIFICIAL 

PARTICLES 
Jason  S.  Goldstein,  Mark  J.  Butler  IV  and  Hirokazu  Matsuda 

INVESTIGATIONS  INTO  SOME  EARLY-LIFE  HISTORY  STRATEGIES  FOR  CARIBBEAN  SPINY  LOBSTER 

AND  IMPLICATIONS  FOR  PAN-CARIB  CONNECTIVITY 
Eric  Edsinger  Gonzales  and  Daniel  Rokhsar 

GENOMICS  ON  THE  HALF-SHELL 
Thaddeus  K.  Graczyk,  Autumn  S.  Girouard,  Leena  Taniang,  Sharon  P.  Nappier  and  Kellogg  J.  Schwab 

RECOVERY.  BIOACCUMULATION  AND  INACTIVATION  OF  HUMAN  WATERBORNE  PATHOGENS  BY 

CR.ASSOSTREA  ARIARENSIS. 
Jennifer  Greene  and  Ray  Grizzle 

AQUACULTURE  CAGE  BIOFOULING  IN  THE  GULF  OF  MAINE:  HOW  DOES  THE  BLUE  MUSSEL 

{MYTILUS  EDULIS)  OLT-MUSCLE  OTHER  SPECIES  ' 
Paul  Gribben,  Tim  Charlton,  Lachlan  Yee,  Rocky  De  Nys  and  Peter  Steinberg 

DEVELOPMENT  OF  NOVEL  TECHNOLOGIES  TO  COMBAT  FOULING  IN  AQUACULTURE 
R.  E.  Grizzle,  J.  K.  Greene,  L.  D.  Coen  and  N.  Had  ley 

IN  SITU  MEASUREMENTS  OF  SESTON  UPTAKE  BY  CONSTRUCTED/RESTORED  OYSTER  REEFS  IN 

SOUTH  CAROLINA 
Edwin  Grosholz  and  David  Kimbro 

IMPACTS  OF  INVASIVE  SPECIES  ON  NATIVE  OYSTER  RESTORATION  IN  CENTRAL  CALIFORNIA 
Ximing  Guo,  Yongping  Wang,  Ziniu  Yu,  Tingling  Wang  and  Jeong-ho  Lee 

GENOME  MAPPING  IN  THE  EASTERN  OYSTER  (CRASSOSTREA  VIRGINICA  GMELIN) 
Ximing  Guo,  Guofan  Zhang,  Lumin  Qian,  Haiyan  Wang,  Xiao  Liu  and  Aimin  Wang 

OYSTERS  AND  OYSTER  FARMING  IN  CHINA:  A  REVIEW 
Javier  Gomez-Leon,  Rachel  Hadley,  Luisa  Villaniil  and  Marta  Gdmez-Chiarri 

TESTING  DISEASE  RESISTANCE  IN  OYSTERS:  EXPERIMENTAL  INFECTIONS  WITH  BACTERIAL 

PATHOGENS  IN  CRASSOSTREA  VIRGINICA  LARVAE  AND  SPAT 
H.  Hammer,  S.  Watts,  A.  Lawrence  and  J.  Lawrence 

EFFECT  OF  DIETARY  PROTEIN  ON  CONSUMPTION.  GROWTH  AND  PRODUCTION  OF  THE  SEA  URCHIN 

LYTECHINUS  VARIEGATUS 
Wendell  R.  Haag  and  Melvin  L.  Warren  Jr. 

DEMOGRAPHIC  CHARACTERISTICS  OF  STABLE  FRESHWATER  MUSSEL  POPULATIONS  IN  THE 

SOUTHEASTERN  UNITED  STATES 
Juliana  M.  Harding  and  Roger  Mann 

AGE  AND  GROWTH  OF  WILD  CRASSOSTREA  ARIAKENSIS  AND  C.  GIGAS  FROM  LAIZHOU  BAY,  CHINA 
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Juliana  M.  Harding  and  Roger  Mann 

TROPHIC  CONSEQUENCES  OF  A  LONG  LIVED  NON-NATIVE  PREDATOR  (RAP  AN  A  VENOSA)  ON 

ESTUARINE  COMMUNITY  DYNAMICS 
Matthew  P.  Hare 

GENETIC  TRACKING  OF  RESTORATION  OYSTERS  TO  GAUGE  SUCCESS— A  COST/BENEFIT  ANALYSIS 
Nicole  Harlan,  Kennedy  Paynter  and  Donald  Meritt 

METABOLIC  RATES  OF  CRASSOSTREA  ARIAKENSIS  AND  CRASSOSTREA  VIRGINICA  AT  TWO 

TEMPERATURES  AND  THREE  SALINITIES 
Leanne  Harris,  Fergus  Ryan,  Helen  iMmhkin  and  Nuala  O  'Byrne-ring 

DEVELOPMENT  OF  PCR  TECHNIQUES  FOR  THE  DETECTION  OF  VIBRIO  CARCHARIAE  AND  PERKINSUS 

OLSENI  IN  ABALONE  PARAFFIN  EMBEDDED  TISSUES 
Dennis  Hedgecock,  Philip  Grupe  and  Marie-luise  Voigt 

MAPPING  GENES  AFFECTING  SHELL  COLOR  AND  SHAPE  IN  THE  PACIFIC  OYSTER  CRASSOSTREA  GIGAS 
Helene  Hegaret,  Gary  H.  Wikfors,  Madeleine  Gon^alves  and  Sandra  E.  Shumway 

EFFECT  OF  IN  VITRO  INTERACTIONS  BETWEEN  MERCENARIA  MERCENARIA  HEMOCYTES  AND 

SEVERAL  SPECIES  OF  HARMFUL  ALGAE 
Kirstin  K.  Holsman,  P.  Sean  McDonald  and  David  A.  Armstrong 

AUTOGENIC  ECOSYSTEM  ENGINEERS  AND  THE  INFLUENCE  OF  HABITAT  COMPLEXITY  ON 

INTERTIDAL  MIGRATIONS  BY  A  TRANSIENT  PREDATOR 
Gcnff  Hosack,  Brett  Dumbauld  and  Ian  Fleming 

.lUVENILE  CHINOOK  SALMON  ONCORHYNCHUS  TSHAWYTSCHA  UTILIZATION  OF  LOW-INTERTIDAL 

EELGRASS  AND  OYSTER  AQUACULTURE  BEDS 
Jeanette  Howard,  Jayne  Brim  Box  and  David  Wolf 

STATUS.  TRENDS  AND  RESTORATION  PLANNING  FOR  FRESHWATER  MUSSELS  OF  THE  COLUMBIA 

BASIN/PACIFIC  SLOPE:  THE  CTUIR  MUSSEL  PROJECT 
Phil  James 

ENVIRONMENTAL  EFFECTS  ON  SEA  URCHIN  GONAD  DEVELOPMENT  -  A  PIECE  OF  THE  PUZZLE! 
Dustin  Kach  and  J.  Evan  Ward 

INGE.STION  OF  MARINE  AGGREGATES  BY  SUSPENSION-FEEDING  MOLLUSCS 
Do-Hyung  Kang,  Heung-Sik  Park,  Chris  A.  Richardson  and  Kwang-Sik  Choi 

MICROGROWTH  BANDING  PATTERNS  IN  THE  SHELL  OF  THE  COCKLE.  FULVIA  MUTICA  FROM  KOREA 
Jerry  V.  Kashiwada  and  Ian  K.  Taniguchi 

APPLICATION  OF  RECENT  RED  ABALONE  HALIOTIS  RUFESCENS  SURVEYS  TO  MANAGEMENT 

DECISIONS  OUTLINED  IN  THE  CALIFORNIA  ABALONE  RECOVERY  AND  MANAGEMENT  PLAN 
Alexander  Y.  Karataye  v,  Demetrio  Boltovskoy,  Dianna  K.  Padilla  and  Lyubov  E.  Burlakova 

COULD  LIMNOPERNA  FORTUNEI  BE  WORSE  THAN  DREISSENA  POLYMORPHA1  POTENTIAL  SPREAD 

AND  ECOSYSTEM  IMPACTS 
M.  Lisa  Kellogg,  Christopher  Mclntyre,  Kennedy  C.  Paynter  and  Kennedy  T.  Paynter 

ENHANCED  BLUE  CRAB  ABUNDANCE  ON  RESTORED  OYSTER  REEFS 
Peter  R.  Kingsley-Smith  and  M.  Luckenhach 

COMPARISONS  OF  POST-SETTLEMENT  SURVIVAL  AND  GROWTH  IN  CRASSOSTREA  VIRGINICA  AND  C. 

ARIAKENSIS  IN  RELATION  TO  TIDAL  EMERSION 
Danielle  A.  Kreeger 

MEASUREMENT  OF  SCOPE-FOR-GROWTH  IN  FRESHWATER  MUSSELS  AND  THE  RELEVANCE  FOR 

WATER  QUALITY.  ECOSYSTEM  FUNCTION  AND  BIOMONITORING 
Binglin  Li  and  J.  Evan  Ward 

TRANSPARENT  EXOPOLYMER  PARTICLES  (TEP)  FROM  SUSPENSION  FEEDERS  AND  THEIR  EFFECTS 

ON  PARTICLE  AGGREGATION 
Delphine  Uillias,  Nicolas  Fairs,  Pierre  Boudry,  Francois  Bonhomme  and  Sylvie  iMpegue 

VARIANCE  IN  REPRODUCTIVE  SUCCESS  OF  THE  FLAT  OYSTER  OSTREA  EDULIS  L.  ASSESSED  BY 

MICROSATELLITE-BASED  PARENTAGE  ANALYSES 
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Paul  Lang.  Christopher  J.  Langdoii  and  Mark  D.  Camara 

TRANSCRIPTOME  ANALYSIS  OF  PACIFIC  OYSTER  CRASSOSTREA  GIGAS  FAMILIES  EXPOSED  TO  HEAT 

STRESS 
Chris  Langdon.  David  Close  and  Peggy  Bradley 

THE  POTENTIAL  ROLE  OF  FRESHWATER  MUSSELS  IN  REDUCING  GIARDIA  AND  OTHER  HUMAN 

PATHOGENS  IN  WATERSHEDS  OF  THE  PACIFIC  NORTHWEST 
A.  L.  Lawrence,  S.  A.  Watts,  M.  L.  Powell  and  J.  M.  Lawrence 

A  LEAST  COST  FORMULATED  FEED  FOR  GONAD  PRODUCTION  OF  THE  SEA  URCHIN  LYTECHINUS 

VARIEGATUS 
Robert  Leaf,  Laura  Rogers-Bennett  and  Peter  L.  Haaker 

SIZE-SPECIFIC  SURVIVAL  AND  FISHING  MORTALITY  ESTIMATES  FOR  RED  ABALONE.  HAL/OTIS 

RUEESCENS.  USING  MARK-RECAPTURE  DATA 
Neil  LeBlanc,  Jeffery  Davidson,  Mary  McNiven,  Thomas  Landry  and  Rejean  Tremhlay 

THE  EFFECTS  OF  ANTI-FOULING  TREATMENTS  FOR  STYELA  CLAVA  ON  LONG-LINE  CULTURED 

MYTILUS  EDULIS  IN  PRINCE  EDWARD  ISLAND.  CANADA 
Jay  R.  Leverone,  Stephen  P.  Geiger,  William  S.  Arnold  and  Jaime  M.  Greenawalt 

RESPONSE  OF  BAY  SCALLOP  POPULATIONS  TO  LARVAL  RELEASES  AND  AN  UPDATE  ON  CURRENT 

RESTORATION  ACTIVITIES  IN  PINE  ISLAND  SOUND.  FL 
Zhouer  Lin,  Jose  A.  F.  Robledo,  Gwendolyn  Mullen  and  Gerardo  R.  Vasta 

CHARACTERIZATION  OF  NRAMP  IN  PERKINSLfS  MARINUS  AND  CRASSOSTREA  VIRGINICA 
Douglas  Lipton,  Tom  Murray  and  James  Kirkley 

ECONOMIC  CONSIDERATIONS  REGARDING  THE  RESTORATION  OF  CHESAPEAKE  BAY  OYSTER 

POPULATIONS  USING  NATIVE  OR  NON-NATIVE  SPECIES 
Eric  D.  Lund,  Fu-Lin  E.  Chu  and  Ellen  Harvey 

DOES  PERKINSUS  MARINUS  SECRETE  EICOSANOIDS? 
Ingrid  Lupatsch,  Esther  Golombek  and  Muki  Shpigel 

ENERGY  AND  PROTEIN  REQUIREMENTS  FOR  MAINTENANCE  AND  GROWTH  IN  THE  SEA  URCHIN 

(PARACENTROTUS  LIVIDUS) 
M.  Maille  Lyons,  Steven  Roberts,  Chris  Dungan,  Roxanna  Smolowitz  and  J.  Evan  Ward 

QUANTIFICATION  OF  QUAHOG  PARASITE  UNKNOWN  (QPX)  IN  ENVIRONMENTAL  SAMPLES 
Roger  Mann,  Juliana  M.  Harding  and  Melissa  Southworth 

YOU  CANNOT  GET  THERE  FROM  HERE.  CAN  YOU?  AN  EXAMINATION  OF  THE  TIME  COURSE  AND 

IMPACT  OF  OYSTER  RESTORATION  IN  CHESAPEAKE  BAY 
Vanessa  Maxwell  and  John  Supan 

FOULING  CONTROL  FOR  OFF-BOTTOM  OYSTER  CULTURE  USING  THE  ADJUSTABLE  LONGLINE 

SYSTEM 
Carol  B.  McCollough,  Christopher  F.  Dungan  and  George  R.  Abbe 

DERMO  DISEASE  IN  STANDARD  AND  DISEASE-TOLERANT  STRAINS  OF  THE  OYSTER  {CRASSOSTREA 

VIRGINICA )  IN  THE  PATUXENT  RIVER.  MD 
Thomas  B.  McCormick 

RESEARCH  PROGRESS  ON  WHITE  ABALONE  {HALIOTIS  SORENSENI) 
P.  Sean  McDonald,  Kirstin  K.  Holsman,  David  A.  Beauchamp,  Brett  R.  Dumbauld  and  David  A.  Armstrong 

USE  OF  A  BIOENERGETICS  MODEL  TO  INVESTIGATE  THE  HABITAT  USE  AND  BEHAVIOR  OF  A 

NONINDIGENOUS  CRAB.  CARCINUS  MAENAS 
Richard  I.  McLean  and  George  R.  Abbe 

COMPARISON  OF  CRASSOSTREA  ARIAKENSIS  AND  C.  VIRGINICA  IN  THE  DISCHARGE  AREA  OF  A 

NUCLEAR  POWER  PLANT  IN  CENTRAL  CHESAPEAKE  BAY 
Eli  Meyer,  Dennis  Hedgecock  and  Donal  T.  Manahan 

GENOMIC  ANALYSIS  OF  GROWTH  IN  LARVAE  OF  CRASSOSTREA  GIGAS 
Lisa  M.  Milke,  V.  Monica  Bricelj  and  Neil  W.  Ross 

DIGESTIVE  ENZYME  ACTIVITY  OVER  ONTOGENY  IN  BAY  SCALLOPS.  ARGOPECTEN  IRRADIANS.  AND 

SEA  SCALLOPS.  PLACOPECTEN  MAGELLANICUS 
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Karen  E.  Mock,  Jer  Pin  Chong.  Jayne  Brim-Box  and  Jeanetle  Howard 

MULTIPLE  A.XES  OF  VARIATION  IN  NATURAL  POPULATIONS:  A  COLLISION  OF  MORPHOLOGY, 

GENETICS.  AND  TAXONOMY 
James  D.  Moore.  Christy  I.  Juhasz  and  Tliea  T.  Bobbins 

SABELLID  POLYCHAETE  INFESTATIONS  OF  FARMED  CALIFORNIA  ABALONE 
Vidar  Mortensen 

SEANEST— A  COMMERCIAL  SYSTEM  FOR  LARGE  SCALE  CULTURE  OF  BENTHIC  SPECIES 
Jessica  A.  Moss  and  Kimberly  S.  Beece 

OBSERVATIONS  OF  ASIAN  PERK/NSUS  SPECIES  AND  PERKINSUS  MARINUS  IN  THE  SUMINOE  OYSTER. 

CRASSOSTREA  ARIAKENSIS 
Maria  Murray  and  Matthew  P.  Hare 

GENOMIC  EVIDENCE  FOR  DIVERGENT  SELECTION  IN  EASTERN  OYSTER  POPULATIONS  ACROSS  AN  ECOTONE 
Melissa  Neuman,  John  Butler.  Brian  Tissot  and  Daniel  Goodman 

STATUS  AND  TRENDS  OF  BLACK  ABALONE  {HALIOTIS  CRACHERODII):  A  PRELIMINARY  APPROACH 

TO  MODELING  POPULATION  VIABILITY 
R.  I.  E.  Newell 

THE  INFLUENCE  OF  EASTERN  OYSTERS  ON  ECOLOGICAL  PROCESSES  IN  CHESAPEAKE  BAY: 

INSIGHTS  FROM  RECENT  MODELING  STUDIES 
Roger  I.  E.  Newell.  Victor  S.  Kennedy  and  Kristi  S.  Shaw 

CHANGES  IN  SHELL  STRENGTH  OF  CRASSOSTREA  VIRGINICA  AND  CRASSOSTREA  ARIAKENSIS  IN 

RESPONSE  TO  CRAB  PREDATORS  FROM  CHESAPEAKE  BAY 
Teresa  J.  Newton.  Michelle  R.  Bartsch,  Jennie  S.  Sauer.  Jeff  J.  Steuer  and  Steve  J.  Zigler 

DEVELOPMENT  OF  LANDSCAPE  MODELS  FOR  PROTECTION  AND  RESTORATION  OF  FRESHWATER 

MUSSELS  IN  LARGE  RIVERS 
S.  J.  Nichols 

UNIONID  FEEDING  STRATEGIES 
Douglas  A.  Pace.  Adam  G.  Marsh.  Patrick  Leong.  Allison  Green.  Dennis  Hedgecock  and  Donal  T.  Manahan 

PHYSIOLOGICAL  BASES  OF  GENETICALLY  DETERMINED  VARIATION  IN  GROWTH  OF  BIVALVE 

LARVAE  (CRASSOSTREA  GIGAS) 
Dianna  K.  Padilla  and  Terrie  Klinger 

INVASION  OF  CRASSOSTREA  GIGAS  IN  MARINE  RESERVES:  LOCAL  REPRODUCTION  OR  DISPERSAL 

FROM  ELSEWHERE? 
Melanie  L.  Parker  and  William  S.  Arnold 

ESTABLISHING  BASELINES  FOR  RECOVERY  OF  OYSTER  {CRASSOSTREA  VIRGINICA)  POPULATIONS  IN 

SOUTHEAST  FLORIDA 
Susan  E.  Pate,  JoAnn  M.  Burkholder  and  Sandra  E.  Shumway 

IMPACTS  OF  THE  TOXIC  DINOFLAGELLATE  ALEXANDRIUM  MONILATUM  ON  THREE  ECOLOGICALLY 

IMPORTANT  SHELLFISH  SPECIES 
Kennedy  Paynter.  Donald  Meritt,  Stan  Allen.  Jake  Goodwin  and  Marcy  Chen 

TRIPLOID  CRASSOSTREA  ARIAKENSIS  AND  CRASSOSTREA  VIRGINICA  GROWN  AT  FOUR  SITES  IN 

CHESAPEAKE  BAY 
Sara  Persselin 

ENRICHED  ARTEMIA  NAUPLII  AS  DIET  FOR  RED  (PARALITHODES  CAMTSCHATICUS)  AND  BLUE  (P. 

PLATYPUS)  KING  CRAB  LARVAE  IN  THE  LABORATORY 
Louis  Plough 

TEMPORAL  EXPRESSION  OF  GENETIC  LOAD  IN  TWO  FAMILIES  OF  THE  PACIFIC  OYSTER 

CRASSOSTREA  GIGAS 
Martin  H.  Posey,  Troy  D.  Alphin.  Loren  Coen.  Keith  Wahers  and  Dara  Wilher 

MEASURING  SUCCESS  IN  OYSTER  REEF  RESTORATION:  APPLICATION  OF  STANDARDIZED 

MEASURES  AND  TESTS  OF  APPROACHES 
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Eric  N.  Powell,  John  M.  Kliitck,  Dennis  Hedgecock  and  Eileen  E.  Hofmann 

UNDERSTANDING  CRASSOSTREA  G/GAS  POPULATION  VARIABILITY  USING  A  GENETICS-BASED 

MODEL 
Mickie  L.  Powell  W.  T.  Jones,  V.  K.  Gihhs,  H.  S.  Hammer,  J.  M.  Lawrence  and  A.  L.  Lawrence 

COPPER  IS  AN  ESSENTIAL  NUTRIENT  AND  POTENTIAL  TOXICANT  IN  THE  DIET  OF  THE  SEA  URCHIN 

(LYTECHINUS  VARIEGATUS) 
Raymond  RaLonde 

VIBRIO  PARAHAEMOLYTICUS  IN  ALASKA:  AN  AGGRESSIVE  RESPONSE  TO  A  POTENTIAL  CRISIS 
Kimberly  S.  Reece,  Gail  P.  Scott.  Ryan  B.  Carnegie,  Lisa  Ragone  Calvo,  Eugene  M.  Bnrreson  and  Mark  D.  Camara 

MOLECULAR  MARKERS  FOR  POPULATION  STUDIES.  SELECTIVE  BREEDING  AND  PARENTAGE 

ASSIGNMENTS  IN  THE  HARD  CLAM  (MERCENARIA  MERCENARIA) 
Kimberly  S.  Reece,  Jens  Carlsson,  Jan  E.  Cordes,  Ryan  B.  Carnegie  and  Mark  D.  Camara 

GENETIC  CONSIDERATIONS  IN  BROODSTOCK  SELECTION  FOR  OYSTER  REEF  RESTORATION 
Antonio  Remacha-Tririi'io,  Dodi  Borsay-Horowilz.  Christopher  Dungan,  Ximo  Giial-Arnau,  Javier  Gomez-Leon  and 
Maria  Goniez-Chiarri 

QUANTIFICATION  OF  PERKINSUS  MARINUS  IN  THE  EASTERN  OYSTER  CRASSOSTREA  VIRGINICA  USING 

MODERN  STEREOLOGICAL  TECHNIQUES 
T.  Renault 

HERPES  VIRUSES  INFECTING  BIVALVES:  A  REVIEW 
T.  Renault,  N.  Faiiry,  V.  Barbosa-Solomieu,  K.  Moreaii,  C.  Brunetiere,  D.  Saidnier  and  J.-F.  Pepin 

OYSTER  HERPES  VIRUS  1  (OSHV-li  INDUCED  GENES  IN  THE  PACIFIC  OYSTER  [CRASSOSTREA  GIGAS) 
Robert  B.  Rheault 

ECOLOGICAL  SERVICES  RENDERED  BY  CULTURED  EASTERN  OYSTERS 
Gillian  Richard  and  Charles  Brockhouse 

GENETIC  STRUCTURE  OF  OYSTER  REEFS  ALONG  THE  ALABAMA  GULF  COAST 
John  Richardson,  Carter  Newell,  Dror  Angel,  Tessa  Getchis,  Andy  Siihrbier,  Jonathan  Davis  and  Daniel  Cheney 

CFD  ANALYSIS  OF  SHELLFISH  AQUACULTURE  GEAR  USED  IN  INTER-TIDAL  AND  SUB-TIDAL 

LOCATIONS 
Amy  H.  Ringwood,  Charles  J.  Keppler.  Jennifer  Hoguet  and  Michel  Gielazyn 

LINKAGES  BETWEEN  CELLULAR  BIOMARKER  RESPONSES  AND  REPRODUCTIVE  SUCCESS 
Thea  T.  Robbins,  Eric  Rosenblum,  Ronald  Tjeerdema.  James  D.  Moore  and  Carolyn  S.  Friedman 

OXYTETRACYCLINE  TREATMENT  OF  WITHERING  SYNDROME  IN  RED  ABALONE  {HALIOTIS  RUFESCENS) 
Steven  Roberts 

OVERVIEW  AND  APPLICATION  OF  BAY  SCALLOP  GENOMIC  RESOURCES 
Steven  Roberts,  Roxanna  Smolowitz  and  Christina  Romano 

CHARACTERIZATION  OF  DIFFERENTIALLY  EXPRESSED  GENES  FROM  QPX:  INSIGHT  INTO  POSSIBLE 

VIRULENCE  MECHANISMS 
Laura  F.  Rodriguez 

RECRUITMENT  AND  SUCCESSION  VARIABILITY  IN  OYSTER  FOULING  COMMUNITIES  IN  BAHIA  SAN 

QUINTIN.  BAJA  CALIFORNIA.  MEXICO 
Laura  K.  Rogers,  Richard  F.  Dondanvitle,  L.  Ignacio  Vilchis,  Mia  J.  Tegner,  Beverly  Braid,  James  D.  Moore  and 
Paul  K.  Dayton 

OCEAN  TEMPERATURE.  FOOD  ABUNDANCE  AND  DISEASE:  CONTRIBUTORS  TO  REPRODUCTIVE 

FAILURE  IN  RED  ABALONE 
P.  G.  Ross,  M.  W.  Luckenbach,  A.  J.  Birch  and  L.  D.  Coen 

OYSTER  RESTORATION  IN  AN  URBAN  LANDSCAPE:  CHARACTERIZATION  OF  A  BASIN-WIDE  OYSTER 

POPULATION  IN  THE  LYNNHAVEN  RIVER,  VIRGINIA 
Michael  P.  Russell 

THE  EFFECT  OF  CONDITIONING  HATCHERY-REARED  GREEN  SEA  URCHINS  TO  LOW  SALINITY  ON 

SURVIVAL  AND  GROWTH  IN  THE  FIELD 


National  Shcllfishcries  Association.  Monterey.  California  Alistracts.  2006  Annual  Meeting.  March  26-30.  2006      697 


Yuichi  Sakai.  Yasuko  Koiida,  Sabiiroli  YaiiaifisaHa.  Hiroyiiki  Abe.  Tsutomu  Nishimura,  Mitsutake  Omoteya  and 
Makotu  Aziiini 

IMPROVED  CULTURE  TECHNIQUE  FOR  EDIBLE  SEA  URCHINS.  STRONGYLOCENTROTUS  INTERMEDIUS 

LARVA!-; 
Jean  l-ran^ois  Saniain.  Pierre  Boiidry.  Lionel  Iharemont.  Patrick  Soletclinik,  Michel  Roperl,  Edouard  Bedier, 
Joseph  Mazurie,  Jean  L.  Martin,  Jeanne  Moal,  Michel  Mathieu,  Stephane  Pouvreau,  Christophe  Lambert, 
Jean  M.  Escouhas,  Jean  L.  Mcolas.  Frederique  Le  Roux,  Tristan  Renault,  Thierry  Burgeot  and  Cedric  Bacher 

POSSIBLE  WAYS  TO  PREVENT  CRASSOSTREA  GIGAS  OYSTER  SUMMER  MORTALITY  IN  FRANCE 
Eric  J.  Schott,  Jose  A.  F.  Robledo,  Mohammad  R.  Alavi,  Keiko  Saito,  Satoshi  Tasumi.  Wolf  T.  Pecher  and 
Gerardo  R.  Vasta 

PERKINSUS  SPP.  AND  BONAMIA  SPP.  INFECTIONS  IN  CRASSOSTREA  ARIAKENSIS  MAINTAINED  IN  A 

FULLY  CONTAINED  AQUACULTURE  SETTING 
Steve  Schroeter,  John  Duffy  and  Peter  Halmay 

THE  CALIFORNIA  BAREFOOT  ECOLOGIST  PROGRAM:  A  COOPERATIVE  STOCK  ASSESSMENT  MODEL 

FOR  THE  CALIFORNIA  RED  SEA  URCHIN  FISHERY 
Gail  P.  Scott,  Mark  D.  Caniara.  Kelly  R.  Johnson,  Ryan  B.  Carnegie,  Standish  K.  Allen  Jr.  and  Kimberly  S.  Reece 

MOLECULAR  MARKERS  FOR  PARENTAGE  ASSIGNMENT  IN  HARD  CLAM  iMERCENARlA  MERCENARIA) 

STOCKS 
Muki  Shpigel  and  Ingrid  Lupatsch 

INTRODUCTION  OF  THE  EUROPEAN  SEA  URCHIN  (PARACENTROTUS  LIVIDUS)  IN  A  LAND  BASED 

INTEGRATED  SYSTEM  IN  ISRAEL 
Anthony  J.  Siccardi  IIL  Addison  L.  Lawrence  and  Stephen  A.  Watts 

POLYCULTURE  OF  THE  SHRIMP  UTOPENAEUS  VANNAMEI  AND  THE  SEA  URCHIN  LYTECHINUS 

VARIEGATUS 
Anthony  J.  Siccardi  lU.  William  H.  .\'eill,  Addison  L.  Lawrence,  Delbert  M.  Gatlin  III,  Frank  L.  Castille  and 
Joe  M.  Fox 

MOLTING  AND  CHANGES  IN  BODY  COMPOSITION  OF  THE  PACIFIC  WHITE  SHRIMP.  UTOPENAEUS 

VANNAMEL  DURING  STARVATION 
Sten  I.  Siikavuopio,  Trine  Dale  and  Bjorn-sleinar  Scether 

LONG-TERM  STUDY  OF  FEED  INTAKE  AND  GROWTH  UNDER  CONSTANT  TEMPERATURE  REGIME  IN 

THE  GREEN  SEA  URCHIN  (STRONGYLOCENTROTUS  DROEBAC) 
Knut  Sivertsen 

OSCILLATIONS  IN  SEA  URCHIN  POPULATIONS  ALONG  THE  NORWEGIAN  COAST 
Roxanna  Smolowitz 

A  REVIEW  OF  QPX  DISEASE  EMPHASIZING  INITIATION  AND  PROGRESSION 
Thomas  M.  Soniat,  John  M.  Klinck,  Eric  N.  Powell  and  Eileen  E.  Hofmann 

INFLUENCE  OF  CLIMATIC  CYCLES  ON  THE  INFECTION  OF  EASTERN  OYSTERS  BY  PERKINSUS 

MAKINUS 
Joseph  Michael  Sonnier,  M.  H.  Posey  and  T.  D.  Alphin 

INFLUENCE  OF  OYSTER  REEF  VERTICAL  COMPLEXITY  IN  STRUCTURING  SPECIES  SPECIFIC 

INTERACTIONS  AND  TROPHIC  LINKAGES 
Melissa  Southworth,  Roger  Mann,  A.  Thomas  Leggett  Jr  and  A.  Erskine 

THE  FEASIBILITY  OF  USING  TRIPLOID  CRASSOSTREA  VIRGINICA  FOR  ON  BOTTON  CULTURE  IN  THE 

CHESAPEAKE  BAY 
Daniel  E.  Spooner  and  Caryn  C.  Vaughn 

COMMUNITY  ECOLOGY  OF  FRESHWATER  MUSSEL  BEDS:  THE  ROLE  OF  TEMPERATURE  AND 

DOMINANT  SPECIES  ON  COMMUNITY  STRUCTURE  AND  RENDERED  ECOLOGICAL  SERVICES 
David  A.  Sterritt 

OVIGERY  IN  THE  SPOT  SHRIMP  {PANDALUS  PLATYCEROS)  OF  HOOD  CANAL 
Bradley  G.  Stevens 

EMBRYONIC  DEVELOPMENT  AND  MORPHOMETRY  OF  BLUE  KING  CRAB  PARALITHODES  PLATYPUS, 

STUDIED  BY  IMAGE  ANALYSIS 
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David  A.  Stick,  Heather  Hunsperger,  Chris  Langdoii,  Michael  A.  Banks  and  Mark  D.  Camara 

PRELIMINARY  ANALYSES  OF  GENETIC  STRUCTURE  WITHIN  AND  AMONG  REMNANT  POPULATIONS 

OF  THE  OLYMPIA  OYSTER.  OSTREA  CONCHAPHILA 
Jennifer  L.  Stiner  and  Linda  J.  Walters 

IMPACTS  OF  OYSTER  REEF  ARCHITECTURE  ON  SPECIES  DIVERSITY  AND  PREDATION 
Kristi  Straus,  Kerry  Naish  and  Carolyn  Friedman 

POPULATION  STRUCTURE  AND  PHYLOGEOGRAPHY  OF  THE  PINTO  AB ALONE  (HALIOTIS 

KAMTSCHATKANA)  IN  WASHINGTON  STATE 
Andrew  D.  Suhrbier,  Daniel  P.  Cheney  and  Jonathan  P.  Davis 

A  SURVEY  OF  MARINE  COMMUNITIES  IN  ALTERNATIVE  CULTURE  METHOD  OYSTER  AND  CLAM 

SITES 
Inke  Sunila 

CONNECTICUT'S  HARD  CLAM  INDUSTRY  AND  QPX-DISEASE 
Clara  Svedlund,  Steven  Gaines,  Jennifer  Caselle  and  Laura  Rogers-Bennett 

EFFECTS  OF  PREDATION  AND  SETTLEMENT  SUBSTRATE  CHOICE  ON  THE  POST-SETTLEMENT 

SURVIVAL  OF  RED  ABALONE,  HALIOTIS  RUFESCENS 
Katherine  M.  Swiney 

ANNUAL  VS.  NONANNUAL  EGG  EXTRUSION.  MATING  VS.  UTILIZATION  OF  STORED  SPERM.  AND 

LARVAL  HATCHING  OF  KODIAK.  ALASKA  DUNGENESS  CRAB 
Rachael  Symonds  and  Andrew  Young 

CAROTENOIDS  IN  THE  SEA  URCHIN  PARACENTROTUS  LIVIDUS 
Heather  Tallis,  Jennifer  Ruesink,  Brett  Dumbauld,  Sally  Hacker  and  Lorena  Wiseltart 

EELGRASS  RESPONDS  TO  OYSTERS  AND  GROW-OUT  METHODS  IN  AN  AQUACULTURE  SETTING 
Ian  K.  Taniguch  and  Peter  L.  Haaker 

ASSESSMENT  OF  RED  ABALONE.  HALIOTIS  RUFESCENS.  POPULATIONS  AT  SAN  MIGUEL  ISLAND, 

CALIFORNIA 
Nicolas  Taris,  Frederico  M.  Batista,  Eric  Marissal  and  Pierre  Boudry 

EVIDENCE  OF  A  RESPONSE  TO  UNINTENTIONAL  SELECTION  FOR  FASTER  DEVELOPMENT 

ASSOCIATED  WITH  INBREEDING  DEPRESSION  IN  C.  GIGAS 
Stephen  T.  Tettelhach,  Andrew  Weinstock,  Dennis  Bonal,  Chelsea  Fitzsinions-Diaz,  Richard  Ames  and 
Katherine  Newman 

EVALUATION  OF  SUSPENDED  ADPI®  BAGS  VS.  BOTTOM  PLANTING  FOR  USE  AS  BAY  SCALLOP 

SPAWNER  SANCTUARIES 
Brian  Thompson.  Mary  Jane  Perry  and  Christopher  Davis 

VARIABILITY  OF  PHYTOPLANKTON  BIOMASS  IN  THE  DAMARISCOTTA  RIVER  ESTUARY 
S.  Gregory  Tolley,  Aswani  K.  Volety,  Mike  Savarese,  Christi  M.  Linardich,  Laura  D.  Walls  and  Edwin  M.  Everham  HI 

MULTI-VARIATE  ANALYSIS  OF  SPATIAL  VARIABILITY  OF  OYSTER-REEF  COMMUNITIES: 

THE  INFLUENCE  OF  SALINITY 
Nobuo  Veda  and  A.  A.  Boettcher 

CAN  HEAT  SHOCK  PROTEIN  70  EXPRESSION  BE  USED  AS  A  BIOMARKER  FOR  ENVIRONMENTAL 

STRESS  IN  THE  EASTERN  OYSTER' 
Brent  Vadopalas,  Cyrus  S.  Y.  Ma,  Jonathan  P.  Davis  and  Carolyn  S.  Friedman 

PROTANDRY.  MATURATION.  AND  SPAWNING  IN  CULTURED  INTERTIDAL  GEODUCK  (PANOPEA 

ABRUPTA)  CLAMS 
Jamie  Vaudrey,  Tessa  Gelchis  and  Bob  Britton 

ASSESSING  IMPACTS  OF  SHELLFISH  AQUACULTURE  ON  EELGRASS  POPULATIONS  IN  EASTERN 

LONG  ISLAND  SOUND 
Caryn  C.  Vaughn,  Daniel  E.  Spooner  and  Heather  S.  Galbraith 

FRESHWATER  MUSSELS:  SPECIES  ROLES.  ECOSYSTEM  SERVICES  AND  CONSERVATION 
Lisa  Veneroso  and  Richard  Childers 

MANAGING  A  DUNGENESS  CRAB  (CANCER  MAGISTER)  FISHERY  FOR  MULTIPLE  USER  GROUPS: 

THE  PUGET  SOUND,  WASHINGTON.  EXPERIENCE 
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Antonio  Villalha,  Pilar  Comesana.  Sandra  M  Casas  and  Asuncion  Cao 

COMPARISON  OF  IMMUNH  PARAMETERS  BETWEEN  OYSTER  STOCKS  AND  SPECIES  WITH  DIFFERENT 

SUSCEPTIBILITY  TO  INFECTION  BY  BONAMIA  OSTREAE 
Jon  H.  Volstad  and  Jodi  R.  Dew 

STOCK-RECRUIT  RELATIONSHIPS  FOR  CRASSOSTREA  VIRGINICA  AND  C.  ARIAKENSIS  IN  CHESAPEAKE 

BAY  DEVELOPED  FOR  A  DEMOGRAPHIC  OYSTER  POPULATION  MODEL 
Haiyan  Wang,  Lumin  Qian.  Giiofan  Zhang.  Xiao  Liu.  Ainiin  Wang,  Yaoliua  Shi.  Nianzhi  Jiao  and  Ximing  Guo 

DISTRIBUTION  OF  CR.ASSOSTREA  ARIAKENSIS  IN  CHINA 
Yongping  Wang  and  Ximing  Guo 

DEVELOPMENT  AND  CHARACTERIZATION  OF  EST-SSR  MARKERS  IN  THE  EASTERN  OYSTER 

CRASSOSTREA  VIRGINICA 
Stephen  A.  Watts.  M.  L.  Powell.  A.  L.  Lawrence  and  J.  M.  Lawrence 

NUTRITION  RESEARCH  IN  ECHINOIDS;  CONSIDERATIONS  FOR  METHODOLOGY 
Lorena  M.  Wisehart,  Sally  D.  Hacker,  Brett  R.  Dumbauld  and  Jennifer  L.  Ruesink 

OYSTER  AQUACULTURE  MAY  POSITIVELY  AFFECT  EELGRASS  (ZOSTERA  MARINA  L )  THROUGH 

ENHANCED  SEED  PRODUCTION  AND  GERMINATION 
Pauline  C.  Yu  and  Donal  T.  Manalian 

GENETIC  VARIATION  IN  SURVIVAL  AND  POST-STARVATION  GROWTH  RECOVERY  OF  BIVALVE 

LARVAE  {CRASSOSTREA  GIG  AS) 
Richard  Zimmer  and  Jeffrey  A.  Riffell 

EFFECTS  OF  FLUID  SHEAR  ON  RED  ABALONE  SPERM-EGG  INTERACTIONS 

POSTERS 

Holly  Abeels,  Ray  Grizzle,  Jennifer  Greene  and  Krystin  Ward 

OYSTER  {CRASSOSTREA  VIRGINICA)  REEF  RESTORATION  IN  THE  BELLAMY  RIVER.  NH:  INITIATION  OF 

A  MULTI-SPECIES  PROJECT 
Cassandra  D.  Addison  and  Earl  J.  Melancon 

OYSTER  RECRUITMENT  AND  EARLY  GROWTH  PATTERNS  IN  THE  BARATARIA  ESTUARY 
J.  Alexander.  D.  Meritt,  S.  Alexander.  D.  Stoecker  and  P.  Glihert 

EFFECTS  OF  HARMFUL  ALGAE  ON  OYSTER  GROWTH 
Troy  Alphin.  Ryan  B.  Carnegie  and  Martin  H.  Posey 

SHORT-TERM  EVALUATION  OF  MORTALITY  FROM  BONAMIA  SP.  INFECTIONS  IN  CRASSOSTREA 

ARIAKENSIS  AT  TWO  LOCATIONS  IN  SOUTHEASTERN  NORTH 
William  D.  Anderson.  William  A.  Cox  and  Jack  M.  Whetstone 

RETURNING  TO  SALTWATER  POND  CULTURE  OF  CRASSOSTREA  VIRGINICA 
Cynthia  M.  Asorey.  Javier  Calcagno  and  Gustavo  A.  Lovrich 

ENSO  AND  CRUSTACEAN  POPULATIONS  OF  PERU:  ARE  THE  LANDINGS  RECORDS  RELATED  TO  THE 

SEA  SURFACE  TEMPERATURE? 
M.C.  Avalos,  O.  Heilmayer  and  K.  Paschke 

INFLUENCE  OF  TEMPERATURE  ON  THE  METABOLISM  OF  MUNIDA  GREGARIA  (=  M.  SUBRUGOSA) 

(CRUSTACEA;  ANOMURA) 
Bethany  M.  Bachelor,  S.  Gregory  Tolley  and  Scott  E.  Burghart 

INFLUENCE  OF  SALINITY  ON  THE  DISTRIBUTION  AND  ABUNDANCE  OF  LARVAE  OF  DOMINANT 

OYSTER-REEF  DECAPODS  IN  SOUTHWEST  FLORIDA 
Andrea  Barber,  Linda  Walters  and  Anne  Birch 

RESTORATION  OF  INTERTIDAL  OYSTER  REEFS  AFFECTED  BY  INTENSE  BOATING  ACTIVITY  IN 

SHALLOW  FLORIDA  WATERWAYS 
M.  F.  Barker,  P.  Bremer,  P.  Silcock,  C.  Delahunty  and  .1/.  Sewell 

ENHANCEMENT  OF  YIELD  AND  QUALITY  OF  EVECHINUS  CHLOROTICUS  ROE  THROUGH 

CONTROLLED  DIET 
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Anne  Boeltclier,  Julie  Davis  and  Catherine  Dyer 

OPTIMIZATION  OF  GROW-OUT  CONDITIONS  FOR  THE  LARGE  SCALE  CULTURE  OF  QUEEN  CONCH, 

STROMBUS  GIGAS 
Emily  Boone,  Anne  Boettcher,  Tim  Sherman  and  Jack  O'Brien 

AN  EXAMINATION  OF  THE  BIOTIC  AND  ABIOTIC  FACTORS  INFLUENCING  THE  PARASITIC 

RELATIONSHIP  OF  A  RHIZOCEPHALAN  BARNACLE  AND  ITS  HOST 
Michelle  Boudreaux,  Nancy  Gillis  and  Dr.  Linda  Walters 

MYTELLA  CHARRUANA  ALONG  THE  ATLANTIC  COAST  OF  FLORIDA:  A  SUCCESSFUL  INVASION? 
LyuboY  E.  Burlakova,  Alexander  Y.  Karataye  v,  Robert  G.  Howells  and  Daniel  L.  Bennett 

DIVERSITY  AND  DISTRIBUTION  OF  UNIONID  BIVALVES  IN  TEXAS 
Asuncion  Cao.  Jose  Fuentes,  Antonio  Villalba 

HAEMOLYMPH  PROTEOMIC  APPROACH  TO  ANALYSE  DIFFERENCES  IN  SUSCEPTIBILITY  TO 

BONAMIOSIS  BETWEEN  OYSTER  STOCKS 
Michael  G.  Derin.  Henry  D.  Stence  and  Robert  J.  Peacock 

THE  EFFECTS  OF  DIET  ON  GROWTH  OF  THE  GREEN  SEA  URCHIN  {STRONGYLOCENTROTUS 

DROEBACHIENSIS)  FROM  THE  EARLY-  TO  LATE-JUVENILE  STAGES. 
Ronnie  Duke  and  Earl  J.  Melancon 

OYSTER  SURVIVAL  AND  GROWTH  IN  THE  BARATARIA  ESTUARY 
Vincent  Encomio,  Christina  Panko,  Ernest  Estevez  and  Aswani  K.  Volety 

USE  OF  THE  OLIGOHALINE  CLAM  RANGIA  CUNEATA  AS  A  BIVALVE  INDICATOR  OF  WATERSHED 

ALTERATIONS  IN  SOUTHWEST  FLORIDA 
Patrick  Erbland  and  Gulnihal  Ozbay 

COMMUNITY  SHIFT  ASSOCIATED  WITH  SHELLFISH  AQUACULTURE  IN  TWO  MID-  ATLANTIC 

ESTUARIES 
Susan  Ford  and  David  Bushek 

ADDITIONAL  EVIDENCE  OF  HIGH  RESISTANCE  TO  HAPLOSPORIDIUM  NELSONI  (MSX)  IN  THE  NATIVE 

OYSTER  POPULATION  OF  DELAWARE  BAY 
Heather  S.  Galbraith,  Caryn  C.  Vaughn  and  Daniel  E.  Spooner 

REPRODUCTIVE  TIMING  AND  SUCCESS  OF  FRESHWATER  MUSSELS 
Celine  Garcia.  Isabelle  Arzul.  Bruno  Chollet.  Sylvie  Ferrand,  Cyrille  Frangois.  Jean-Pierre  Joly.  iMurence  Miossec  and 
Maeva  Robert 

SYNTHESIS  OF  L^  YEARS  RECORDS  FOR  HAPLOSPORIDIUM  NELSONI  IN  CRASSOSTREA  GIGAS  IN 

FRANCE 
Stephen  P.  Geiger  and  Janessa  C.  Cobb 

IS  HABITAT  AVAILABILITY  LIMITING  RECRUITMENT  OF  CALICO  SCALLOPS  [ARGOPECTEN  GIBBUS)! 
Victoria  K.  Gibbs,  Stephen  A.  Watts,  Addison  L.  Lawrence,  Mickie  L.  Powell,  Hugh  S.  Hammer,  Warren  T.  Jones  and 
John  M.  iMwrence 

THE  EFFECTS  OF  DIETARY  CHOLESTEROL  AND  PHOSPHOLIPIDS  ON  GROWTH  AND  PRODUCTION  IN 

THE  SEA  URCHIN  LYTECHINUS  VARJEGATUS 
Autumn  Girouard  and  Thaddeus  Graczyk 

OPTIMIZING  METHODS  FOR  DETECTION  OF  CRYPTOSPORIDIUM  OOCYSTS  IN  NATIVE  OYSTERS  FROM 

THE  CHESAPEAKE  BAY 
Kaitlin  Graiff,  Ray  Grizzle,  Holly  Abeels,  Jennifer  Greene,  Melissa  Brodeur  and  Larry  Ward 

OFFSHORE  MOLLUSCAN  SHELL  ACCUMULATIONS:  OCEAN  RUBBISH  OR  REFUGE? 
David  W.  Grunden  and  Danielle  Ewart 

EARLY  STEAMER  CLAM  (MYA  ARENARIA)  IN  TWO  COASTAL  PONDS  IN  OAK  BLUFFS.  MA  (MARTHA'S 

VINEYARD  ISLAND) 
Rick  Harbo,  Linda  Nichol,  Laurie  Convey,  Jennifer  Toole  and  Lieneke  Marshall 

IMPACT  OF  SEA  OTTERS  ON  SHELLFISH  FISHERIES  AND  AQUACULTURE  IN  B.C.  CANADA 
Leanne  Harris,  Helen  Lambkin  and  N'uala  O' Byrne-ring 

ANALYSIS  OF  ENZYME,  CARBOHYDRATE  AND  MINERAL  DISTRIBUTION  IN  THE  FOOT  OF  ABALONE 

SHELLFISH 
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Heather  D.  Harwell  and  Staiidish  K.  Allen  Jr. 

COMPARATIVE  GROWTH  AND  SURVIVAL  OF  DIPLOID  AND  TRIPLOID  SUMINOE  OYSTERS, 

CRASSOSTREA  ARIAKENSIS.  IN  MULTIPLE  QUARANTINE  SYSTEMS 
Lesli  Haynes.  S.  Gregory  Tolley.  Aswani  K.  Volety  and  James  T.  Winstead 

ROLE  OF  LOW  SALINITY  REFUGE  IN  REGULATING  THE  PREVALENCE  OF  THE  PARASITE 

LOXOTHYLACUS  PANOPAEI  IN  THE  XANTHID  PANOPEUS  OBESUS 
Helene  Hegarel,  Sandra  E.  Sluimway  and  Gary  H.  Wikfors 

BIVALVE  SHELLFISH  CAN  BE  VECTORS  OF  TRANSPORT  OF  HARMFUL  ALGAE 
Elizabeth  Hemond  and  Ami  E.  Wilbur 

DEVELOPMENT  AND  APPLICATION  OF  MICROSATELLITE  MARKERS  TO  DETERMINE  THE  IMPACT  OF 

RESTORATION  OF  THE  BAY  SCALLOP 
Heidi  Hertler,  Lindsay  Martinez,  Danielle  Kreeger  and  Graciela  Ramirez-Toro 

MANGROVE  OYSTERS  AS  BIOINDICATORS  IN  SUB-TROPICAL  DRY  CLIMATES 
Eileen  E.  Hofmann.  Eric  N.  Powell,  John  M.  Klinck,  John  N.  Kraeuter,  Rebecca  Marzec  and  V.  Monica  Bricelj 

CAN  HARD  CLAM  LARVAL  SURVIVAL  EXPLAIN  RECRUITMENT  FAILURE  IN  GREAT  SOUTH  BAY: 

A  MODELING  STUDY'^ 
Bridget  A.  Holohan.  M.  Maille  Lyons.  J.  Evan  Ward,  Roxanna  M.  Smolowitz,  Kevin  R.  Uhlinger.  Joseph  J.  Vallino  and 
Bassem  Allam 

LINKING  MARINE  PATHOGENS  TO  MOLLUSCAN  SHELLFISH:  THE  ECOLOGICAL  ROLE  OF  MARINE 

AGGREGATES 
Elise  Hoover,  Shirley  Baker,  John  Scarpa  and  Leslie  Stunner 

ARE  TRIPLOID  HARD  CLAMS  RESISTANT  TO  FLORIDA  SUMMER  STRESSORS?  RESULTS  OF 

LABORATORY  CHALLENGES 
Matthew  Hunter 

OREGON'S  CLATSOP  BEACH  RAZOR  CLAM  FISHERIES;  PAST.  CURRENT  AND  THE  FUTURE 
Warren  T.  Jones,  Mickie  L.  Powell,  Victoria  K.  Gibbs,  Hugh  S.  Hammer,  John  M.  Lawrence,  Addison  L.  Lawrence  and 
Stephen  A.  Watts 

EFFECT  OF  DIETARY  SELENIUM  ON  THE  SEA  URCHIN  LYTECHINUS  VARIEGATUS 
Hyungtaek  Jung,  Woo-jin  Kim  and  Patrick  Gaffney 

DEVELOPMENT  OF  SINGLE  NUCLEOTIDE  POLYMORPHISMS  (SNPS)  IN  CRASSOSTREA  ARIAKENSIS  AND 

RELATED  CRASSOSTREA  SPECIES 
Do-hyung  Kang,  Henng-sik  Park,  Chris  A.  Richardson  and  Kwang-sik  Choi 

IDENTIFICATION  OF  GROWTH  BANDS  IN  COCKLE,  FULVIA  MUTICA  SHELLS  IN  KOREA 
Woo-jin  Kim,  Hyungtaek  Jung  and  Patrick  Gaffney 

DEVELOPMENT  OF  SINGLE  NUCLEOTIDE  POLYMORPHISMS  (SNPS)  IN  THE  PACIFIC  OYSTER 

CRASSOSTREA  GIGAS 
Yungkul  Kim  and  Eric  N.  Powell 

RELATIONSHIPS  AMONG  PARASITES  AND  PATHOLOGIES  IN  SENTINEL  BIVALVES:  NOAA  STATUS 

AND  TRENDS  'MUSSEL  WATCH'  PROGRAM 
Chris  Langdon,  Ford  Evans,  Sean  Matson,  Drew  Mosher  and  Alan  Barton 

IMPROVEMENT  IN  YIELDS  OF  THE  PACIFIC  OYSTER  CRASSOSTREA  GIGAS  AFTER  TWO  GENERATIONS 

OF  SELECTION 
Robert  T.  Leaf,  Allen  H.  Andrews  and  Gregor  M.  Cailliet 

PRELIMINARY  VALIDATION  OF  AGE-AT-LENGTH  OF  RED  ABALONE,  HALIOTIS  RUFESCENS,  USING 

BOMB  RADIOCARBON 
Neil  Leblanc,  Fabrice  Pernet,  Rejean  Tremblay,  Thomas  Landry  and  Jeff  Davidson 

SEED  QUALITY  ASSESSMENT  OF  MVTILUS  EDULIS  STOCKS  IN  THE  GULF  OF  ST.  LAWRENCE,  CANADA 
Jeong-ho  Lee  and  Ximing  Guo 

MINING  EST  DATABASE  FOR  SINGLE-NUCLEOTIDE  POLYMORPHISMS  IN  THE  EASTERN  OYSTER 

(CRASSOSTREA  VIRGINICA) 
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Jay  R.  Leverone,  Norman  J.  Blake  and  Sandra  E.  Shuinway 

EFFECTS  OF  THE  DINOFLAGELLATE  KARENIA  BREVIS  ON  LARVAL  DEVELOPMENT  IN  THREE  SPECIES 

OF  BIVALVE  MOLLUSC  FROM  FLORIDA 
Scotl  Lindell,  Bethany  Walton,  Janice  Simmons  and  Steven  Roberts 

HYBRIDIZATION  BETWEEN  TWO  GENERA  OF  CLAMS.  SPISULA  SOUDISSIMA  AND  MULINIA  LATERALIS. 

AND  EARLY  GROWTH  TRIALS 
Justin  Manley,  Randal  L.  Walker,  Alan  Power,  Dorset  Hurley,  Mathew  Gilligan  and  Joseph  P.  Richardson 

EVALUATION  OF  ARTIFICIAL  OYSTER  REEF  DESIGN  FOR  OYSTER  HABITAT  RESTORATION  IN  GEORGIA 
Roger  Mann,  Melissa  Southworlh.  Juliana  M.  Harding  and  Ryan  Carnegie 

AGE-SPECIFIC  MORTALITY  RATES  AND  CAUSES  OF  MORTALITY  IN  NATURAL  OYSTER. 

CRASSOSTREA  VIRGINICA.  POPULATIONS 
Anne  L.  Markwith,  Martin  H.  Posey  and  Troy  D.  Alphin 

CONDITION  INDICES  OF  THE  EASTERN  OYSTER  AND  REEF  CHARACTERIZATION  AS  RELATED  TO 

WATER  QUALITY  IN  THREE  TIDAL  CREEKS 
Rebecca  J.  Marzec,  Yungkul  Kim  and  Eric  N.  Powell 

CONDITION  INDEX  OF  SURFCLAMS  {SPISULA  SOLIDISSIMA)  IN  THE  MID-ATLANTIC  BIGHT 
Nature  A.  McGinn  and  Gary  N.  Cherr 

DISTRIBUTION  AND  QUANTIFICATION  OF  MULTIXENOBIOTIC  RESISTANCE  PROTEINS  IN  THE  SEA 

URCHIN.  LYTECHINUS  ANAMESUS 
Melissa  Mclntyre,  Megan  Davis  and  Amber  Shawl 

THE  EFFECTS  OF  AMMONIA  ON  THE  DEVELOPMENT,  SURVIVAL  AND  METAMORPHIC  SUCCESS  OF 

STROMBUS  GIGAS  VELIGERS 
Coren  A.  Milbury 

THE  USE  OF  MOLECULAR  MARKERS  TO  ASSESS  NATIVE  OYSTER  RESTORATION  EFFORTS 
Emily  Mitchem,  Jonathan  S.  Fajans  and  Shirley  M.  Baker 

NATIVE  FLORIDA  CRUSTACEAN  PREDATORS'  PREFERENCES  REGARDING  THE  NON-INDIGENOUS 

GREEN  MUSSEL.  PERNA  VIRIDIS 
James  A.  Morris  Jr.,  Tanya  J.  Bean.  Rachel  T.  Noble  and  Patricia  K.  Fowler 

COMPARISON  OF  BACTERIA  UPTAKE  AND  DEPURATION  BETWEEN  CRASSOSTREA  ARIAKENSIS  AND 

CRASSOSTREA  VIRGINICA 
Amanda  Myers,  Wade  Watanabe  and  Ami  E.  Wilbur 

EASTERN  OYSTER  AND  HARD  CLAM  CULTURE  FOR  THE  REDUCTION  OF  RAS  EFFLUENT  NUTRIENT 

COMPOSITION 
Christina  Panko,  Aswani  Volety,  Vincent  Encomio  and  Jose  Barreto 

EVALUATION  OF  THE  ANTIMALARIAL  DRUG  QUININE  AS  A  POTENTIAL  CHEMOTHERAPEUTIC 

AGENT  FOR  THE  EASTERN  OYSTER  PARASITE.  P.  MARINUS 
Susan  A.  Payne,  Jan  A.  Haaga  and  Bradley  Stevens 

OBSERVATIONS  ON  THE  REPRODUCTIVE  BIOLOGY  OF  THE  HAIRY  CRAB  HAPALOGASTER  MERTENSII, 

ON  KODIAK  ISLAND,  ALASKA 
iMurie  Perino.  Dianna  Padilla  and  Michael  Doall 

USING  PCR  TO  DETERMINE  THE  ACCURACY  OF  MORPHOLOGICAL  IDENTIFICATION  OF  MERCENARIA 

MERCENARIA  LARVAE 
Adriana  Picariello,  Roger  Mann  and  Juliana  M.  Harding 

SITE-SPECIFIC  GROWTH  RATES  OF  ATLANTIC  SURF  CLAMS.  SPISLfLA  SOLIDISSIMA.  FROM  THE 

MIDDLE  ATLANTIC  BIGHT 
Kathleen  Reagan  and  Caryn  Vaughn 

MICROSATELLITE  ASSESSMENT  OF  GENE  FLOW  IN  AMBLEMA  PLICATA  IN  THE  OUACHITA 

HIGHLANDS  OF  SOUTHEASTERN  OKLAHOMA 
A.  Remacha-Trivino 

REPRODUCTIVE  CYCLE  OF  THE  RAZOR  CLAM  SOLEN  MARGINATUS  (PULTENEY  1799)  IN  SPAIN.  A 

COMPARATIVE  STUDY  IN  THREE  DIFFERENT  PLACES 
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Jose  M.  Riascos  V,  Niiry  Guzmdii.  Jiirgeii  iMiidieii.  Olaf  Hcilinayer  and  Marcelo  Oliva 

ASSESSMENT  OF  THREE  STAINS  INTERNALLY  MARKING  SHELLS  OF  CONCHOLEPAS  CONCHOLEPAS 

AND  MESODESMA  DONACIUM 
Jose  M.  Riascos  V..  Olaf  Heilinayer,  Marcelo  Oliva  and  Jiirgeii  iMudien 

INTERACTIONS  BETWEEN  THE  SURFCLAM  [MESODESMA  DONACIUM)  AND  THE  COMMENSAL 

POLYCHAETE  (POLYDORA  BIOCCIPITAUS)  IN  NORTHERN  CHILE 
Kassy  Rodriqiiez.  Nancy  Grindlay.  Lewis  .\hrams,  Troy  Alpliin  and  Steven  ,\rtahane 

IMPLICATIONS  OF  HIGH-RESOLUTION  GEOPHYSICAL  TECHNIQUES  IN  OYSTER  HABITAT 

IDENTIFICATION:  CAPE  FEAR  RIVER.  NORTH  CAROLINA 
David  H.  Rudders.  William  D.  DuPaul  and  Noelle  Yochum 

ROTATIONAL  AREA  MANAGEMENT  IN  THE  NORTHWEST  ATLANTIC  SEA  SCALLOP  FISHERY: 

ARE  CURRENT  MANAGEMENT  STRATEGIES  FLEXIBLE  ENOUGH? 
Emily  Scarpa.  Susan  Ford.  Ximing  Guo.  Lisa  Ragone  Calvo  and  David  Bushek 

A  HISTOLOGICAL  INVESTIGATION  OF  OYSTER  PARASITES  AND  PATHOLOGY  IN  CHINA 
Emily  Scarpa,  Susan  Ford,  Bruce  Smith  and  David  Bushek 

AN  INVESTIGATION  OF  CILIATE  XENOMAS  IN  CRAS.SO.STREA  VIRGINICA 
Susan  C.  Schlosser,  A.  L.  Lawrence.  S.  A.  Watts.  P.  D.  Tom  and  J.  M.  Lawrence 

GONAD  PRODUCTIVITY.  COLOR  AND  TEXTURE  IN  STRONGYLOCENTROTUS  FRANCISCANUS  FED 

THREE  PREPARED  DIETS 
Kristine  M.  Sommer.  Ami  E.  Wilbur  and  Michael  A.  McCartney 

GENETIC  IDENTIFICATION  AND  PHYLOGENY  OF  THE  UNIONID  GENERA.  LAMPSILIS  AND  ELLIPTIO  OF 

THE  SOLFTH  EAST  ATLANTIC  SLOPE 
Thomas  M.  Soniat.  Sammy  M.  Ray.  Enrique  Kortright  and  Imucc  Robinson 

DERMOWATCH  DETECTS  DISEASE  HOTSPOTS  IN  THE  GULF  OF  MEXICO 
Heather  Stoker.  Troy  Alpliin  and  Martin  Posey 

VARIATION  IN  OYSTER  SHELL  STRENGTH  BASED  ON  STOCK  ORIGIN,  SHELL  SIZE  AND  TRANSPLANT 

EFFECT 
Leslie  Stunner.  Charles  Adams.  Patrick  Baker.  Shirley  Baker.  Elise  Hoover.  Claudia  Rocha  and  John  Scarpa 

GENETIC  ISSUES  IN  FLORIDA  HARD  CLAM  AQUACULTURE 
John  Supan  and  Mike  Voisin 

THE  LOUISIANA  OYSTER  RECOVERY  PLAN:  A  RESPONSE  TO  HURRICANES  KATRINA  AND  RITA 
Amandine  Surier.  Chester  B.  Zarnoch  and  Richard  C.  Karney 

BIOCHEMICAL  COMPOSITION  AND  ADDUCTOR  MUSCLE  CELL  SIZE  OF  TRIPLOID  AND  DIPLOID  BAY 

SCALLOP  ARGOPECTEN  IRRADIANS 
Mario  N.  Tamburr,  Mark  W.  Luckenbach.  Denise  L.  Breitburg  and  Stephanie  M.  Bonniwell 

SETTLEMENT  OF  CRASSOSTREA  ARIAKENSIS  LARVAE  UNDER  CONDITIONS  FOUND  IN  THE 

CHESAPEAKE  BAY 
R.  J.  Thompson.  D.  J.  Innes.  J.  B.  Lowen  and  M.  B.  Miranda 

GENETIC  AND  ECOLOGICAL  INTERACTIONS  IN  A  MUSSEL  HYBRID  ZONE 
Brent  Vadopalas.  Joshua  V.  Bouma.  Chemine  R.  Jackels  and  Carolyn  S.  Friedman 

USING  QUANTITATIVE  PCR  AND  DNA  BARCODES  TO  QUANTIFY  AND  IDENTIFY  MARINE 

INVERTEBRATE  LARVAE 
Robin  L.  Varney  and  Patrick  Gaffney 

POPULATION  STRUCTURE  IN  THE  EASTERN  OYSTER  CRASSOSTREA  VIRGINICA  ASSESSED  BY  SINGLE 

NUCLEOTIDE  POLYMORPHISMS 
Janzel  Rogelio  Villalaz  Guerra.  Juan  A.  Gomez  Herrera  and  Luis  D'Croz 

ENERGY  STORAGE  AND  LITILIZATION  IN  RELATION  TO  GAMETOGENESIS  OF  ARGOPECTEN  VENTRICOSUS 
Antonio  Villalba 

DIFFERENT  TYPES  OF  NEOPLASIA  IN  CRASSOSTREA  GIGAS.  VENUS  VERRUCOSA  AND  MYTILUS 

GALLOPROVINCIALIS  FROM  THE  SPANISH  COAST 
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Jon  H.  Volstad.  Jodi  R.  Dew  and  Mitchell  Tarnowski 

ESTIMATION  OF  ANNUAL  MORTALITY  RATES  FOR  EASTERN  OYSTERS  (CRASSOSTREA  VIRGINICA)  IN 

CHESAPEAKE  BAY  BASED  ON  BOX  COUNTS  AND  APPLICATION  OF  THOSE  RATES  FOR  POPULATION 

GROWTH  PROJECTIONS 
Charles  W.  Walker  and  S.  Anne  Boettger 

UNDERSTANDING  DIET  DEVELOPMENT  IN  RELATIONSHIP  TO  SEA  URCHIN  GAMETOGENESIS 
Laura  D.  Walls  and  S.  Gregory  Tolley 

PHYSIOLOGICAL  RESPONSES  TO  SALINITY  STRESS  IN  THE  FLATBACK  MUD  CRAB  EURYPANOPEllS 

DEPRESSUS 
Linda  Walters,  Paul  Sacks,  Loren  Coen.  M.  Yvonne  Bobo,  Donnia  Richardson,  Melinda  Donnelly,  Sarah  Johnson  and 
Heidi  Deutsch 

IMPACT  OF  WATER  MOTION  ASSOCIATED  WITH  RECREATIONAL  BOATING  AND  HURRICANES  ON 

INTERTIDAL  OYSTER  REEFS 
William  C.  Walton,  Ben  Wright  and  Diane  C.  Murphy 

TO  PIT  OR  NOT  TO  PIT ':  COMPARISON  OF  OVERWINTERING  METHODS  FOR  OYSTERS 
Haiyan  Wang  and  Ximing  Quo 

IDENTIFICATION  OF  CRA.SSOSTREA  SPECIES  FROM  CHINA  USING  SNP-BASED  MARKERS 
Lingling  Wang,  Huan  Zhang,  Linsheng  Song  and  Ximing  Quo 

LOSS  OF  ALLELE  DIVERSITY  IN  AN  INTRODUCED  POPULATION  OF  THE  HERMAPHRODITIC  BAY 

SCALLOP  ARGOPECTEN  IRRADIANS 
Yongping  Wang  and  Ximing  Guo 

IDENTIFICATION  OF  CRASSOSTREA  ARIAKENSIS  USING  ITS  LENGTH  POLYMORPHISM 
Stephen  A.  Watts,  A.  L.  iMwrence,  M.  L.  Powell  and  J.  M.  iMwrence 

DEVELOPMENT  OF  FORMULATED  FEEDS  IN  ECHINOIDS 
James  C.  Widman  Jr.,  Shannon  Meseck,  David  J.  Veilleux  and  Mark  Dixon 

GROWTH  OF  BAY  SCALLOPS,  ARGOPECTEN  IRRAD/ANS  IRRADIANS.  FED  VARYING  TETRASELMIS  CHUI 

CONCENTRATIONS  AND  ITS  EFFECT  ON  AMMONIA  CONCENTRATION 
Jie  Xiao,  Jan  F.  Cordes  and  Kimherly  S.  Reece 

GENETIC  DIFFERENTIATION  AMONG  FOUR  CRASSOSTREA  ARIAKENSIS  POPULATIONS  IN  ASIA  BY 

MICROSATELLITE  POLYMORPHISM 
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TWO-YEAR  PERFORMANCE  OF  TWO  DISEASE- 
TOLERANT  OYSTER  STRAINS  IN  THE  PATUXENT 
RIVER,  MARYLAND.  George  R.  Abbe'.  Carol  B.  McCol- 
lough".  and  Christopher  F.  Dungan".  'Morgan  State  University. 
"Maryland  Department  ot  Natural  Resources. 

Extreme  inorlalities  among  a  standard  strain  of  specific- 
pathogen-free  (SPF)  C.  virgiiiica  at  three  sites  in  the  Patuxenl 
River.  Maryland  during  the  2000-02  drought,  led  to  our  search  for 
improved  performances  from  available  disease  resistant  native 
oyster  strains.  SPF  spat  of  disease-tolerant  CROSBreed  and  DEBY 
strains,  alongside  standard-strain  oysters,  were  set  and  deployed  in 
September  200.3.  at  our  same  experimental  sites.  Mean  station 
salinities  ranged  from  12.1-16.2  ppt  during  2000-02,  but  have 
been  generally  lower  since  then,  although  salinity  increases  were 
observed  during  much  of  2005.  Mean  incremental  two-year  growth 
was  better  for  all  strains  combined  at  the  mid-  (62.8  mm)  and 
down-river  (61.5  mm)  sites  than  upriver  (49.4  mm),  probably  be- 
cause of  occasional  marginal  salinities  at  the  upri\er  site  during 
year  1.  Two-year  growth  of  DEBYs  (64.5  mm)  was  better  than 
CROSBreeds  (56.5  mm)  or  standards  (52.5  mm)  based  on  net 
shell-length  increases.  After  two  years,  prevalence  and  body  bur- 
dens of  Perkiitsus  inariinis  in  experimental  oysters  are  increasing, 
and  light  mortalities  are  beginning  to  occur,  all  of  which  are  prob- 
ably related  to  increasing  salinity  and  increasing  infection  levels  in 
feral  host  populations  in  the  deployment  areas.  Whether  disease 
levels  and  mortalities  of  experimental  oysters  remain  at  acceptable 
levels  will  depend  on  ftiture  salinities;  whether  DEBYs  or  CROS- 
Breeds outperform  standards  will  depend  on  future  salinities  and 
also  on  functional  genetic  effects.  Differences  should  be  apparent 
by  the  end  of  the  third  year. 


OYSTER  (CRASSOSTREA  VIRGINICA)  REEF  RESTORA- 
TION IN  THE  BELLAMY  RIVER,  NH:  INITIATION  OF  A 
MULTI-SPECIES  PROJECT.  Holly  Abeels,  Ray  Grizzle.  .Jen- 
nifer Greene,  and  Krystin  Ward.  Jackson  Estuarine  Laboratory. 
University  of  New  Hampshire. 

The  eastern  oyster  iCiassostrca  viifiiiiica)  plays  an  important 
ecological  role  m  the  Great  Bay  estuarine  system,  where  the  popu- 
lations have  declined  due  to  disease  and  other  factors.  In  2000.  the 
New  Hampshire  Estuaries  Project  (NHEP)  developed  a  manage- 
ment plan  with  a  goal  of  increasing  oyster  populations  by  adding 
twenty  acres  of  'restored"  oyster  bottom  by  the  year  2010.  The 
current  project  was  developed  in  collaboration  with  NHEP  and  the 
City  of  Dover.  NH  to  contribute  to  this  goal  and  to  begin  multi- 
species  habitat  restoration  in  the  Bellamy  River  estuary.  The  river 
bed  was  surveyed  in  fall  2004  using  a  towed  video  and  DGPS 
system  and  bottom  liabitats  classified  to  determine  the  extent  of 
hard  bottom  a\ailable  for  planting  of  'seed'  oysters  on  cultch.  Ten 
million  larxae  spawned  from  Great  Bay  broodstock  were  set  onto 
shell  cultch  in  two  .3.()()0-gallon  fiberglass  tanks  located  at  Jackson 
Estuarine  Laboratory  in  July  2005.  Once  settlement  had  occurred. 


the  spat  were  transfeired  to  a  nursery  raft  located  in  an  adjacent 
cove.  After  3  months,  approximately  400.000  spat  (-40  mm  shell 
height)  had  survived  and  were  transferred  to  the  study  site  where 
twelve  mini-reefs  were  created  in  a  6000-nr  area  and  one  reef 
created  in  a  200-m"  area.  This  area  is  located  adjacent  to  an  on- 
going eelgrass  restoration  project,  which  will  allow  a  multi-species 
community  to  develop.  Future  work  will  include  samplnig  with 
towed  video,  cotints  and  measurements  of  live  oysters,  and  set  out 
of  mussel  recruitment  devices  for  transfer  to  multi-species  habitat. 

THE  ECONOMIC  IMPLICATIONS  ASSOCIATED  WITH 
BIOFOULING  IN  SHELLFISH  AQUACULTURE.  Charles 
M.  Adams'.  Sandra  F>.  Shuniway^.  Robert  B.  Whitlatch"^.  and 
T.  Getchis'.  'Florida  Sea  Grant  Extension  Program.  University  of 
Florida.  P.O.  Box  1  10240.  Gainesville,  FL  3261  1.  "Department  of 
Marine  Sciences.  University  of  Connecticut.  Groton.  CT  06340, 
'Connecticut  Sea  Grant  College  Program.  Groton.  CT  06340. 

Biofouling  is  an  important  issue  to  consider  when  designing  a 
marine  shellfish  culture  system.  The  costs  associated  with  control- 
ling biofouling  in  marine  shellfish  culture  systems  can  be  signifi- 
cant. This  is  particularly  true  for  those  systems  which  utilize  the 
water  column  for  the  production  process,  such  as  rope.  cage,  and 
suspended  net  systems.  This  study  examined  several  of  the  eco- 
nomic implications  associated  with  bio-fouling  in  marine  shellfish 
culture  systems  in  the  northeast  U.S.  region.  A  survey  was  sent  to 
commercial  marine  shellfish  aquaculturists  within  the  region. 
These  operations  predominantly  culture  clams,  oysters,  and  mus- 
sels. They  utilize  a  wide  variety  of  culture  methods.  Each  survey 
recipient  was  asked  to  consider  the  economic  implications  of  bio- 
fouling on  their  culture  system,  as  well  as  their  product  marketing 
efforts.  Survey  recipients  were  asked  Xo  describe  how  biofouling 
affected  their  production,  including  impacts  on  growth  rate,  har- 
vest size,  yield,  etc.  Information  on  current  methods  of  control  was 
also  solicited.  Survey  recipients  were  also  asked  to  provide  an 
estimate  of  the  annual  costs  associated  with  bio-fouling  control. 
Similar  questions  were  posed  regarding  the  impact  that  bio-fouling 
has  on  the  marketability  of  the  harvested  product.  The  responses 
provide  insight  into  the  differential  effects  that  biofouling  has  on 
commercial  shellfish  culture  operations,  when  considering  species 
cultured,  production  method  utilized,  culture  system  location,  tar- 
geted market,  and  other  factors.  This  information  will  be  useful 
when  considering  the  efficacy  of  future  innovative  methods  for 
controlling  biofouling  in  shellfish  culture  operations  within  the 
northeast  and  other  regions  of  the  U.S. 

OYSTER  RECRUITMENT  AND  EARLY  GROWTH  PAT- 
TERNS IN  THE  BARATARIA  ESTUARY.  Cassandra  D.  Ad- 
dison and  Earl  J.  Melancon,  Department  of  Biological  Sciences, 
Nicholls  State  University.  P.O.  Box  1.  Thibodaux.  LA  70310. 

We  documented  temporal  and  spatial  spawning,  recruitment, 
and  early  growth  of  oysters  within  the  historically  productive  zone 
of  the  Barataria  EstuaiT  from  April  2004  to  November  2005.  The 
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study  area  talis  within  the  otitlall  of  the  Davis  Pond  Mississippi 
River  Diversion,  whieh  has  flowed  minimally  with  no  measurable 
impact  to  oysters.  Hence,  data  i-eflect  responses  to  natural  condi- 
tions, especially  the  synergism  of  salinity  and  temperature.  During 
the  study  there  were  two  reduced-salinity  events  (<.S  ppt).  accom- 
panied by  two  tropical  storms  and  three  hurricanes.  A.  spawn  and 
recruitment  failure  occurred  throughout  the  estuary  in  May/June 
2004  due  to  low  salinities  (<5  ppt).  Oysters  reabsorbed  gonad 
tissue  and  died  by  mid-summer,  except  at  the  most  down-estuary 
site.  The  May  2005  spawn  proceeded  norinally.  but  recruitment 
failed.  Recruitment  failure  may  be  due  to  a  lack  of  food  availabil- 
ity. Fortunately,  successful  fall  spawn  and  recruitment  events  oc- 
curred in  2004  and  2005.  Preliminary  findings  suggest  a  spatial 
significance  in  recruitment  abundance,  with  down-estuary  areas 
best.  Individual  fall  2004  spat  were  tagged  and  placed  in  cages  at 
two  sites.  In  1  1  months,  from  October  2004  to  August  2005.  the 
down-estuary  site  produced  oysters  with  a  mean  length  of  62.7  ± 
7.5  mm,  while  up-estuary  oysters  grew  to  47.5  ±  7.9  mm.  Fall- 
recruited  spat  can  grow  to  a  desired  commercial-sized  seed  in  one 
year,  with  the  more  down-estuary  site  show  ing  faster  growth.  This 
information  becomes  crucial  for  natural  resource  managers  and 
oystermen,  especially  during  low-salinity  conditions.  Adaptive  up- 
estuary  to  down-estuary  management  strategies  for  seed  can  be 
developed  to  allow  diversions  and  oysters  to  co-exist. 


GROWTH  AND  GONAD  PRODUCTION  OF  THE  SEA  UR- 
CHINS HEMICENTROTUS  PULCHERRIMVS  \NDANTHO- 
CIDARIS  CRASSISPINA  AMONG  ALGAL  SERE.  Yukio  Ag- 
atsuma',  Hisavuki  .^rakawa"  and  Kazuya  Tanijjuchi',  'Gradu- 
ate School  of  Agricultural  Science.  Tohoku  University.  "Tokyo 
University  of  Marine  Science  and  Technology. 

To  clarify  the  differences  in  the  growth  and  gonad  size  of  the 
sea  mvhins  Hi'inicenlrotus  pnlchcninnis  and  Anlhoculaiis  cras- 
sispina  among  algal  sere,  the  study  was  conducted  in  July  2002  at 
a  fucoid  bed  and  a  kelp  bed  in  Gobo  and  two  algal  turfs  in  Mihama. 
Wakayama  Prefecture  in  southwestern  .Japan.  The  growth  of  H. 
pukheninnis  in  the  fucoid  bed  and  the  kelp  bed.  where  the  large 
perennial  Myagropsis  niyagroiJcs  and  Ecklonia  cava  at  the  climax 
stage  dominated,  respectively,  are  higher  than  that  in  the  algal  turfs 
dominated  by  the  small  perennial  articulated  corallines  at  the  .serai 
stage.  While  the  most  rapid  growth  of  A.  crassispimi  was  observed 
in  the  fucoid  bed.  the  gonad  indices  (gonad  wet  weight  xlOO/body 
wet  weight)  of  both  species  of  the  sea  urchins  were  highest  in  the 
fucoid  bed.  These  results  suggest  that  growth  and  gonad  produc- 
tion of  H.  pulcherrinnis  and  .4.  cnissispiiici  are  affected  by  algal 
sere  as  reported  in  H.  /ndchcninuts  and  Stroni;\l(>ccntrotiis  nuchis 
in  northern  Japan,  although  they  differed  among  dominant  species 
of  algae  at  the  climax  stage. 


ASSESSMENT  OF  THE  ABILITY  OF  CRASSOSTREA  ARI- 
AKENSIS  HEMOCi  TES  TO  KILL  PERKINSUS  MARINVS 
IN  VITRO.  Mohammad  R.  Alavi.  Jose  A.  F.  Robledo,  Eric  J. 
Schott,  Keiko  Saito,  Satoshi  Tasumi.  and  Gerardo  R.  Vasta. 

Center  of  Marine  Biotechnology.  UMBI.  University  of  Maryland. 
701  E.  Pratt  St.  Suite  236.  Baltimore.  MD. 

The  eastern  oyster.  Crassostrea  viri;inica.  has  been  reduced  to 
such  low  numbers  in  the  Chesapeake  Bay  that  the  introduction  of 
the  Asian  oyster  C.  aiiakensis  is  being  considered  by  the  industry, 
and  state  and  federal  agencies.  To  assess  the  susceptibility  of  C. 
ariakeiisis  to  Perkiii.tiis  inarinus  (Dermo)  we  examined  the  capac- 
ity of  C.  ariakeiisis  hemocytes  or  plasma  to  kill  or  inhibit  prolif- 
eration of  P.  niariuiis  trophozoites,  and  compared  it  to  that  of  C. 
\iri;inica.  P.  niariniis  trophozoites  were  exposed  in  vitro  to  oyster 
hemocytes  or  plasma  (at  six  infection  ratios)  for  24  and  72  hrs  and 
the  parasite's  ability  to  proliferate  after  the  exposure  was  assessed 
by  culture  in  nutrient  medium  for  four  weeks,  with  weekly  mea- 
surements of  cell  densities.  .-Mthough  both  C.  viri;inica  and  C. 
ariakcnsis  hemocytes  apparently  reduced  the  viability  of  most  of 
the  exposed  parasites,  even  at  the  ratio  of  16:1  (hemocytes:  para- 
sites) a  small  proportion  of  the  parasite  survived  and  proliferated 
upon  addition  of  culture  medium.  To  rigorously  discriminate  ad- 
herent trophozoites  from  those  phagocytosed  by  the  oyster 
hemocytes.  we  developed  a  method  based  on  a  chloromethylbenz- 
amido  derivative  of  a  dialkylcarbocyanine  dye  (CM-Dil).  a  lipo- 
philic molecule  that  can  remain  highly  fluorescent  when  incorpo- 
rated into  cell  wall  and  can  be  quenched  by  trypan  blue  if  the 
parasite  remain  extracellular.  Using  this  method,  both  degraded 
and  intact  parasite  could  be  detected  within  hemocytes  24  hrs 
post-exposure,  confirming  our  pre\ious  results,  (Supported  by 
grants  from  the  Maryland  DNR  and  NOAA). 


EFFECTS  OF  HARMFUL  ALGAE  ON  OYSTER  GROWTH. 

J.  Alexander'.  D.  Meritt',  A.  Pareletti',  S.  Alexander'.  D. 
Stoecker'  and  P.  Gilbert.  'University  of  Maryland  Center  for 
Environmental  Science. 

Introduction  of  the  Asian  oyster.  Crassostrea  ariakeiisis.  to 
Chesapeake  Bay  is  of  considerable  interest  in  the  broader  plans  for 
Bay  restoration.  Overfishing,  loss  of  habitat,  and  disease  have 
caused  dramatic  losses  in  the  native  oyster,  Crassostrea  viri;iiiica, 
and  It  is  thought  that  the  .'Ksian  oyster  may  succeed  where  the 
native  oyster  has  not  because  of  its  high  growth  rates,  among  other 
factors.  One  of  the  manifestations  of  poor  water  quality  in  Chesa- 
peake Bay  is  the  development  of  harmful  algal  blooms.  Critical  to 
an  understanding  of  the  potential  success  of  the  Asian  oyster  in 
Chesapeake  Bay  is  know  ledge  of  the  impact  of  ctimmon  harmful 
algae  on  oyster  growth.  The  first  phase  of  this  investigation  in- 
cluded a  comparison  of  the  effect  of  harmful  algae  on  spat  growth, 
measured  as  shell  growth,  of  both  C.  riri>inica  and  C.  ariakeiisis. 
Effects  of  exposure  to  Prorocentnim  niiniinuiii  were  compared  to 
that  of  Isochrysis  i;(ilhciihi.  one  of  the  standard  hatchery  feed  or- 
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ganisms.  and  a  non-fed  control  treatment.  Valve  height  of  cultch- 
less  test  oysters,  prepared  by  grinding  away  a  portion  of  the  shell 
periphery,  following  guidelines  from  the  EPA  Oyster  Acute  Tox- 
icity Test,  was  measured  before  and  after  96  hrs  exposure  to  each 
treatment.  Feces,  pseudofeces.  and  gut  contents  were  also  collected 
from  sample  annuals  to  compare  digestion.  Initial  results  indicate 
that  C.  viriiiiiica  was  impacted  negatively  by  F.  niiiiitinini  to  a 
greater  extent  than  was  C.  ariakeiisis. 


IN  VITRO  INVESTIGATIONS  OF  QUAHOG  PARASITE 
UNKNOWN  (QPX).  Bassem  Allam,  Deenie  M.  Bugge  and  Mic- 
kael  Perrigault.  Marine  Sciences  Research  Center.  Stony  Brook 
University.  Stony  Brook  NY  11794-5000. 

Quahog  parasite  unknown  (QPX)  has  been  successfully  iso- 
lated from  clams  from  different  geographic  locations  in  the  North- 
east. This  study  uses  an  in  vitro  approach  to  investigate  the  viru- 
lence and  specificity  of  different  QPX  isolates.  A  fluoronietric 
growth  measurement  technique  and  a  neutral  red  cytotoxicity  as- 
say were  used  to  investigate  interactions  between  QPX  and  com- 
ponents from  different  bi\al\e  species  and  strains.  Our  experi- 
ments demonstrate  that  QPX  produces  extracellular  virulence 
factors  that  are  cytotoxic  to  M.  inerceitaria  hemocytes.  This  cyto- 
toxicity may  play  an  important  role  in  supporting  QPX  infection 
and  proliferation  within  the  host.  Experiments  also  indicate  that 
QPX  growth  in  M.  inercenaria  is  tissue-specific  and  that  some 
tissues  possess  anti-QPX  properties.  For  example,  host  foot  tissue 
supports  in  vitro  QPX  growth  while  growth  in  mantle  or  gill  tissue 
is  strongly  inhibited.  Bivalve  plasma  also  contains  anti-QPX  fac- 
tors which  may  play  a  role  in  host  defense.  Plasma  from  species 
not  known  to  develop  QPX  disease  contains  higher  anti-QPX  ac- 
ti\ity  than  M.  mercenaria  plasma.  The  in  vitro  inhibitory  effect  of 
plasma  seems  however  to  be  time-dependent  and  lasts  up  to  two 
days  since  further  incubation  results  in  an  enhancement  of  QPX 
growth.  These  and  future  in  vitro  investigations  will  increase  our 
understanding  of  QPX  infection  and  disease  development.  For 
instance,  studies  targeting  tissues  where  anti-QPX  activities  are 
localized  may  provide  a  good  strategy  for  the  determination  of 
biological  bases  of  QPX  resistance  in  clams. 


RISKY  BUSINESS:  PROSPECTIVE  LOOK  AT  TRIPLOID 
C.  ARIAKENSIS  AQUACULTURE.  Standish  K.  Allen  Jr.  Vir 

ginia  Institute  of  Marine  Science.  P.O.  Box    1346.  Great  Rd., 
Gloucester  Point.  VA  23062. 

Among  the  options  under  consideration  by  the  current  Envi- 
ronmental Impact  Statement  (EIS)  process  on  the  introduction  of 
C.  ariakensis  to  Chesapeake  Bay  i.s  that  of  aquaculture  of  triploid 
C.  ariakensis.  The  premise  for  this  option  is  that  sterile  triploids 
can  eliminate  or  lessen  the  risk  of  inadvertent  introduction.  Trip- 
loidy  is  produced  by  crossing  tetraploid  with  diploid  brood  stock. 
yielding  high  proportions  of  triploids — but  not  1009f .  Our  expe- 


rience with  certifying  eight  batches  (average  sample  size  for  each 
certification:  33,58)  of  triploids  produced  in  this  way  indicates  that, 
on  average,  batches  are  99.86  ±  0.094%  (95%  CI)  triploid.  Essen- 
tially, the  risks  posed  by  triploid  aquaculture  boils  dov\n  to  the  risk 
i)f  reproduction  from  the  one  in  10(J0  diploids  scattered  among  the 
crop.  We  have  overseen  two  major  industry  aquaculture  trials  with 
triploid  C.  ariakensis.  Because  of  Federal  permitting  requirements 
by  the  Amiy  Corps  of  Engineers  for  these  trials,  various  other 
Federal  agencies,  as  well  as  States  and  NGOs.  have  weighed  in  on 
provisions  for  peiniitting.  Risk  has  been  quantified  by  a  simple 
probability/  demographic  model  to  estimate  the  number  of  surviv- 
ing spat  that  result  from  various  deployment  options.  Moreover, 
these  risk  calculations  have  been  deemed  cumulative,  such  that 
those  risks  posed  in  a  previous  industry  trial  with  triploids  are 
summed  with  those  for  subsequent  ones.  Clearly,  this  approach 
leads  to  spiraling  impossibility  to  continue  these  trials,  and  seem- 
ingly, excludes  the  opportunity  for  commercial  scale  aquaculture. 
A  more  "liberal"  approach  to  engaging  triploid  aquaculture  and 
dealinc  with  its  concomitant  risks  will  be  discussed. 


SHORT-TERM  EVALUATION  OF  MORTALITY  FROM 
BONAMIA  SP.  INFECTIONS  IN  CRASSOSTREA  ARIAKEN- 
SIS AT  TWO  LOCATIONS  IN  SOUTHEASTERN  NORTH. 
Troy  Alphin',  Ami  Wilbur',  Ryan  B.  Carnegie^  and  Martin  H. 
Posey'.  'UNC-Center  for  Marine  Science.  5600  Marvin  K.  Moss 
Ln.  Wilmington.  NC  28909.  "Virginia  Institute  of  Marine  Science; 
Gloucester  Point.  VA.  'Department  of  Biology  and  Marine  Biol- 
ogy. UNC-Wilmington. 

The  Suminoe  oyster,  Crassostrea  ariakensis,  has  been  pro- 
posed as  a  potential  aquaculture  species  for  several  states  along  the 
Atlantic  coast  of  the  United  States,  including  Maryland,  Virginia, 
and  North  Carolina.  A  2003  trial  of  C.  ariakensis  in  Bogue  Sound, 
North  Carolina,  resulted  in  high  mortality  due  to  infection  by 
Bonamia  sp.  The  presence  of  Bonainia  sp.  may  represent  a  sig- 
nificant impediment  to  the  future  culture  of  C  ariakensis  along  the 
east  coast.  As  part  of  a  field  study  evaluating  the  presence  of 
Bonamia  sp.  in  coastal  North  Carolina.  Ostreola  eqiiestris.  a  spe- 
cies that  may  serve  as  a  reservoir  host,  was  sampled  from  a  variety 
of  locations  from  Bogue  Sound  to  Wilmington.  Bonamia  ,sp.  was 
detected  in  the  Wilmington  area  in  July  2005  and  juvenile  triploid 
C.  ariakensis  were  deployed  at  two  Wilmington  locations  in  late 
September  to  determine  if  parasite  transmission  to  this  non-native 
species  would  occur.  The  first  site  was  a  research  bottom  lease,  at 
the  mouth  of  Hewletts  Creek.  NC  and  the  location  where  Bonamia 
sp.  was  observed  in  O.  eqiiestris,  while  the  second  site  was  located 
3  km  south  along  the  ICW  at  a  site  where  O.  eqiiestris  had  not  been 
noted.  C.  ariakensis  were  deployed  for  eight  weeks  with  weekly 
monitoring  of  Bonainia  sp.  prevalence  and  mortality,  and  biweekly 
monitoring  of  growth.  Bonamia  sp.  infections  in  C.  ariakensis 
were  noted  at  both  locations,  with  a  higher  Bonamia  sp.  prevalence 
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at  the  research  lease  site.  Peak  mortality  approached  409^  during 
the  5th  week  of  the  study. 


IN  VITRO  PROTEASE  PRODUCTION  BY  QPX.  Robert  S. 
Anderson,  Tracey  M.  Luskey  and  Maureen  A.  Strauss.  Univer- 
sity of  Maryland  Center  for  Environmental  Science,  Chesapeake 
Biological  Laboratory.  P.O.  Box  38.  Solomons.  MD  20688. 

QPX  secretes  virulence  factors,  including  proteases  that  con- 
tribute to  success  in  its  host.  In  vitro  production  of  QPX  proteases 
was  followed  by  zymography  for  four  to  six  weeks,  using  trisgly- 
cine  gels  with  0.1  ^r  gelatin  incorporated  as  a  substrate.  Little  or  no 
protease  activity  was  detected  in  unsupplemented  Kleinschuster"s 
medium,  in  which  QPX  was  cultured  at  11°.  20°  or  27°  C.  How- 
ever at  20°  C.  supplementation  with  fetal  bovine  serum  (FBS) 
resulted  in  the  production  of  6-7  QPX-dependeni  proteases,  plus 
4-5  FBS-associated  proteases.  After  six  weeks  of  incubation.  QPX 
proteases  included  a  >200  kD  band  plus  bands  at  -70.  51  and  46 
kD;  other  proteases  were  weakly  or  occasionally  expressed.  The  46 
kD  band  was  consistently  the  major  QP.X  protease.  Expression  of 
QPX  46  kD  protease  showed  temperature  dependency:  it  was 
maximally  (-i-i-i-)  expressed  by  one  week  at  27°  C.  but  seen  as  a 
faint  (+/-)  band  after  three  weeks  at  11°  and  20°  C.  Experiments 
were  cairied  out  to  determine  if  the  presence  of  host  tissue  extracts 
in  the  medium  would  modify  the  expression  profile  of  QPX  pro- 
teases. FBS  and  homogenate  proteases  interacted  to  produce  strong 
bands  of  activity  that  made  observation  of  QPX  proteases  impos- 
sible. Therefore,  homogenate  effects  were  measured  in  FBS-free 
medium.  Unique,  active  (+-I-)  -60  &  65  kD  proteases  were  seen 
throughout  the  six  week  cour.se  of  the  homogenate-QPX  study. 
The  major  (46  kD)  protease  in  FBS-supplemented  cultures  was 
weakly  expressed,  and  only  after  three  weeks.  These  results  sug- 
gest that  the  microenvironment  of  QPX  may  influence  its  patho- 
genicity. 


RETURNING  TO  SALTWATER  POND  CULTURE  OF 
CRASSOSTREA  VIRGINICA.  William  D.  Anderson',  William 
A.  Cox"  and  Jack  M.  Whetstone".  'South  Carolina  Department  of 
Natural  Resources.  P.O.  Box  12559.  Charleston.  SC  29422.  "Is- 
land  Fresh  Seafood.  Inc..  'Clemson  University. 

Using  saltwater  ponds  to  cultivate  oysters  can  be  traced  back  to 
the  Romans  in  the  first  century  B.C..  and  even  earlier  to  Chinese 
aquaculture.  In  South  Carolina  and  other  east  coast  states,  growing 
large,  single  eastern  oysters  in  saltwater  ponds  and  abandoned 
impoundments  has  been  practiced  since  the  1800s.  South  Caroli- 
na's renowned  "mill  pond  oyster"  floated  as  spat  on  logs  into 
saw-mill  ponds,  grew  near  the  surface,  dislodged,  and  if  it  survived 
in  the  mud  bottom  environmenl.  matured  into  an  epicurean  delight. 
Oyster  culturists  observed  pond  oysters'  adductor  muscles  to  be  at 
least  one-third  larger  than  their  estuarine  siblings,  ostensibly  to 
avoid  smothering  by  sillation  on  the  mud  bottom. 


Saltwater  ponds  generate  a  favorable  environment  for  con- 
trolled autotrophic  production  and  can  sustain  a  higher  instanta- 
neous biomass  throughout  the  year  compared  to  adjacent,  produc- 
tive estuarine  waters.  Through  intake  filtration,  circulation  adjust- 
ments, salinity  and  water  level  control,  ponds  can  be  intensely 
managed  to  inhibit  parasites,  predators  and  disease  while  acceler- 
ating growth. 

Optimum  conditions  for  pond  and  estuarine  aquaculture  of 
eastern  oysters  have  evolved  recently  in  SC  due  to  a  successful 
clam  mariculture  infrastructure  seeking  diversification,  strong 
market  demand  for  single  local  oysters,  hatchery  technology  ad- 
vances and  the  capacity  to  cultivate  large  (>57  mm)  juvenile  oys- 
ters in  a  controlled  environment. 

Island  Fresh  Seafood,  a  South  Carolina  Corporation  has 
spawned  C  virginica  seed  that  has  grown  63  mm  in  six  months, 
considerably  faster  than  wildstock  oysters.  This  presentation  dis- 
cusses salt  water  pond  characteristics,  production  of  seed  oysters 
and  South  Carolina's  cooperative  fisheries  research  initiatives  to 
engender  single  oyster  aquaculture  by  commercial  shellfishermen. 

AN  OVERVIEW  OF  BIVALVE  POPULATION  RESTORA- 
TION EFFORTS  IN  FLORIDA  WATERS.  William  S.  Arnold. 

Florida  FWCC  Fish  and  Wildlife  Research  Institute.  100  8th  Ave. 
S.E..  St.  Petersburg.  FL  33701. 

The  coastal  zone  in  Florida  is  being  developed  at  a  rapid  pace, 
placing  increasing  pressure  on  nearshore  marine  resources  includ- 
ing bivalve  molluscs  such  as  scallops,  clams,  and  oysters.  In  an 
effort  to  mitigate  the  impacts  of  coastal  development  and  to  main- 
tain viable  and  broadly  distributed  populations  of  these  species,  a 
variety  of  approaches  have  been  applied  to  rebuild  or  reestablish 
populations.  These  approaches  include  transplanting  adults,  plant- 
ing seed,  releasing  larval  or  post-larval  animals,  and  constructing 
habitat.  Success  has  varied  considerably  depending  upon  the 
method  employed,  the  target  species,  and  the  interactive  effects  of 
species  and  habitat.  Among  many  lessons  that  have  been  learned, 
one  of  the  most  essential  is  that  the  cause  of  collapse  must  be 
identified  and  either  ameliorated  or  circumvented  prior  to  initiating 
a  restoration  effort.  Otherwise,  the  likelihood  of  success  is  low. 
Because  similar  development  pressures  are  either  underway  or 
imminent  throughout  the  United  States,  the  lessons  learned  in 
Florida  should  be  of  interest  to  a  broad  array  of  coastal  zone 
scientists  and  managers. 

DOES  DISTANCE  FROM  SUBTIDAL  CHANNEL  INFLU- 
ENCE USAGE  OF  NEWLY  ESTABLISHED  INTERTIDAL 
OYSTER   REEFS   BY   TRANSIENT   AND   RESIDENT 

FAUNA.  Stephen  .1  Artabane,  Martin  H.  Posey  and  Troy  D. 
Alphin.  Llniversity  of  North  Carolina.  Department  of  Biology  and 
Maiine  Biology.  601  S.  College  Rd..  Wilmington.  NC  28903. 

The  habitat  value  of  oyster  reefs  {Crasso.strea  virt^inica)  to 
many  flnfish  and  decapods  may  vary  significantly  with  landscape 
factors  such  as  proximity  of  adjacent  habitats,  distance  to  source 


Natiiinal  Slwllfishcries  Association.  Moiucrcx.  Ciilifoniiii 


Ahslracls.  2006  Annual  Meetin!:,  March  26-30.  2006      7(W 


areas,  and  reef  architecture.  We  examined  how  distance  of  inter- 
tidal  reefs  from  subtidal  channels  and  low  tide  refuges  for  transient 
fauna  influences  reef  use  hy  both  resident  and  transient  fauna.  Four 
transects  of  artificial  reefs  were  created  using  clean  oyster  shell 
and  placed  at  distances  of  ."i  m.  30  m.  and  55  m  from  a  subtidal 
channel  on  a  tidal  flat  in  southeastern  North  Carolina.  Transient 
finfish  and  crustaceans  were  sampled  during  flood  tide  using 
Bieder  traps  and  suiTound  nets.  Resident  species  were  sampled 
using  shell  excavations  and  sediment  cores.  Preliminary  data  sug- 
gest preferential  use  of  reefs  o\er  non-reef  controls  and  use  of  edge 
habitat  over  interior  habitat  for  the  dominant  transient  species: 
pinfish.  spot  and  nunumichog.  Conflicting  patterns  were  observed 
between  both  sampling  methods  for  pinfish.  with  Breder  trap  data 
indicating  preference  for  reefs  furthest  from  channel  and  smTouud 
net  data  indicating  preference  for  reefs  closest  to  the  channel.  No 
clear  pattern  of  use  was  observed  for  mummichog  and  juvenile 
spot.  Excavations  show  higher  settlement  of  oyster  spat  on  reefs 
located  at  5  ni  Irom  the  subtidal  channel,  bin  no  differences  among 
distances  for  recruitment  of  mud  crabs.  Panopcus  lierlystii.  Mea- 
surements of  predation  using  tethered  grass  shrimp.  Paleoiiionetfs 
piiflio.  and  outplanted  hard  clams.  Mcrccmirio  incrcenciiio.  were 
conducted  to  measure  actual  reef  utilization  but  results  were  in- 
conclusive. 


ENSO  AND  CRUSTACEAN  POPULATIONS  OF  PERU: 
ARE  THE  LANDINGS  RECORDS  RELATED  TO  THE  SEA 
SUREACE  TEMPERATURE?  Cynthia  M.  Asorcy'.  Javier 
Calcagno'  and  Gustavo  A.  Lovrich".  Facullad  de  Ciencias  Ex- 
actas  y  naturales-UBA/CENSOR  EU.  ^Centro  Austral  de  investi- 
gaciones  CADIC.  Ushuaia/CEN.SOR  EU. 

The  marine  ecosystem  of  the  south  eastern  Pacific  is  made  up 
of  a  particular  system  of  superficial  currents  that  make  the  coasts 
of  Chile  and  Peru  some  of  the  world's  most  productive  fishing 
zones.  Few  studies  have  been  conducted  to  examine  the  population 
dynamics  of  commercial  crustaceans  and  ENSO.  This  unconcern  is 
probably  due  to  the  low  economic  value  of  these  species,  when 
compared  to  other  commercial  ones.  In  this  work,  mean  and  maxi- 
mum temperatures  registered  at  the  Chicama  station  (07  41'  S, 
79-  26'  W).  between  1970  and  1999  were  correlated  with  the 
crustacean  landing  records  of  the  Institute)  del  Mar  del  Peru.  We 
found  a  positive  correlation  between  the  total  crustacean  landings 
of  shrimp  species  {Lilopenaeus  spp..  Furfanti'peiwaeiis  ciilijonii- 
ensis  and  Xvpliopt'iii'iwiis  riveti)  and  both  the  annual  mean  tem- 
peratures (r  =  0.43.  p  <  0.051  and  the  maximum  temperatures  (r 
=  0.39,  P  <  0.05).  We  also  found  a  negative  but  not  significant, 
correlation  (r  =  -0.22  for  the  mean  SST  and  r  =  -0.28  for  the 
maximum  SST.  p  >  0.05).  for  the  crab  species  (Cancer  sp.  Platy- 
-xcmiliKs  sp).  These  results  coincide  with  earlier  works  that  report 
on  the  increase  of  mortality  rates  and  migrations  to  deeper  water  of 
crab  species.  Coincidently,  during  the  ENSO.  commercial  shrimps 


move  south  from  off  Ecuador  to  off  Peru,  where  fishers  adapt  their 
fishing  arts  to  catch  shrimp. 


INFLUENCE  OF  TEMPERATURE  ON  THE  METABO- 
LISM OF  MVNIDA  GREGARIA  (=  M.  SUBRUGOSA )  (CRUS- 
TACEA: ANOMURA).  M.  C.  Avalos',  O.  Heilmayer-  and  K. 
Pa,schke\  'CADlC  (Centro  Austral  de  Investigaciones  Cientifi- 
cas).  Ushua,  "Alfred  Wegener  Institute  for  Polar  and  Marine  Re- 
search, Brem,  'instituto  de  Acuicultura — Universidad  Austral  de 
Chile.  Pue. 

Mmiida  grcfiaria  is  an  epibenthic  galatheid  crab  of  5  to  7  cm 
total  length  that  has  a  key  role  in  the  coastal  subantartic  ecosystem 
of  South  America.  Although  plenty  of  information  on  the  species 
related  to  growth,  reproduction,  abundance  and  distribution  is 
available  not  much  is  known  about  physiological  adaptations  to 
subantarctic  temperatures.  This  preliminary  study  aimed  to  deter- 
mine standard  and  active  metabolism  of  M.  gregaria  acclimated  at 
three  different  temperatures.  Animals  were  caught  off  Puerto 
Montt  (47''S).  Chile,  with  an  underwater  vacuum  at  -10  m  depth. 
Oxygen  consumption  of  animals  (n  =  6  per  treatment;  mean  cara- 
pace length  =  13.5  mm  ±  I  mm)  acclimated  to  6'-',  12"  and  I8°C 
was  measured.  A  closed  system  was  used  for  respiration  measure- 
ment. Oxygen  content  was  determined  with  microoptodes  con- 
nected to  a  single  channel  MICROX  TX3  array.  After  standard 
metabolism  (defined  as  oxygen  consumption  of  unfed,  unstressed 
animals)  was  measured,  animals  were  forced  to  move  and  be  ac- 
tive. Oxygen  consumption  was  measured  to  obtain  active  metabo- 
lism. Results  show  that  standard  metabolism  of  M.  gregaria  was 
significantly  positive  affected  by  tetnperature  (6°C  =  0.105 
mgO,.h-'.g-';  12°C  =  0.161  mgO,.h*'.g-';  18°C  =  0.232 
mgOi.h'^'.g"').  Active  metabolism,  however,  could  only  be  mea- 
sured in  few  animals.  In  the  cases  the  animals  showed  high  levels 
of  activity,  a  significant  non-temperature  dependent  2  to  3  fold 
increases  in  their  oxygen  consumption  was  measured.  Our  data 
provide  preliminary  insight  into  the  physiology  of  this  key  species 
and  help  setting  future  experiments  on  this  species,  in  order  to 
study  its  thermo-tolerance  in  a  latitudinal  temperature  context. 


INFLUENCE  OF  SALINITY  ON  THE  DISTRIBUTION  AND 
ABUNDANCE  OF  LARVAE  OF  DOMINANT  OYSTER- 
REEF  DECAPODS  IN  SOUTHWEST  FLORIDA.  Bethany  M. 
Bachelor',  S.  Gregory  Tolley'  and  Scott  E.  Burghart".  'Florida 
Gulf  Coast  University.  Coastal  Watershed  Institute.  10501  FGCU 
Blvd  S..  Ft.  Myers.  FL  3396.  "University  of  South  Florida,  College 
of  Marine  Science. 

Spatial  and  temporal  variability  in  recruitment  of  associated 
organisms  to  oyster  reefs  is  dependent  upon  a  number  of  factors 
including  larval  supply,  which,  in  turn,  is  influenced  by  freshwater 
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inflow  and  salinity.  Distribution  and  abundance  of  larvae  of  the 
three  dominant  decapod  crustaceans  found  on  oyster  reefs  in  Es- 
tero  Bay.  Florida  iPetrolisthes  armatus.  Eurypanopens  depressus 
and  Rhithropanopcus  luirrisii)  were  qtiaiitified  using  monthly 
plankton  tows.  Sampling  included  stations  near  passes  connecting 
to  the  Gulf  of  Mexico,  in  the  open  waters  of  the  bay.  and  in 
association  with  tidal  tributaries.  Larval  densities  of  the  marine 
stenohaline  P.  armatus  were  greater  in  bay  waters  and  near  passes. 
Larvae  of  the  euryhaline  E.  depressus  occurred  abundantly 
throughout  the  bay  and  in  association  w  ith  tidal  tributaries.  Larvae 
of  R.  harrisii.  a  species  known  to  favor  reduced  salinities,  were 
most  abundant  near  tidal  tributaries.  Densities  of  P.  armatus  and  E. 
depressus  peaked  at  the  end  of  the  dry  season  (May)  and  were 
depressed  with  the  onset  of  seasonal  rains  (June).  In  contrast.  R. 
harrisii  larvae  were  in  short  supply  during  dry  months  but  were 
abundant  during  the  wet  season.  Weighted  mean  salinity  of  capture 
was  higher  for  P.  armatus  (29.72)  and  E.  depressus  (29.88)  than 
for  R.  harrisii  {6.72).  and  larval  density  was  positively  coiTelated 
with  salinity  of  capture  for  P.  armatus  and  E.  depressus  and  nega- 
tively conelated  for  R.  harrisii.  These  results  suggest  the  impor- 
tance of  considering  the  effects  of  salinity  on  spatial  and  .seasonal 
variation  in  larval  supply  in  understanding  recruitment  dynamics 
of  ovster-reef  associates. 


LIFE  HISTORY  CHARACTERISTICS  OF  THE  NONNA- 
TIVE  GREEN  MUSSEL  {PERi\A  VIRIDIS}.  IN  TAMPA 
BAY,  FLORIDA.  Shirley  Baker'.  Bruce  Barber".  Jon  Fajans' 
and  Patrick  Baker'.  'University  of  Florida.  Department  of  Fish- 
eries and  Aquatic  Sciences.  7922  N.W.  71st  St..  Gainesville.  FL 
32611.  "Eckerd  College.  'Keys  Marine  Laboratory. 

The  green  mussel.  Perna  viridis.  has  been  intensively  harvested 
and  cultured  for  human  consumption  throughout  its  native  range 
and  has  been  transplanted  outside  its  range  numerous  times  for 
aquaculture.  In  August  1999.  P.  viridis  was  identified  in  Tampa 
Bay,  Florida,  the  first  report  from  North  America.  The  overall 
objectives  of  our  three-year  research  program  were  to  monitor  and 
predict  the  spread  of  P.  viridis  and  major  interactions  with  native 
bivalve  species  and  phytoplankton  communities.  Here  we  examine 
the  reproduction,  recruitment,  growth,  and  survival  of  P.  viridis. 
Monthly  samples  were  examined  histologically  for  reproductive 
status  and  settlement  plates  were  used  to  examine  recruitinent. 
Monthly  quantitative  samples  were  collected  to  estimate  size  dis- 
tribution, cohort  growth  and  survival.  Based  on  both  histological 
and  recruitment  data.  P.  viridis  in  Florida,  as  in  Asia,  has  a  primary 
spawning  peak  in  spring  and  a  lesser  peak  in  autumn.  Patterns  were 
strongest  in  peak  habitat  (based  on  P.  viridis  density):  the  autumn 
peak  timing  or  intensity  varied  in  area.s  of  lower  P.  viridis  density. 
Growth  rate  was  rapid — about  9  mm  per  month — and  within  the 


range  of  growth  rates  reported  in  native  habitats.  Based  on  size, 
some  P.  viridis  may  become  sexually  mature  and  attain  fishery  size 
(-70-80  mm)  within  one  year.  As  demonstrated  in  this  study, 
green  mussels  successfully  reproduce  in  Florida,  resulting  in  dense 
populations  throughout  Tampa  Bay. 


RESTORATION  OF  INTERTIDAL  OYSTER  REEFS  AF- 
FECTED BY  INTENSE  BOATING  ACTIVITY  IN  SHAL- 
LOW FLORIDA  WATERWAYS.  Andrea  Barber',  Linda 
Walters'  and  Anne  Birch".  'University  of  Central  Florida.  "The 
Nature  Conser\ancy . 

In  recent  years,  intertidal  reefs  of  the  oyster  Crassostrea  vir- 
ginica  in  central  Florida's  coastal  areas  have  suffered  extensive 
losses  due  to  wakes  from  recreational  boats.  The  creation  and 
enforcement  of  ""no  wake"  zones  in  the  area  are  unlikely.  Thus 
there  is  an  urgent  need  for  an  alternative  restoration  strategy  before 
oyster  reefs  decline  past  the  point  of  no  return.  The  goal  of  this 
project  is  to  implement  a  scientifically-based  restoration  technique 
that  minimizes  wake  damage  from  recreational  vessels  on  inter- 
tidal reefs  in  Canaveral  National  Seashore  (CANA).  To  accom- 
plish this,  we  will  test  a  range  of  restoration  measures  to  determine 
the  optimal  design  that  best  increases:  1 )  the  numbers  of  oysters, 
2)  3-D  structure  of  our  intertidal  reefs,  and  3)  biodiversity  and 
abundances  of  sessile  and  motile  species  on  reefs.  These  restora- 
tion measures  will  include  all  combinations  of  leveling  piles  of 
disarticulated  shells  on  reefs,  placing  seagrass  seaward  of  reefs, 
and  deploying  miniature,  mobile  oyster  reefs  (restoration  mats)  to 
provide  substrate  for  oyster  recruitment  and  survival.  Our  restora- 
tion mat  design  includes  affixing  36  drilled  oyster  shells  to  0.4  x 
0.4  nr  pieces  of  black  mesh.  After  completing  this  experimental 
objective,  the  majority  of  our  effort  will  be  to  implement  our 
optimal  design  to  increase  reef  dimensions  to  historical  levels 
within  the  bounds  of  CANA.  Our  goal  is  to  restore  l.'i-20%  of  the 
400  reefs  (60-80  reefs)  in  the  project  area  (approximately  40 
acres)  that  ha\e  been  damaged  by  wakes  from  recreational  vessels. 


THE  NEW  ZEALAND  SEA  URCHIN  (EVECHINUS  CHLO- 
ROTICUS)  FISHERY.  M.  F.  Barker.  Department  of  Marine  Sci- 
ence. University  of  Otago.  Box  56.  Dunedin,  New  Zealand. 

Evechiiuis  chloroticus  (Valenciennes)  known  locally  as  "kina" 
is  a  ubiquitous  echinometrid  sea  urchin,  endemic  to  New  Zealand. 
It  is  one  of  the  largest  sea  urchins  known,  with  a  maximum  test 
diameter  (TD)  of  16-17  cm  and  is  widely  distributed  around  the 
main  islands  of  New  Zealand  but  is  also  found  at  the  Chatham 
Islands  to  the  west,  and  the  Snares  Islands  to  the  south.  It  is 
cenerally  found  on  rockv  reefs  in  water  less  than  12  to  14  meters 
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deep  although  interlidal  populations  also  oceur.  mainly  in  the  north 
olthc  North  Island.  Adiih  mchins  are  normally  Ibund  in  areas  with 
moderate  currents  and  ua\e  action,  and  are  seldom  found  in  areas 
ot  extreme  exposure  such  as  the  surf  shores  that  occur  along  much 
of  New  Zealand's  west  coast. 

It  was  harvested  bv  Maori  people  before  the  airival  of  Euro- 
peans in  New  Zealand  and  was  first  harvested  commercially  in 
about  1983.  In  2002  it  was  included  in  the  New  Zealand  Quota 
Management  System,  of  10  regions  around  the  country  used  to 
manage  all  of  New  Zealand's  larger  commercial  fisheries.  At  the 
present  time  fisheries  are  supplying  the  domestic  market  almost 
exclusively  because  the  poor  taste  and  colour  of  the  roe  has  re- 
sulted in  low  prices  from  export  to  S.E.  Asia. 

In  this  talk  the  long  term  viability  of  the  fishery  will  be  dis- 
cussed. Strategies  to  mitigate  the  effects  of  overfishing  including 
better  management  of  the  quota  system,  roe  enhancement  and 
reseeding  will  also  be  discussed. 


alanine  and  valine,  though  the  relative  amount  of  individual  free 
amino  acids  varied  between  roes  from  different  animals.  We  are 
also  canying  out  tests  to  determine  the  impact  of  handling  and 
storage  retiimes  on  the  shelf-life  of  E.  clilcroiiciis  roe. 


ENHANCEMENT  OF  YIELD  AND  QUALITY  OF  EVECHI- 
NUS  CHLOROTICUS  ROE  THROUGH  CONTROLLED 
DIET.  M.  F.  Barker'.  P.  Bremer".  P.  Silcock",  C.  Delahunty '. 
and  M.  Sewell',  'Department  of  Marine  Science.  "Department  of 
Food  Science  University  of  Otago,  Box  5h.  Dunedin.  New 
Zealand,  'School  of  Biological  Sciences,  University  of  Auckland, 
Auckland,  New  Zealand. 

Export  of  New  Zealand  sea  urchins;  roe  to  Japan  and  other 
south-east  Asian  cotmlries  has  been  unsuccessful  as  the  fishery 
does  not  consistently  produce  roe  with  marketable  qualities.  Pre- 
vious research  in  our  laboratory  has  shown  that  by  holding  animals 
in  the  laboratory  or  in  sea  cages,  and  feeding  a  gelatin  bound  or 
Wenger  diet  for  -8  to  12  weeks  the  yield  of  Kina  roe  can  be 
significantly  enhanced  although  the  colour  of  such  roe  was  often 
highly  variable.  The  intluence  of  diet  on  the  colour  or  flavour  of 
the  roe  was  not  quantitatively  assessed.  The  present  research  was 
initiated  to:  I )  develop  local  diet  formulation  in  commercial  quan- 
tities, and  2)  gain  a  better  understanding  of  the  relationship  be- 
tween the  sensory  and  biochemical  characteristics  of  urchin  roe 
and  the  animals'  diet. 

Gonad  data  quantified  to  date  include:  gonad  index  23-24%; 
colour  (58.6-66.9  hue  angle.  17.3-34.8  chroma);  glucose  concen- 
tration (0.1-0.8'^  dry  weight  basis  (dwb);  glycogen  concentration 
(8.5-l6.69f  dwb);  and  free  amino  nitrogen  concentration  (1.4- 
2.5%  dwb).  Gonad  indices  are  significantly  higher  in  urchins  fed 
artificial  compared  to  algal  diets  but  not  higher  than  animals  col- 
lected from  the  wild.  Free  amino  acids  are  believed  to  contribute 
significantly  to  the  taste  of  sea  urchin  roe.  We  have  determined 
that  glycine  is  present  in  the  highest  concentration  followed  by 


PARTICULATE  MATTER  PRODUCTION  ASSOCIATED 
WITH  DEEP-WATER  SUSPENDED  PACIFIC  OYSTER 
{CRASSOSTREA  GIGAS)  FARMS  IN  BRITISH  COLUMBIA. 
P.  A.  Barnes.  W.  Friesen  and  S.  Switzer.  Centre  for  Shellfish 
Research,  Malaspina  University-College.  900  5th  St..  Nanaimo, 
B.C.  V9R5S5.  Canada. 

The  economic  importance  of  bi\al\c  ciiilure  in  coastal  areas  of 
the  northeastern  Pacific  is  not  reflected  in  the  amount  of  informa- 
tion available  on  the  environmental  interactions  of  culture  facili- 
ties. This  study  was  designed  to  determine  the  fate  of  the  particu- 
late material  prodticed  by  deep-water,  suspended  Pacific  oyster 
farms  in  British  Columbia.  Data  was  collected  quarterly  for  one 
year  at  two  sites  of  contrasting  current  regimes.  Seven  stations, 
including  two  reference  stations,  were  sampled  at  each  site  along 
a  transect  running  through  the  centre  of  the  oyster  farm.  Sediment 
trap  data  yielded  deposition  rates,  including  rates  for  TOC/TIC  and 
TN.  Chemical  and  biological  parameters  were  measured  on  sedi- 
ments at  all  sites.  Water  column  data  collected  include  plankton 
community  composition,  particle  size  and  abundance,  and  a  suite 
of  environmental  variables  including  salinity,  temperature,  dis- 
solved oxygen,  pH,  turbidity/total  suspended  solids  and  chloro- 
phyll. The  results  of  preliminary  analyses  investigating  relation- 
ships between  depositional  data,  water  column  variables  and 
benthic  data  for  the  seven  stations  at  each  of  the  two  sites  are 
discussed,  in  addition  to  seasonal  trends. 


INVERTEBRATE  BIODIVERSITY  ASSOCIATED  WITH 
DEEP-WATER  PACIFIC  OYSTER  [CRASSOSTREA  GIGAS) 
FARMS  IN  BRITISH  COLUMBIA.  CANADA.  P.  A.  Barnes', 

S.  Switzer'  and  B.  Burd".  'Centre  for  Shellfish  Reseaich, 
Malaspina  University-College,  900  5th  St.,  Nanaimo,  B.C. 
V9R5S5.  Canada.  "Eco-Stat  Research  Ltd. 

Diverse  invertebrate  communities  ("fouling"  communities)  are 
associated  with  B.C.'s  deep-water,  suspended  shellfish  culture  sys- 
tems. The  three-dimensional  structure  of  these  systems  increases 
habitat  complexity  and  provides  hard  substrate  for  larval  settle- 
ment. These  diverse  communities  require  investigation  to  deter- 
mine their  role  in  the  environmental  interactions  of  shellfish  aqua- 
culture,  to  docutnent  invasive  species  and  to  assist  in  documenting 
B.C.'s  coastal  marine  biodiversity.  This  study  monitored  fouling 
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communities  associated  witii  deep-water  suspended  oyster  rafts  at 
two  sites  of  contrasting  current  regimes.  Biodiversity  data  were 
collected  in  the  summer,  winter  and  spring;  organisms  were  iden- 
tified to  species,  or  the  lowest  taxon  possible  using  the  current 
taxononiic  literature.  Community  composition  data  are  presented, 
along  with  results  of  preliminary  data  analysis  investigating 
changes  in  community  composition  with  depth,  site  and  season. 


HOW  EFFICIENT  IS  THE  BLUE  MUSSEL  (MYTILUS  EDU- 
LIS  L.)  AT  FILTERING  EXCESS  PARTICULATE  MATE- 
RIAL AT  AN  INTEGRATED  AQUACULTURE  SITE? 
Aaron  T.  Bennett'.  Bruce  A.  Macdonald'  and  Fred  H.  Page". 

'University  of  New  Brunswick  (Saint  John),  P.O.  Box  5050,  Saint 
John,  NB,  E2L  4L5,  Canada,  "Fisheries  and  Oceans  Canada;  Uni- 
versity of  New  Brunswick. 

In  2001.  a  collaborative  project  investigated  the  viability  of 
integrated  aquaculture  (finfish/shellfish/seaweed)  in  the  Bay  of 
Fundy.  The  project  will  help  to  quantify  the  economic  and  envi- 
ronmental benefits  and  to  serve  as  a  model  for  developing  inte- 
grated, sustainable  aquaculture.  The  present  .study  has  two  main 
objectives:  1)  characterizing  the  suspended  particle  field  within 
and  surrounding  an  integrated  aquaculture  site  using  various  meth- 
ods to  capture  the  entire  size  range  of  suspended  particulates  and 
2)  determining  the  uptake  and  absorption  of  suspended  particles  on 
the  integrated  aquaculture  site  by  the  blue  mussel.  Mytilus  eduiis. 
We  are  using  videography  to  capture  the  size  distribution  of  un- 
disturbed particles  from  a  minimum  of  100  ixm  to  the  upper  range 
of  particle  size  limit.  Particles  smaller  than  the  range  of  the  video 
resolution  are  measured  using  a  Coulter  Multisizer  which  results  in 
a  size  distribution  pattern  for  indi\idual  particles  measured.  In 
order  to  obtain  a  more  complete  picture,  a  biodeposition  rate  is 
calculated  from  the  feces  and  pseudofeces  deposited  by  the  mus- 
sels during  the  feeding  trials.  A  net  rate  is  then  calculated  for  the 
amount  of  particulates  completely  removed  from  the  system.  We 
believe  this  research  will  support  the  assumption  that  mussels  play 
a  vital  role  in  the  environmental  sustainability  of  integrated  aqua- 
culture in  the  Bav  of  Fundv. 


OPTIMIZATION  OF  GROW-OUT  CONDITIONS  FOR  THE 
LARGE  SCALE  CULTURE  OF  QUEEN  CONCH.  STROM- 
BUS  GIGAS.  Anne  Boettcher'.  Julie  Davis"  and  Catherine 
Dyer'^.  'University  of  South  Alabama,  Biology  Department, 
USCB  124,  Mobile.  AL  36688,  "Caicos  Conch  Farm,  Trade  Wind 
Industries, 

Queen  conch  has  long  been  a  staple  within  the  Caribbean,  and 
wild  product  is  exported  to  an  ever  increasing  global  market.  How- 
ever, rising  fishing  pressure  has  resulted  in  the  depletion  of  wild 
stocks  which  has  increased  interest  in  both  research  and  commer- 
cial based  aquaculture  programs.  The  Caicos  Conch  Farm,  a  fa- 
cility involved  in  the  commercial-scale  culttire  of  queen  conch,  has 


well  established  hatchery  and  juvenile  rearing  techniques  and  is  in 
the  process  of  optimizing  onshore  and  offshore  systems  for  the 
grow-out  of  conch.  Recent  studies  focused  on  evaluation  of  pel- 
leted test  diets  and  determinations  of  feed  conversion  ratios.  In- 
creases in  conch  growth  are  seen  with  the  inclusion  of  natural  algal 
components  to  feed,  and  pellet  formulations  that  include  an  alga 
base  or  algal  mimetics  are  being  developed.  Feed  conversion  ratios 
similar  to  those  seen  for  other  aquaculture  species  are  achieved 
w ith  the  current  pelleted  diet.  In  conjunction  with  an  evaluation  of 
onshore  pond  systems  and  offshore  pen  design,  stocking  densities 
and  transfer  protocols  for  conch  in  these  systems  are  being  evalu- 
ated. The  technology  developed  through  these  studies  will  be 
implemented  in  a  new  grow-out  facility  on  Grand  Turk. 


APPLICATION  OF  PHOTOPERIOD  MANIPULATION 
AND  NEW  EXTRUDED  DIETS  IN  SEA  URCHIN  AQUA- 
CULTURE. S.  Anne  Boettser'.  Charles  W.  Walker'.  Michael 
G.  Devin",  Stephen  .A.  Watts'.  Mickie  L.  Powell'  and  Addison 
L.  Lawrence"*.  'The  University  of  New  Hampshire,  Department  of 
Zoology,  46  College  Rd.,  Durham,  NH  03824,  "Peacock  Canning 
Company,  'The  University  of  Alabama  at  Birmingham.  ""Shrimp 
Mariculture  Research,  Texas  A&M  System. 

For  the  past  two  decades,  sea  urchin  fisheries  have  become 
important  commercial  resources  with  US  exports  to  Japan  exceed- 
ing $150  million  in  1995.  However,  sea  urchin  populations  along 
the  coasts  of  the  US  have  been  overexploited.  In  the  largest  US 
urchin  fishery  (State  of  Maine),  landings  and  numbers  of  licensed 
urchin  fishermen  have  declined  between  1993  and  2001.  To  de- 
velop new  aquaculture  techniques  and  more  effective  diets  we 
have  used  information  on  cellular  changes  occurring  during  game- 
togenesis.  Individuals  were  exposed  to  ambient  and  July  photope- 
riod,  fed  an  extruded  diet  (Wenger)  and  were  evaluated  for  gonad 
index,  stereology  of  different  gonadal  cells,  nutritive  phagocyte 
and  oocyte  sizes  and  taste.  Gonad  indices  [9c)  increased  signifi- 
cantly in  both  treatments  over  five  months.  Amounts  of  nutritive 
phagocytes  (% )  increased  significantly  only  under  invariant  pho- 
toperiod  while  sizes  (|jim)  of  nutritive  phagocytes  increased  in  both 
photoperiod  treatments  but  were  significantly  greater  at  invariant 
photoperiod.  Amounts  of  gonial  cells  (9f )  increased  significantly 
under  ambient  photoperiod.  Oocyte  feret  diameters  ( p.m )  increased 
in  both  treatments  but  were  largest  at  ambient  photoperiod.  Gonad 
(roe)  taste  was  not  appealing  to  taste  testers.  Therefore,  seven  diets 
of  varying  protein  concentrations  and  the  Wenger  diet  were  fed  to 
individuals  maintained  at  invariant  photoperiod  for  five  months. 
This  resulted  in  increased  gt>nad  indices  in  all  diet  treatments,  but 
enhanced  marketability  of  individuals  for  only  three  diets  all  of 
low/medium  protein  and  high  carbohydrate  composition.  Our  re- 
sults indicate  that  photiiperiod  manipulation  and  new  diets  can 
vield  marketable  sea  urchin  roe. 
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AN  EXAMINATION  OF  THE  BIOTIC  AND  ABIOTIC  FAC- 
TORS INFLUENCING  THE  PARASITIC  RELATIONSHIP 
OF  A  RHIZOCEPHALAN  BARNACLE  AND  ITS  HOST. 

Emily  Boone'.  Anne  Boettcher",  Tim  Sherman',  and  Jack 
O'Brien".  'L'ni\L'rMt\  cil  Richmond.  Department  of  Biology. 
Richmond.  VA  23173.  "University  of  South  Alabama.  Biology 
Department,  USCB  1 24.  Mobile.  AL  36688. 

In  the  Gulf  of  Mexico  and  adjacent  waters,  the  rhizocephalan 
bamacle  Lo.xotliylacns  icMinits  parasitizes  members  of  the  genus 
Callinectes.  However,  factors  affecting  the  distribution  and  preva- 
lence of  this  parasite  are  not  well  understood.  A  series  of  studies 
have  been  conducted  to  determine  what  biological  and  physical 
factors  influence  this  host-parasite  relationship.  L.  texanus  larvae 
are  non-feeding  and  have  appro.ximately  three  days  from  meta- 
morphosis to  the  cyprid  stage  for  identification  of  a  host,  before 
their  nutrient  stores  are  depleted.  During  this  time  cypris  larvae 
appear  to  be  panicularly  sensitive  to  abiotic  variations,  including 
salinity  fluctuations.  The  actual  identification  of  a  potential  host 
appears  to  be  mediated  by  chemical  cues  associated  with  the  host, 
similar  to  those  used  by  free-living  barnacles.  The  female  cypris 
larvae  of  L.  texanus  settle  in  response  to  carbohydrate  or  glyco- 
protein cues  in  the  epicuticle  layer  of  crab  exoskelelons.  Labora- 
tory studies  indicate,  however,  that  successful  settlement  does  not 
guarantee  infection  of  the  host.  Results  suggest  that  infection  rates 
may  be  limited  by  factors  such  as  host  si/e.  carapace  content  or 
immune  response. 


MYTELLA  CHARRUANA  ALONG  THE  ATLANTIC  COAST 
OF  FLORIDA:  A  SUCCESSFUL  INVASION?  Michelle  Bou- 
dreaux,  Nancy  Glllis  and  Dr.  Linda  Walters.  University  of  Cen- 
tral Florida. 

Biological  invasions  are  recognized  as  one  of  the  most  serious 
problems  confronting  the  integrity  of  native  species  and  ecosys- 
tems around  the  world.  Unfortunately,  invaders  often  go  unnoticed 
until  they  have  spread  extensively,  making  eradication  difficult 
and  very  costly.  Early  detection  and  rapid  response  to  invasions  are 
vital  to  prevent  potential  evolutionary  and  ecological  changes  that 
damage  both  our  ecosystems  and  our  economy.  Mytella  char- 
niana.  a  tropical  mussel  native  to  Mexico  and  South  America,  first 
appeared  in  the  intake  pipes  of  a  Jacksonville.  Florida  power  plant 
in  1986.  Fortunately,  they  never  became  established  as  the  founder 
population  was  extirpated  the  winter  of  1987,  presumably  due  to 
cold  temperatures.  No  new  sightings  of  this  species  were  recorded 
until  2004.  Then,  a  population  of  M.  chanuana  was  discovered  in 
Mosquito  Lagoon,  Florida  (170  km  south  of  Jacksonville)  in  Au- 
gust 2004.  Since  then  the  area  has  been  surveyed  monthly  for 
mussel  occurrences.  Specimens  were  found  August  2004- 
February  2005  on  manmade  debris,  driftwood  and  living  oysters. 
No  individuals  were  found  again  until  August  2005.  If  ecological 
conditions  are  optimal  for  continued  survival  and  establishment  of 
M.  charruana.  this  species  has  the  potential  to  reproduce  and  out- 


compete  native  mussels  and  declining  oyster  populations  of  the 
area.  Our  goal  is  to  better  understand  this  invasive  before  this 
happens.  Rapid  actions  are  needed  to  prevent  M.  charruana  from 
having  the  economic  and  ecological  impacts  of  the  zebra  mussel 
Dreissena  polymorphu  and  green  mussel  Perna  viridis. 


SPATIAL  COMPETITION  BETWEEN  OYSTERS  AND 
BARNACLES  IN  A  FLORIDA  ESTUARY.  Michelle  Bou- 
dreaux  and  Dr.  Linda  Walters.  University  of  Central  Florida. 

Populations  of  Crassostrea  virginica  within  Mosquito  Lagoon, 
Florida  have  recently  undergone  significant  die-offs.  Before  effec- 
tive restoration  protocols  can  be  established,  important  questions 
about  the  ecology  of  these  oysters  must  be  answered.  My  research 
focused  on  interactions  between  oysters  and  spatial  competitors 
that  may  affect  the  settlement,  growth,  and  survival  of  C.  virginica. 

I  collected  species  inventory  data  for  one  year  using  lift  nets  to 
determine  the  sessile  species  present.  Barnacles  {Balaiuis  amphi- 
tritc  and  B.  eliurneus)  were  the  most  abundant  competitors.  To 
determine  \\  Baliuius  spp.  were  always  in  competition  with  oysters, 
shells  from  historic  shell  middens  were  examined.  Results  show 
that  there  has  been  a  five  fold  increase  in  barnacle  abundance  per 
oyster  shell  and  appearance  of  an  invasive  barnacle.  B.  anipliilrite. 
since  midden  shells.  Thus,  spatial  competition  between  barnacles 
and  oysters  has  increased  in  Mosquito  Lagoon. 

To  determine  how  Bakmus  spp.  affected  settlement,  growth, 
and  survivorship  of  C.  virginica.  experiments  were  conducted  in 
which  densities  of  B..v  cunphitrite  and  B.  eburneus  were  manipu- 
lated on  disarticulated  oyster  shells.  Density  treatments  included: 
no  barnacles  (control),  low,  medium,  and  high  coverage  of  bar- 
nacles. Laboratory  settlement  trials  with  oyster  larvae  were  run 
with  all  shell  treatments.  Settlement  was  counted  by  microscopy. 
Treatments  with  oyster  spat  were  deployed  in  the  field  to  follow 
oyster  growth  and  survivorship  over  4  weeks.  Settlement,  growth, 
and  survivorship  of  oysters  were  all  affected  by  the  presence  of 
barnacles  even  in  low  densities.  The  specific  Balanus  spp.  did  not 
have  an  effect  on  oyster  settlement,  growth,  or  survivorship. 


JUVENILE  RECRUITMENT  DYNAMICS  OF  THE  PINTO 
ABALONE  (HAUOTIS  KAMTSCHATKANA)  IN  THE  SAN 
JUAN  ISLAND  ARCHIPELGO,  WASHINGTON.  Joshua  V. 
Bouma',  C.  Jackels'.  K.  M.  Straus'.  B.  Vadopalas',  C.  S. 
Friedman'  and  D.  P.  Rothaus".  'University  of  Washington, 
School  of  Aquatic  and  Fishery  Science.  Box  355020,  Seattle,  WA 
98195,  -Washington  Department  of  Fish  and  Wildlife. 

Research  has  shown  that  adult  pinto  (northern)  abalone  {Hali- 
olis  kaintscluitkana)  are  in  serious  decline,  prompting  designation 
as  a  Threatened  Species  (Canada)  and  a  Species  of  Concern 
(Washington  State:  U.S.).  These  declines  may  be  due  to  recruit- 
ment failure:  thus  more  information  is  needed  about  the  life  history 
of  this  species,  especially  larval  and  juvenile  stages.  We  deployed 


714      Abstracts.  2006  Annual  Meetini;.  March  26-30.  2006 


Natiimol  Slu'llfislwries  Association.  Monterey.  California 


60  abalone  recruitment  modules  (ARMs)  previously  shown  to  suc- 
cessfully attract  juvenile  abalone  less  than  50  mm  shell  length  in 
the  wild,  at  two  depths  and  three  sites  in  the  San  Juan  Island 
archipelago  (SJI)  with  historically  significant  abalone  populations. 
All  ARMs  were  surveyed  in  situ  for  juvenile  abundance  three 
times  over  the  course  of  15  months.  No  ju\enile  abalone  were 
observed,  although  the  ARMs  were  successful  in  attracting  adult 
abalone  and  other  juvenile  invertebrate  and  fish  species.  The  lack 
of  juvenile  abalone  in  the  ARMs  may  be  due  to  Allee  effects  or.  in 
the  northern  SJI.  to  elevated  temperatures  and  lowered  salinities 
observed  from  the  Fraser  River  summer  plume.  To  test  the  latter 
hypothesis,  a  3  x  .^  full  factorial  experiment  was  implemented  to 
examine  the  influence  of  environmentally  relevant  temperature 
{11°C.  I6°C.  and  2I°C)  and  salinity  ( 14  ppt.  23  ppt  and  32  ppt) 
combinations  on  post-larval  (3-7  mm)  pinto  abalone  survival.  By 
day  three  of  the  e.xperiment  100%  mortality  was  observed  in  all  14 
ppt  treatment  groups  regardless  of  temperature.  Mortalities  in  each 
of  the  remaining  temperature/salinity  combinations  over  the  14 
day  study  were  not  significantly  different  than  controls,  suggesting 
intolerance  to  low  salinity  in  this  species. 


FOULING  IN  SCALLOP  CULTIVATION:  SOME  ISLE  OF 
MAN  EXPERIENCES.  Andrew  R.  Brand  and  Katherine  A. 

Ross.  Port  Erin  Marine  Laboratory.  University  of  Liverpool.  Port 
Erin.  Isle  of  Man.  IM96JA.  UK. 

Fouling  of  scallop  shells  and  cultivation  nets  by  living  organ- 
isms can  reduce  scallop  growth  and  is  costly  to  remove.  We  ex- 
amined the  effects  of  fouling  on  physiochemical  and  food  condi- 
tions inside  pearl  nets  used  for  suspended  culture  of  the  great 
scallop  (Pectcn  nia.xiiniis)  in  the  Irish  Sea.  off  the  Isle  of  Man.  and 
also  investigated  biological  control  of  fouling  using  a  range  of 
invertebrates.  Fouling  of  nets  reduced  water  movement  but.  con- 
trary to  common  assumptions,  did  not  reduce  the  quantity  or  the 
quality  of  food  particles  available  for  scallops.  Other  negative 
effects  of  fouling,  such  as  accumulation  of  inorganic  matter,  nitrate 
and  ammonia,  were  also  absent.  We  concluded  that  the  negatixe 
effects  of  fouling  found  in  some  previous  studies  may  have  been 
caused  by  foulers  parasitizing  or  mechanically  interfering  with 
scallops,  rather  than  creating  an  unfavourable  environment.  The 
biological  control  trials  found  that  sea  urchins  (Echinus  c.svnlcntiis 
and  Psatninccliiiius  miliaris)  and  hermit  crabs  iPagiinis  sp.)  re- 
moved fouling  from  nets  more  efficiently  than  other  invertebrates. 
In  our  short-term  experiments  only  P.  miliaris  was  associated  with 
increased  scallop  shell  growth,  but  no  biological  control  organism 
reduced  scallop  growth  or  survival.  These  results  suggest  that  bio- 
logical control  could  be  an  efficient  and  environmentally  sound 
method  of  dealing  with  the  problem  of  fouling  in  scallop  cultiva- 
tion. 


CRASSOSTREA  ARfAKENSIS  AND  C.  VIRGINICA  RE- 
SPONSES TO  ICHTHYOTOXIC  KARLODINIVM  VEiWEFI- 
CUM.  E.  F.  Brownlet'.  A.  R.  Place".  H.  Nonogaki",  J.  E. 
Adolf-.  S.  G.  Sellner'  and  K.  G.  Sellner^  'Calvert  High  School, 
"Center  for  Marine  Biotechnology,  University  of  Maryland, '  Mor- 
gan State  Environmental  Research  Center,  '*Chesapeake  Research 
Consortium. 

The  Eastern  oyster,  Crassostrea  virginica,  and  the  Asian  oys- 
ter. C.  ariakensis,  are  native  and  potentially  introduced  oysters, 
respectively,  in  the  Chesapeake  Bay  and  as  such,  will  be  exposed 
to  the  natural  phytoplankton  assemblages  including  harmful  spe- 
cies throughout  their  life  cycles.  Recent  work  suggests  that  at  least 
one  of  these  prey  items,  the  ichthyotoxic  dinotlagellate  Karlod- 
ininin  veiieficiim.  occurs  frequently  throughout  the  growth  period 
for  the  oysters,  thereby  insuring  frequent  exposures  for  all  life 
stages  of  the  bivalve.  A',  veneficum  produces  linear  polyketide 
toxins  (karlotoxins).  which  elicit  toxicity  through  sterol- 
dependent,  non-specific  pores  in  biological  membranes.  Spat  and 
juvenile  oysters  of  each  species  were  exposed  to  a  moderately 
toxic  level  [18.5  ±  6.2  ng  mT'l  of  the  dinoflagellate  at  environ- 
mentally-relevant cell  densities  and  growth  contrasted  with  rates 
observed  on  other  phytoplankton  species,  including  the  spring 
bloom  former  Prorocentrwn  minimum  and  a  phytoplankton  mix- 
ture routinely  used  in  oyster  hatcheries.  Growth  for  spat  and  ju- 
veniles of  both  oysters  was  significantly  reduced  when  feeding  on 
K.  veneficum.  relative  to  the  other  prey  species.  Experiments  are 
continuing  to  identify  the  importance  of  food  quality  versus  toxin 
content  in  oyster  responses.  These  initial  results  suggest  that  the 
cosmopolitan  K.  veneficum  inhibits  growth  and  would  potentially 
curtail  oyster  production  within  the  tidal  Bay  and  its  tributaries 
throughout  the  oysters"  growth  periods  and  considering  its  global 
distribution,  potential  impact  throughout  temperate  areas  should  be 
assessed. 


FILTRATION  CAPACITY  AS  A  WAY  TO  SCALE  RESTO- 
RATION OBJECTIVES:  AN  EXAMPLE  FROM  CHESA- 
PEAKE BAY.  Robert  D.  Brumbaugh'  and  A.  Thomas  Leggett 
Jr."  'The  Nature  Conservancy  Global  Marine  Initiative.  URI  Nar- 
ragansett  Bay  Campus.  South  Ferry  Rd..  Narragansett.  Rl  02883, 
"Chesapeake  Bay  Foundation. 

The  decline  of  eastern  oyster  populations  in  Chesapeake  Bay 
and  elsewhere  in  the  species'  range  is  well  documented,  and  efforts 
are  underway  to  develop  and  test  restoration  approaches.  In  addi- 
tion to  restoring  lost  fisheries  productivity,  ecosystem  services  are 
increasingly  cited  as  a  reason  for  restoration.  Policy  makers  in  the 
Chesapeake  Bay  region  have  adopted  a  bay-wide  goal  for  oyster 
restoration  (107f  of  historic  abundance  by  2010).  but  little  guid- 
ance exists  for  forecasting  exactly  how  much  restoration  effort  will 
be  necessary  to  achieve  this  goal.  We  used  the  Lynnhaven  River, 
a  small  tidal  tributary  in  the  southern  Chesapeake  Bay,  as  a  model 
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for  both  evakuitiii!:  the  efficacy  of  restoration  approaches  and  de- 
veloping scaHni:  arguiiients  for  the  larger  Bay-wide  restoration 
effort.  Oyster  restoration  in  the  Lynnhaven  began  in  199^  and  has 
entailed  both  reef  habitat  enhancement  (-.5..S  acres)  and  stock  en- 
hancement to  increase  recruitment  rates.  Oyster  biomass.  esti- 
mated from  ainuial  abundance  surveys,  was  used  to  calculate  a 
"filtration  capacity"  of  restored  reefs.  We  estimate  that  oysters  on 
the  restored  reef  area  are  capable  of  filtering  a  volume  equivalent 
to  the  river's  volume  every  6.3. ,5  days.  This  approach  can  be  used 
to  set  restoration  goals  at  scales  ranging  from  tributaries  to  entire 
estuaries. 


IMPACTS  OF  THE  COLONIAL  ASCIDIAN  (DIDEMNUM 
SP.  A)  ON  MUSSELS,  OYSTERS  AND  SCALLOPS.  Stephan 
G.  Bullard',  Robert  B.  Whitlalch-,  Richard  W.  Osman'  and 
Sandra  E.  Shumway^.  'University  of  Hartford.  Hillyer  College, 
200  Bloomfield  Ave.,  West  Hartford,  CT  06117,  "University  of 
Connecticut.  'Smithsonian  En\ironmental  Research  Center. 

The  carpet  tunicate  {Didcniniiiii  sp.  /4)  is  a  colonial  ascidian  of 
unknown  origin  with  rapidly  expanding  populations  on  the  east 
and  west  coasts  of  North  America.  The  carpet  tunicate  can  grow  on 
most  natural  and  man-made  hard  substrata  habitats  (rocks,  cobbles, 
docks,  pilings,  boat  hulls).  Large  colonies  form  nearly  solid  mats 
that  may  smother  benthic  organisms.  The  carpet  tunicate  may  be  of 
particular  concern  for  shellfish,  and  thus  the  aquaculture  industry, 
as  colonies  can  overgrow  individual  bivalves  or  completely  cover 
material  used  to  culture  them.  To  determine  the  effect  of  the  carpet 
tunicate  on  cultured  juvenile  shellfish,  we  deployed  mussels 
(Myliliis  cdiilis).  oysters  (Crassostiea  viriiinicn).  and  scallops 
[Argopecten  iinulians)  in  bags  at  3.5  m  depth  with  and  without 
fragments  of  Dideninum  sp.  A.  We  assessed  the  survivorship, 
growth  and  condition  inde.x  i>f  shellfish  after  approximately  one 
and  two  months  of  deployment.  After  one  month,  many  shellfish  in 
the  treated  bags  had  the  ascidian  growing  on  their  shells;  some 
were  lOC/f  covered.  Preliminary  data  on  survivorship,  growth  and 
condition  index  will  be  presented. 


A  MOLECULAR  COMPARISON  OF  OYSTER  HERPES  VI- 
RUSES FROM  ASIA,  EUROPE,  AND  NORTH  AMERICA. 
Colleen  A.  Surge'.  Carolyn  S.  Friedman',  Kimberly  S.  Reece". 
Jessica  A.  Moss"  and  Tristan  Renault\  'University  of  Washing- 
ton. School  of  Aquatic  and  Fishery  Sciences.  Seattle.  WA  98195, 
"Virginia  Institute  of  Marine  Science,  'IFREMER. 

Oyster  herpes  viruses  (OsHV)  have  been  identified  in  multiple 
bivalve  species  globally.  Some  of  these  herpes  viruses  have  been 
identified  and  described  using  molecular  tools  including  Polymer- 
ase Chain  Reaction  (PCR).  in  situ  hybridization  (ISH).  and  nucleic 
acid  sequencing.  To  date,  PCR  and  sequence  analysis  have  iden- 
tified possible  variants.  One  variant  (OsHV-1 )  collected  in  France 


was  recently  purified,  sequenced,  and  morphologically  character- 
ized as  a  member  of  the  family  Hcrpcsviiidac.  We  have  begun 
using  PCR  primer  sets  developed  to  amplify  distinct  regions  of  the 
OsHV-1  genome  to  identify  possible  sequence  divergences  in 
OsHV  in  oysters  collected  from  two  sites  in  China  (Crcissoslrea 
aricil<('nsis).  one  site  in  Japan  (C.  gigas),  and  one  site  in  the  United 
States  ( C  gigds)  as  compared  to  OsHV- 1 .  Preliminary  PCR  results 
indicate  that  the  OsHV  identified  in  China  and  Japan  is  similar,  but 
ditfers  from  OsHV- 1,  while  samples  colleclcd  in  the  United  States 
are  more  comparable  to  OsHV-1.  We  plan  to  expand  this  analysis 
to  include  samples  from  sites  in  China  and  Korea  where  OsHV  has 
been  identified.  We  also  plan  to  test  additional  primer  sets  and  to 
sequence  additional  regions  to  better  describe  OsHV  variants. 


EASTERN  OYSTER  SETTLEMENT  AND  EARLY  SUR- 
VIVAL ON  ALTERNATIVE  SUBSTRATES  ALONG  IN- 
TERTIDAL  MARSH.  RIP  RAP,  AND  MANMADE  OYSTER 
REEF.  Russe|(  Burke'.  Romuald  Lipcius',  Mark  Lucken- 
bach  .  P.  G.  Ross  ,  Justine  Woodward  and  David  Schulte". 
'Virginia  Institute  Marine  Science:  College  of  William  &  Mary, 
1208  Create  Ti?d..  Gloucester  Point.  VA  23062,  "Amiy  Corps  of 
Engineers — Norfolk,  VA  District. 

Restoration  efforts  with  native  Eastern  oyster,  Crassostrea  vir- 
giiiicci.  in  Chesapeake  Bay  have  been  extensive  and  have  been 
impeded  by  substrate  and  recruitment  limitations  along  with  many 
other  detrimental  factors.  In  Lynnhaven  Bay.  a  southern  subestu- 
ary  of  Chesapeake  Bay.  the  Army  Corps  of  Engineers  has  part- 
nered with  the  Virginia  Institute  of  Marine  Science,  National  Oce- 
anic and  Atmospheric  Administration,  and  Chesapeake  Bay  Foun- 
dation to  implement  a  comprehensive  oyster  reef  restoration 
strategy.  Surveys  within  the  Lynhhaven  Bay  system  indicate  that 
artificial  oyster  shell  reefs  created  in  the  early  1990s  are  producing 
poor  to  marginal  oyster  densities  relative  to  densities  on  nearby 
granite  and  concrete  riprap,  and  on  oyster  clusters  along  marsh- 
fringed  shores.  In  this  field  experiment,  twelve  treatments  simu- 
lating inter-tidal  oyster  habitat  were  placed  at  three  sites  within  a 
tidal  creek:  adjacent  to  marsh,  rip  rap  and  a  manmade  oyster  reef. 
Treatments  consisted  of  caged  and  uncaged  trays  (0.5  m  length  x 
0.5  m  width  x  0.25  m  depth)  of  large  granite,  small  granite,  large 
limestone  marl,  small  limestone  marl,  very  small  concrete/granite, 
and  oyster  shells.  Granite  of  both  sizes  had  the  highest  initial 
oyster  recruitment  across  all  sites.  Overall,  replicates  showed  a 
distinct  recruitment/early  survival  pattern  between  sites:  marsh  > 
rip  rap  >  artificial  oyster  reef.  We  therefore  propose  that  granite 
may  be  a  favorable  oyster  reef  construction  material,  since  it  ap- 
pears to  enhance  oyster  settlement  and  early  post-settlement  sur- 
vival. Additional  biological  benefits  may  accrue  from  granite  reefs 
as  community  structure  develops  on  the  reefs. 
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DIVERSITY  AND  DISTRIBUTION  OF  UNIONID  BI- 
VALVES IN  TEXAS.  Lvubov  E.  Burlakova',  Alexander  Y. 
Karatayev',  Robert  G.  Howells^  and  Daniel  L.  Bennett'.  De- 
partment of  Biology,  Stephen  F.  Austin  State  University.  Box 
13003— SFA  Station.  Nacogdoches.  TX  75962-3003.  "Texas 
Parks  and  Wildlife  Department.  Ingram.  TX. 

The  family  Unionidae  is  one  of  the  most  rapidly  vanishing 
faunal  groups  in  North  America,  and  habitat  destruction  is  con- 
sidered to  be  the  most  important  cause  for  the  decline.  To  evaluate 
the  current  status  of  unionid  diversity  in  Texas  we  re-examined 
species  composition  and  abundance  of  unionid  in  30  waterbodies 
previously  surveyed  by  the  Texas  Parks  and  Wildlife  Department. 
The  highest  diversity  was  found  in  Sabine  River  ( 1 8  species).  B.  A. 
Steinhagen  Reservoir  (161.  Neches  River  below  Town  Bluff  Dam 
( 14).  Village  Creek  ( 14).  and  Sanders  Creek  ( 14).  The  lower  San 
Marcos  River  and  Guadalupe  River  (Central  Texas)  were  found  to 
support  rare,  endemic  Quadrida  aiirea.  Living  rare  endemic  Lanip- 
silis  bracteata  were  found  in  Live  Oak  Creek,  the  Guadalupe 
River,  and  the  San  Saba  River  (Central  Texas).  Rare  species  of 
Fu.sconaia  (F.  aslceivi  and  endemic  to  Texas  F.  lananensis)  are  still 
present  in  Attoyac  Bayou  and  Sandy  Creek,  and  in  Village  Creek 
in  Big  Thicket  National  Preserve  (East  Texas).  In  addition,  this 
latter  creek  continues  to  support  rare  Plenrobema  riddelli.  Several 
large  reservoirs  surveyed  had  drought-  and  drawdown-related  low 
waters  in  recent  years  that  presumably  caused  reductions  in  mussel 
abundance  and  diversity. 


CHANNELED-TYPE  APPLESNAILS:  CURRENT  DISTRI- 
BUTION, DENSITIES  AND  POTENTIAL  THREAT  TO 
NATURAL  ECOSYSTEMS  AND  AGRICULTURE.  Lyubov 
E.  Burlakova.  Alexander  Y.  Karatayev,  David  N.  Hollas  and 
Leah  D.  Cartwright.  Department  of  Biology.  Stephen  F.  Austin 
State  University.  Box  13003 — SFA  Station.  Nacogdoches.  TX 
75962-3003. 

The  aquatic  invasive  gastropod  Poniacca  canaliculata  (chan- 
neled applesnail).  originally  from  South  America,  has  become  a 
major  pest  of  rice  crops  throughout  the  Indo-Pacific  Region.  These 
large  herbivorous  snails  can  reach  maturity  in  about  two  months 
during  the  summer,  reproduce  several  times  a  month,  and  aestivate 
for  several  months,  bury  ing  into  the  soil  if  the  habitat  dries  out.  By 
mid  2005.  living  populations  of  channeled-type  applesnails  were 
reported  from  Florida.  Texas.  California.  Alabama.  Arizona,  and 
Georgia.  According  to  the  results  of  genetic  analyses,  specimens 
from  Texas  and  Florida  belong  to  the  P.  canalicnlata-group.  The 
first  reproductive  applesnail  population  in  Texas  was  reported  in 
1989.  and  by  the  summer  of  2005  snails  were  found  in  six  south- 
eastern counties  (Harris,  Chambers.  Brazoria.  Galveston.  Fort 
Bend,  and  Waller).  Reproduction  of  channeled-type  applesnails  in 
Texas  continues  for  at  least  8  months,  from  March  to  the  beginning 
of  November.  Densities  of  snails  in  Texas  vary  depending  on 
waterbody  type  and  possibly  presence  of  predators.  The  rice  grow- 


ing technology  used  in  Texas  combined  with  current  low  densities 
of  snails  are  the  likely  reasons  why  agricultural  damage  due  to 
applesnails  has  not  yet  been  detected. 


OYSTER  SEX  WARS:  EVIDENCE  FOR  A  GAMETE  SINK" 
IF  CRASSOSTREA  VIRGINICA  AND  CRASSOSTREA  ARl- 
AKENSIS  SPAWN  SYNCHRONOUSLY.  David  Bushek,  An- 
drea Kornbluh.  Greg  Debrosse.  Haiyan  Wang,  Xiniing  Guo 
and  John  Quinlan.  Haskin  Shellfish  Research  Laboratory.  Insti- 
tute of  Marine  and  Coastal  Sciences.  Rutgers.  The  State  University 
of  New  Jersey.  6959  Miller  Avenue.  Port  Norris.  NJ  08349  USA. 
Available  data  indicate  spawning  seasons  for  the  Asian  oyster 
Cra.ssostrca  ariakensis  and  the  eastern  oyster  C.  virgiuica  overlap. 
Hybrids  can  form,  but  the  larvae  are  not  viable.  If  C.  arial<cnsis  are 
introduced  into  Chesapeake  Bay  and  synchronous  spawning  oc- 
curs with  C.  virginica.  hybridization  could  reduce  the  production 
of  viable  larvae  (  =  gamete  sink).  We  examined  the  effects  of 
gamete  age.  sperm  concentration,  and  ratios  of  heterospecific 
gametes  on  fertilization  rate  and  hybridization  of  the  two  species. 
Hybrid  fertilization  rates  were  consistently  lower  than  pure 
crosses.  Fertilization  rate  decayed  with  gamete  age.  but  occurred  in 
gametes  up  to  eight  hours  old.  Fertilization  rate  also  decayed  with 
decreasing  sperin  density  in  both  pure  and  hybrid  crosses.  Finally, 
fertilization  rate  declined  by  as  much  as  60<7f  when  sperm  were  ( 1 ) 
given  a  choice  of  eggs  from  each  species  to  fertilize  or  (2)  required 
to  compete  to  fertilize  eggs  from  a  single  species.  Hence,  a  gamete 
sink  will  likely  occur  if  these  two  species  spawn  synchronously. 
The  magnitude  of  the  gamete  sink  will  depend  in  part  on  proximity 
of  the  two  species,  on  gamete  concentrations  in  the  water  column, 
and  on  the  proportion  of  hybrids  that  foiin.  Current  efforts  are 
enumerating  the  proportion  of  hybridization  that  occurred  during 
these  experiments.  Molecular  genetic  methods  to  amplify  ITS  re- 
gions of  the  rRNA  gene  have  been  validated  and  yield  two  bands 
in  pure  crosses  and  four  bands  in  hybrid  crosses.  Individual  larvae 
are  being  typed  to  determine  the  proportion  of  hybrids  formed 
under  the  \arious  i;amcte  mixtures. 


ESTIMATION  OF  RECREATIONAL  DUNGENESS  CRAB 
HARVEST  IN  PUGET  SOUND.  WASHINGTON  USING  A 
TELEPHONE  SURVEY  OF  HARVESTERS.  Jennifer  Ca- 
halan.  Washington  Department  of  Fish  and  Wildlite.  Point  Whit- 
ney Shellfish  Laboratory.  1000  Point  Whitney  Road.  Brinnow. 
WA  98320. 

The  recreational  Dungeness  crab  harvest  in  Puget  Sound  ex- 
ceeds 1.5  million  pounds  of  crab  annually.  In  order  to  meet  fish- 
eries management  decision-making  needs,  estimates  of  recre- 
ational Dungeness  crab  harvest  need  to  be  precise  and  accurate, 
provided  for  relatively  small  geographic  and  temporal  scales,  and 
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available  during  the  recreational  season.  The  recreational  Diinge- 
ness  crab  fishery  is  characterized  by  relatively  low  effort  dispersed 
over  a  large  geographic  area.  As  a  result  field-based  methods  of 
estimating  recreational  catch  were  inefficient  and  expensive.  Al- 
ternate methods  of  estimating  catch  were  developed  and  imple- 
mented in  2002. 

To  fish  for  crab  in  Washington  .State,  crab  harvesters  are  re- 
quired to  obtain  a  catch  record  card  (CRC)  from  the  WDFW.  A 
telephone  sur\ey  of  CRC-holders  is  used  to  collect  the  data  used  in 
catch  estimation.  Catch  estimates  are  generated  appro.ximalely 
three  to  four  weeks  after  the  survey  begins  for  each  of  Pugel 
Sound's  1 1  catch  areas.  A  minimum  of  two  surveys  are  conducted 
each  season.  This  method  pro\ides  timely  in-season  estimates  of 
harvest  at  relatively  low  cost.  In  this  presentation,  the  details  of  the 
methods  will  be  discussed,  including  treatment  of  missing  data, 
precision  of  estimates,  cost,  and  potential  impro\'ements. 


INBREEDING  EFFECTS  ON  GROWTH  AND  SURVIVAL 
IN  A  NATURALIZED  POPULATION  OF  THE  PACIFIC 
OYSTER  (CRASSOSTREA  GIGAS)  REVEALED  USING 
MARKER  BASED  RELATEDNESS  ESTIMATES.  Mark  D. 

Camara'.  Sanford  Evans",  and  Chris  Langdon".  'USDA — 
Agricultural  Research  Service,  2030  SE  Marine  Science  Dr..  New- 
port, OR  97365,  "Molluscan  Broodstock  Program,  Newport,  Or- 
egon USA. 

Inbreeding  is  an  important  factor  influencing  mating  systems, 
dispersal  mechanisms,  and  variation  in  life  history  traits  within  and 
among  populations  and  thus  has  profound  implications  in  evolu- 
tionary biology,  selective  breeding,  conserv  ation  biology,  and  even 
medicine.  In  theory,  high  fecundity  species,  such  as  elm  trees  and 
oysters,  are  expected  to  have  higher  genetic  load  and  consequently 
more  severe  inbreeding  depression  than  low  fecundity  species,  and 
previous  studies  have  confirmed  that  self-fertilization,  brother/ 
sister  matings.  and  cousin/cousin  matings  in  C.  gi,i;as  produce 
progeny  with  lower  growth  and  survival  than  non-consanguineous 
pairings  of  parents.  It  is  unclear,  however,  whether  these  effects 
can  be  extrapolated  to  the  lower  levels  of  consanguinity  expected 
in  natural  populations  with  random  mating.  We  studied  inbreeding 
in  a  naturali/.ed  population  of  Pacific  oysters  using  three  molecular 
marker-based  estimates  of  parental  relatedness  calculated  from 
multi-locus  microsatellile  genotypes.  Using  analysis  of  covariance 
approaches,  we  found  significant  relationships  between  estimators 
of  parental  genetic  similarity  and  components  of  fitness.  As  ex- 
pected, more  highly  related  parents  produced  progeny  with  lower 
survival  (i.e  inbreeding  depression).  Surprisingly,  however,  the 
surviving  progeny  of  genetically  similar  parents  had  higher  growth 
(outbreednig  depression  or  heterosis)  than  less  related  parental 
pairs.  We  discuss  potential  mechanism  underlying  these  patterns 
and  their  implications  for  aquaculture  and  selective  breeding. 


HAEMOLYMPH  PROTEOMIC  APPROACH  TO  ANALYSE 
DIFFERENCES  IN  SUSCEPTIBILITY  TO  BONAMIOSIS 
BETWEEN  OYSTER  STOCKS.  Asuncion  Cao,  Jose  Fuentes 
and  Antonio  Villalba.  Centro  de  Investigacions  Marinas.  Xunta  de 
Galicia.  P.O.  Box  13.  36620  Vilanova  de  Arousa,  Spain. 

The  parasitic  proto/.oan.  Bonaniia  ostreuc.  causes  oyster.  Os- 
trca  cilidis.  mass  mortalities  throughout  the  European  Atlantic 
coast.  The  parasite  is  phagocytosed  by  oyster  haemocytes  but  is 
not  killed.  The  parasite  divides  in  haemocyte  cytoplasm  causing 
the  rupture  of  the  host  cell.  Differences  in  susceptibility  to 
bonamiosis  between  O.  ediiUs  stocks  have  been  verified.  Further- 
more, the  oyster  Crassostrea  gigas  is  resistant  to  bonamiosis. 
Separation  of  the  proteins  of  oyster  haemolymph  by  two- 
dimensional  electrophoresis  was  tuned  up  resulting  in  multiple 
proteic  spots  on  polyacrilamide  gels.  This  proteomic  approach  is 
being  applied  to  analyse  differences  in  susceptibility  to  bonamiosis 
between  O.  ediiUs  stocks  and  between  O.  ediilis  and  C.  gigas.  The 
O.  ediilis  stocks  used  in  the  comparisons  are:  Rossmore  (strain 
selected  for  resistance  against  bonamiosis).  oysters  from  Tralee 
Bay  (Ireland)  where  the  parasite  had  not  previously  been  detected, 
and  oysters  from  Ria  de  Ortigueira  (Galician.  NW  Spain)  where  B. 
ostreae  is  present  since  early  1980s.  Comparison  between  infected 
and  uninfected  oysters  is  also  included.  Application  of  specific 
commercial  software  makes  easy  qualitative  and  quantitative  com- 
parison betv\een  gels  corresponding  to  haemolymph  of  each  oyster 
group.  Early  results  have  shown  spots  exclusive  of  each  group  and 
other  spots  that  are  common  to  every  oyster  group.  Identification 
of  the  proteins  in  the  spots  could  contribute  to  explain  differences 
in  susceptibility  and  even  provide  the  key  for  resistance  to 
bonamiosis. 


POTENTIAL  IMPACT  OF  BONAMIA  SP.  ON  CRASSOS- 
TREA ARIAKEiWSIS  IN  CHESAPEAKE  BAY  AND  NORTH 
CAROLINA.  Ryan  B.  Carnegie',  Nancy  \.  Stoiies',  Corinne 
.Audemard'.  Eugene  M.  Burreson',  Melanie  J.  Bishop'^, 
Charles  H.  Peterson',  Ami  E.  Wilbur',  Troy  D.  ,\lphin"'  and 
Martin  H.  Po.sey^.  'Virginia  Institute  of  Marine  Science,  "Uni- 
versity of  North  Carolina  Institute  of  Marine  Sciences.  "'UNC  Wil- 
mington Center  for  Marine  Sciences,  ""UNC  Wilmington  Dept.  of 
Biology  and  Marine  Biology. 

A  Bonaniia  sp.  emerged  in  2003  as  the  cause  of  mortality 
(>85'7f )  among  experimental  seed  C.  ariakensis  in  Bogue  Sound, 
North  Carolina.  With  introduction  of  this  oyster  to  Chesapeake 
Bay  proposed,  this  epizootic  gave  urgency  to  investigations  into 
the  nature  of  bonamiasis  in  the  mid-Atlantic:  its  annual  timing  and 
range,  environmental  limitations,  and  the  identity  and  distribution 
of  parasite  reservoirs.  Field  studies  included  Bonamia  sp.  moni- 
toring in  C.  ariakensis  deployments  along  a  salinity  gradient  from 
Bogue  Sound,  and  at  distant  coastal  sites:  in  serial  deployments  of 
seed  C.  ariakensis  to  upwellers  on  Bogue  Sound;  and  among  Os- 
treola  cqiiestris  from  Bogue  Sound  and  Wilmington.  NC.  Labo- 
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ratory  trials  have  explored  effects  of  reduced  salinity  on  existing 
Bonamia  sp.  infections.  Epizootics  recurred  in  2004-2005.  gener- 
ating infections  for  laboratory  use  and  allowing  an  initial  portrait 
of  Bonamia  sp.  to  be  dexeloped.  This  parasite  causes  acute  disease 
and  mortality  in  smaller/younger  C.  ariakensis  (<40  mm)  in  higher 
salinity  coastal  waters  during  wartiier  months.  Infections  may  re- 
gress in  winter.  It  is  known  to  occur  only  at  Bogue  Sound  and 
Wilmington.  >l()()  km  to  the  southwest.  It  occurs  in  O.  eqnestris  in 
both  places,  but  this  oyster  may  not  be  a  functional  reservoir  for 
Bonamia  sp..  or  its  only  other  host.  In  the  laboratory,  infections 
were  purged  at  20  and  10  psu.  further  suggesting  that  lower  es- 
tuarine  salinities  (such  as  in  Pamlico  Sound,  where  Bonamia  sp. 
has  been  notably  absent  from  a  mesohalinc  C.  ariakensis  nursery 
site,  or  Chesapeake  Bay)  may  limit  Bonamia  sp.  activity. 


DEVELOPING  STRATEGIES  TO  REDUCE  THE  IMPACT 
OF  THE  BORING  SPONGE  C  LION  A  CEIJlTA  ON  CUL- 
TURED EASTERN  OYSTERS  CRASSOSTREA  VIRGINICA. 
Claire  Carver  and  Andre  Mallet.  Mallet  Research  Services.  4 
Columbo  Dr..  Dartmouth.  Nova  Scotia.  Canada  B2X  3H3. 

It  has  long  been  recognized  that  the  boring  sponge  (Cliona 
celata)  can  cause  significant  economic  losses  to  those  involved  in 
the  harvesting  of  wild  oyster  populations.  It  is  not  clear,  however, 
whether  the  presence  of  a  boring  sponge  population  may  act  as  a 
source  of  infection  to  cultured  oysters  grown  in  floating  bags  or  on 
oyster  tables.  Preliminary  surveys  conducted  in  one  bay  in  north- 
ern New  Bnmswick.  Canada,  suggested  that  in  some  areas  35'7f  of 
the  off-bottom  cultured  oysters  showed  evidence  of  shell  degra- 
dation associated  with  boring  sponge  infection.  The  development 
of  strategies  to  mitigate  the  impact  of  this  organism  is  hampered  by 
the  lack  of  basic  information  on  growth  rates,  spawning  activity, 
and  modes  of  infection.  We  report  on  the  preliminary  results  from 
an  ongoing  multi-year  project  to  document  the  life-history  char- 
acteristics of  this  biofouling  species  and  evaluate  the  effectiveness 
of  various  treatment  strategies. 


PREVALENCE  AND  GEOGRAPHIC  DISTRIBUTION  OF  A 
DUNGENESS  CRAB  {CANCER  MAGISTER)  MICROSPO- 
RIDIAN  PARASITE.  Richard  K.  Childers'.  Paul  W.  Reno- 
and  Robert  E.  Olson".  'Waslimgton  Department  of  Fish  and 
Wildlife.  Point  Whitney  Shellfish  Laboratory.  1000  Point  Whitney 
Rd..  Brinnon,  WA  98320,  "Oregon  State  University,  Hatfield  Ma- 
rine Science  Center. 

The  prevalence  and  geographic  dislribiulon  oi  NaJelspora  can- 
ceri  a  microsporidian  parasite  of  the  Dinigeness  crab  Cancer  mag- 
ister.  was  studied  and  prevalences  were  analyzed  by  sex  and  size 
of  host  and  date  of  collection.  N.  canceri  was  widely  distributed 
along  the  United  Stales  Pacific  Coast  in  estuaries  from  Bodega 
Bay,  California  to  southern  Washington.  Prevalence  of  the  parasite 


was  high  in  crabs  from  most  estuaries  sampled  between  1991  and 
1994,  ranging  from  a  low  of  0.4%  (Gray's  Harbor,  Washington)  to 
41.2'/f  (Tillamook  Bay,  Oregon)  with  an  overall  mean  of  14%. 
Crab  examined  from  Grays  Harbor  between  2002  and  2004  indi- 
cate the  prevalence  rate  had  increased  from  0.4%  to  greater  than 
14%.  The  parasite  also  occurred  offshore  of  California  and  Or- 
egon, but  was  not  found  in  Puget  Sound,  Washington  or  in  Glacier 
Bay,  Alaska.  The  prevalence  of  infection  in  crabs  captured  in  the 
open  ocean  was  low  (0.3%).  In  crabs  collected  nearshore  at  estuary 
mouths  prevalence  was  intermediate  between  estuarine  and  open- 
ocean  levels.  The  infection  was  most  prevalent  in  two  year  old 
crabs  ( 13  cm  carapace  width),  and  males  had  2.5  times  the  rate  of 
infection  than  did  females. 

The  mortality  of  laboratory-held  crabs  naturally  infected  with 
A',  canceri  was  compared  to  that  of  uninfected  crabs  and  signifi- 
cantly higher  mortality  was  observed  for  infected  crabs.  A',  canceri 
infections  were  established  in  juvenile  and  adult  crabs  that  were 
fed  parasite  spores  in  laboratory  experiments  indicating  that  trans- 
mission is  direct  and  intermediate  hosts  or  vectors  are  not  required 
for  transmition. 


HABITAT  ATTRIBUTES  ASSOCIATED  WITH  BAY  SCAL- 
LOPS IN  AN  AREA  WITH  ACTIVE  RESTORATION.  Mar- 
nita  M.  Chintala'.  Eric  J.  Weissberger',  David  W.  Grunden", 
Elizabeth  Hinchey  \  William  G.  Nelson^,  Russell  Ahlgren'  and 
Michael  Charpentier^  'U.S.  EPA.  ORD/NHEERL.  Atlantic 
Ecology  Division,  "Town  of  Oak  Bluffs,  MA.  'Illinois-Indiana  Sea 
Grant.  Purdue  University.  "'CSC  Corporation.  Narragansett.  RI. 

Habitat  quality  and  quantity  are  important  factors  to  maintain 
bay  scallop  (Ari;opecten  irradians)  populations,  however,  data 
linking  hahi(a(  attributes  to  bay  scallop  populations  are  lacking. 
This  information  is  essential  to  relate  habitat  alteration  to  the  de- 
cline of  bay  scallop  populations  and  to  guide  restoration  efforts  to 
reverse  declines.  Initial  results  of  30  dive  surveys  conducted  in 
September  2005  in  Lagoon  Pond,  Martha's  Vineyard,  MA,  (538 
acres)  indicate  a  correlation  between  scallop  abundance  and  total 
plant  cover  (macroalgae  and  eelgrass  combined),  depth,  and  sedi- 
ment type.  Scallop  abundance  was  highest  (15,42  scallops  m"")  at 
a  site  where  a\erage  total  plant  cover  was  24%.  Most  scallops  were 
found  in  shallower  areas  (depth  1-5  m)  along  the  edge  of  Lagoon 
Pond,  with  deeper.  un\egetated.  sites  devoid  of  scallops.  Shell 
height  (measured  from  umbo  to  opposite  edge)  ranged  from  10  to 
90  mm.  with  larger  scallops  present  in  the  northern  and  eastern 
pond  areas.  Height  distribution  was  primarily  unimodah  however, 
a  few  locations  had  bimodal  distributions.  Scallop  abundance  will 
be  related  to  restoration  methods  (e.g.,  seeding,  spat  bags)  in  the 
pond  to  assess  how  these  activities  have  influenced  the  relationship 
between  bay  scallops  and  habitat. 
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EFFFXTS  OF  TRICLOSAN  ON  THE  OYSTER  PARASITE. 
PERKINSUS  MARIMUS  AND  ITS  HOST,  IHE  EASTERN 
OYSTER,  CRASSOSTREA  VIRGINICA:  A  COMPARISION 
AT  DIFFERENT  TEMPERATURES.  Fii-Iin  E.  Chu.  Eric  D. 
Lund,  and  Jennifer  A.  Littell.  Virginia  InstilulL-  (it  Marine  Sci- 
ence. College  ot  William  and  Mary,  Gloucester  Poinl.  VA  2.^062. 
USA. 

While  caiisnig  nunnnal  effect  on  oyster  heniocyte  \  iahility.  our 
previous  study  showed  that  the  antibiotic,  triclosan.  not  only  in- 
hibits growth  and  greatly  reduces  the  viability  of  ii)  vitro  cultured 
PcrkiiiMis  luaiiini.s  ineronts.  the  primary  disease  transmission 
stage,  but  also  inhibits  the  parasite's  fatty  acid  synthetic  ability. 
Due  to  the  great  importance  of  temperature  on  disease  progression 
in  the  lield.  we  tested  the  effects  of  triclosan  on  the  viability  of  P. 
mciriuus  meronts  and  oyster  hemocytes  at  high  and  low  tempera- 
tures. Parasite  or  oyster  hemocytes  were  exposed  to  triclosan  (0.  2, 
5.  ox  10  \x.M)  for  24  hr  and  then  their  viabilities  were  assessed  by 
MTS/PMS  assay.  Exposure  of  P.  iiHiriiiiis  meronts  to  2.  3.  or  10 
[jLin  triclosan  at  20.  26  and  28°C  significantly  reduced  their  viabil- 
ity (40-60%).  At  I3°C.  P.  meronts  had  a  better  triclosan  tolerance, 
with  viabilities  of  bl-lV/c.  Oyster  hemocytes  treated  with  tri- 
closan exhibited  less  than  10%  mortalities  at  triclosan  concentra- 
tions of  £|0  |jiM  at  13°C.  Hemocytes  viabilities  reduced  slightly 
(I()-I6'i  I  at  5  and  10  (xm  triclosan  exposure.  No  significant  re- 
duction (<0.05)  in  viability  relative  to  the  controls  occurred  in 
hemocytes  at  triclosan  concentrations  from  2  to  10  (j.M  at  26"C. 
However,  exposure  of  hemocytes  to  triclosan  at  28  C.  reduced 
viability  to  less  than  63%  at  a  concentration  of  10  p.M.  Triclosan 
exposure  did  not  appear  to  affect  reactive  oxidative  intermediate 
production  in  /ymosan-stimulated  and  tinstimulated  hemocytes. 
This  study  is  supported  by  a  grant  from  the  Oyster  Disease  Re- 
search Prouram  (Grant  #  V7 10720).  Sea  Grant.  NCAA. 


SCS  COMPREHENSIVE  INTERTIDAL  OYSTER  ASSESS- 
MENT USING  HIGH  RESOLUTION  IMAGERY  FOR  MAN- 
AGEMENT AND  RESTORATION.  L.  D.  Coen',  K.  E. 
Schulte',  G.  M.  Yianopoulos".  R.  F.  Van  Dolah,  W.  D.  Ander- 
son', M.  A.  Finkbeiner'  and  W.  R.  Stevenson'.  'MRRI. 
SCDNR.  217  Fort  Johnson  Rd..  Charleston.  SC  29912.  ^OFM. 
SCDNR.  'NCAA  Coastal  Services  Center. 

SCDNR  is  currently  undertaking  a  state-wide  assessment  of  its 
oyster  resources  as  part  of  a  multi-year,  collaborative  effort  with 
NCAA's  Coastal  Services  Center  (CSC)  and  the  U.S.  Geological 
Survey.  Using  a  previously  developed  approach  for  analyzing  mul- 
tispectral  '/4  m  digital  imagery,  we  are  processing  the  finalized 
imagery  (digital  oinhophoto  quarter  quads)  using  Feature  Analyst® 
and  ERDAS's  Imagine®  to  derive  oyster  reef  location  (presence- 
absence),  areal  extent  and  proportion  of  vertical  shell  coverage 
within  a  bed's  boundaries.  Two  teams  randomly  survey  portions  of 
60  DOQQs  using  shallow  draft  boats  at  or  near  MLW  for  verifi- 


cation of  the  processed  imagery.  Field  efforts  also  utilize  Trimble 
Pathfinder  Pro  XR'"  surveying  units  to  measure  reef  length  and 
position,  as  well  as  to  note  oy.ster  density  ('strata')  and  average 
reef  width.  Real-time  Digitals"''  video  is  recorded  for  each  reef 
and  is  post-processed  to  determine  estimates  of  percent  vertical 
oyster  coverage  in  defined  time  segments.  Helicopter  flights  are 
also  used  for  inaccessible  areas.  Post-processed  imagery  is  vali- 
dated by  identifying  beds  that  are  correctly  and  incortectly  iden- 
tified at  a  predefined  accuracy  level.  This  project  will  allow  us  to: 
(1)  complete  future  evaluations  by  periodically  reflying  and  reas- 
sessing the  state's  shellfish  beds:  (2)  provide  both  SCDNR  and 
other  interested  users  with  detailed  imagery  available  for  a  mani- 
fold of  other  uses:  and  (3)  focus  our  oyster  bed  restoration  efforts 
relative  to  current  state  management  plans  and  status  and  trends 
analyses. 

APPROACHES  TO  SMALL-SCALE  OYSTER  RESTORA- 
TION: SITE  CRITERIA  AS  A  MEANS  OF  DF:TERMINING 
OPTIMAL  METHODS  FOR  PUBLIC  INVOLVEMENT. 
Loren  D.  Coen'.  Rob  Brumbaugh"  and  Nancy  H.  Hadley'. 

'Marine  Resources  Research  Institulc.  217  Fiirt  Johnson  Rd.. 
Charleston.  SC  29912.  SCDNR,  "The  Nature  Conservancy.  Global 
Marine  Initiative. 

Crassostrea  viri^iiiica  reefs  were  once  a  dominant  feature  of 
most  Atlantic  and  Gulf  coast  estuaries,  but  have  drastically  de- 
clined in  many  areas  across  the  U.S.  Once  valued  primarily  as  a 
fishery  resource,  oysters  are  now  recognized  as  key  elements  of 
many  estuarine  ecosystems,  with  a  diverse  set  of  attendant  eco- 
system services.  Large-  and  small-scale  restoration  of  subtidal  and 
intertidal  oyster  habitats  is  ongoing  in  most  Atlantic  and  Gulf  coast 
states.  For  small-scale  community-based  restoration  projects,  an 
aiTay  of  restoration  approaches  are  in  use,  each  of  which  has 
relative  merits  and  limitations.  Examples  of  these  approaches  in- 
clude oyster  gardening  for  stock  enhancement,  deployment  of  pre- 
filled  oyster  shell  bags  for  intertidal  restoration,  and  community- 
based  shell  recycling.  We  discuss  the  characteristics  of  these  ap- 
proaches, as  well  as  several  other  deployment  methods  under 
consideration,  and  examine  the  logistical  benefits  and  limitations 
of  each.  We  also  identify  specific  site  criteria  such  as  recruitment 
or  substrate  limitation  that  may  be  useful  for  identifying  the  most 
appropriate  methodology  for  practitioners  to  employ  in  small-scale 
restoration  projects. 

MOLECULAR  GENETIC  VARIATION  AMONG  QPX  ISO- 
LATES. Jackie  L.  Collier,  Hua  Qian,  Qianqian  Liu  and  Bas- 
sem  Allam.  Discovery  143,  Marine  Sciences  Research  Center, 
Stony  Brook  University,  Stony  Brook.  NY  11794-5000. 

QPX  has  caused  significant  mortality  of  hard  clams,  Merce- 
miriii  iiiercenaria.  in  many  locations  along  the  east  coast  of  North 
America  since  the  I96()'s.  and  a  new  outbreak  of  QPX  occurted  in 
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Raritan  Bay  NY  during  the  siuiinier  of  2002.  We  have  euhured 
new  isolates  of  QPX  from  Raritan  Bay  clams  collected  in  2003  and 
2004  and  are  using  them,  along  with  the  Massachusetts  isolate 
ATCC50749  and  new  Massachusetts  QPX  cultures  isolated  in 
2005.  to  investigate  the  molecular  genetic  variability  within  QPX. 
We  have  found  no  sequence  variability  in  the  18S  and  5.8S  rRNA 
genes  from  6  New  York  isolates  and  ATCC.^0749.  In  contrast,  the 
rRNA  operon  intergenic  transcribed  spacers.  ITSl  and  ITS2. 
showed  a  great  deal  of  variability.  Interestingly,  the  variation 
among  ITSl  and  ITS2  sequences  from  a  single  isolate  was  as  great 
as  the  variability  among  the  eight  QPX  isolates  examined  (seven 
from  NY  and  ATCC.50749).  This  result  shows  that  the  many  cop- 
ies of  the  rRNA  operon  in  the  QPX  genome  are  not  homogenized 
by  gene  conversion  quickly  enough  to  overcome  the  accumulation 
of  sequence  \  ariation.  and  may  suggest  that  QP.X  reproduces  pre- 
dominantly asexually.  Sequences  of  4  mitochondrial  protein- 
coding  genes  also  showed  no  sequence  variability  within  or  be- 
tween the  four  isolates  (two  from  NY  and  two  from  MA)  exam- 
ined. We  will  also  present  data  from  our  cuncnt  efforts  to  sequence 
non-codina  reaions  of  the  mitochondrial  aenome. 


PERKINSUS  MARINUS  INFECTION  IN  OYSTERS  FROM 
SOUTHEASTERN  NORTH  CAROLINA  TIDAL  CREEKS 
WITH  VARYING  WATER  QUALITY.  Sara  L.  Colosimo. 
Martin  H.  Posey  and  Troy  D.  .Alphin.  University  of  North  Caro- 
lina Wilmington — Center  tor  Mamie  Science.  5600  Marvin  K. 
Moss  Lane.  Wilmington.  NC  28504. 

On  the  East  coast  of  the  United  States,  oysters  represent  a 
critical  fishery  and  impact  many  ecosystem  functions,  affecting 
water  quality  and  providing  habitat  for  a  variety  of  fish  and  inver- 
tebrates. However,  the  Eastern  oyster.  Crassostrea  virginicu.  has 
experienced  major  mortality  throughout  its  range;  attributed  in  part 
to  disease  caused  by  the  protozoan  parasite  Perkinsiis  mariinis 
(Dermo).  This  mortality  has  not  been  as  severe  for  intertidal  oyster 
populations  in  southeastern  North  Carolina  as  it  has  been  in  other 
areas.  Anthropogenic  stressors  associated  with  storm  water  runoff, 
such  as  non-point  source  nutrient  inputs  and  suspended  particu- 
lates, may  contribute  to  declining  water  quality  and  affect  infection 
rates.  Exposure  to  such  en\  ironmental  stressors  can  adversely  af- 
fect oysters  and  increase  their  \  ulnerability  to  infection.  This  study 
compares  P.  murinus  infection  le\els  in  oysters  from  three  south- 
eastern North  Carolina  tidal  creeks  that  \ary  in  water  quality  char- 
acteristics. Prevalence  and  intensity  of  P.  murinus  infection  are 
being  compared  among  creeks  for  both  natural  oyster  populations 
and  hatchery  stock  oiitplants  using  RFTM  tissue  assay.  Data  on 
growth,  condition  index,  and  mortality  are  also  being  compared. 
We  predict  that  oysters  in  creeks  with  higher  levels  of  nutrient 
inputs  and  particulates  will  have  higher  prevalence  and  intensity  of 
infection.  Preliminary  results  indicate  that  infection  levels  for  all 
three  creeks  appear  to  be  similar.  Fiir  each  creek,  average  infection 
intensity  is  light  and  infection  is  nearly   \iWfi  prevalent.  Despite 


low  overall  infection  intensities,  hatchery  oysters  in  each  creek 
have  an  averaae  mortality  of  20%. 


CHARACTERIZATION  OF  BAC  LIBRARIES  FROM  THE 
OYSTERS  CRASSOSTREA  VIRGINICA  AND  C.  GIGAS. 
Charles  Cunningham',  Junichi  Hiliima',  Robert  Chapman', 
Matthew  J.  Jenny',  Jeff  Tomkins'  and  Greg  W.  Warr'.  'Holl- 
inas  Marine  Laboratory.  Charleston.  SC29412.  'Clemson  Univer- 
sity Genomics  Institute.  Clemson.  SC  29634. 

BAC  libraries  of  two  commercially  and  economically  impor- 
tant species.  C.  viri;inica  and  C.  ^igas.  have  been  developed  as  part 
of  an  international  effort  (co-ordinated  by  the  Oyster  Genome 
Consoitium)  to  develop  tools  and  reagents  that  will  advance  our 
ability  to  conduct  genetic  and  genomic  research  on  oysters.  A  total 
of  73.728  C.  gigiis  clones  with  an  average  in.sert  size  of  150  kb 
were  picked  and  artayed  representing  approximately  12-fold  ge- 
nome coverage.  A  total  of  55.296  clones  with  an  average  insert 
size  of  134  kb  were  picked  and  an'ayed  for  C.  virginica  represent- 
ing approximately  10-fold  coverage.  The  C.  .gigas  and  C.  virginica 
libraries  were  screened  with  probes  derived  from  13  and  14  ran- 
domly selected  genes  respectively.  All  of  the  probes  tested  de- 
tected multiple  clones  ranging  from  8-25  clones  for  C.  virginica 
and  5-50  for  C.  gigas.  These  numbers  suggest  that  there  is  no 
gross  bias  in  either  library  and  that  some  of  the  genes  probed  are 
members  of  multi-gene  families.  We  have  conducted  a  preliminary 
analysis  of  polymorphism  represented  in  the  two  libranes  using 
gene-specific  primers  for  PCR  amplification  and  nucleotide  se- 
quencing from  selected  BAC  clones.  Results  suggest  that  the  de- 
gree of  sequence  difference  between  alleles  is  highly  variable  (in 
a  gene-specific  manner)  and  that  variability  is,  as  would  be  pre- 
dicted, concentrated  in  intronic  regions. 


DESIGN  AND  CHARACTERIZATION  OF  A  MULTI- 
SPECIES  OYSTER  CDNA  MICROARRAY.  Charlie  Cun- 
ningham', Matt  Jenny  ,  Robert  Chapman',  Gregory  Warr^. 
Jonas  Almeida^,  Ann  Chen^.  Dave  Mckillen^  and  Hal  Trent^. 

'University  of  New  Mexico.  "Woods  Hole  Oceanographic  Insti- 
tute. 'South  Carolina  Department  of  Natural  Resources.  ^Medical 
University  of  South  Carolina. 

The  eastern  oyster.  Crassostrea  virginica.  and  the  Pacific  oys- 
ter. C.  gigas.  are  important  economic  resources  from  both  the 
harvesting  of  natural  populations  and  aquaculture  industry.  In  ad- 
dition, because  of  their  vital  role  in  estuarine  ecosystems  oysters 
are  a  valuable  model  organism  for  environmental  research.  In  an 
effort  to  increase  our  understanding  of  the  effects  of  environmental 
pressures  and  disease  on  oyster  physiology  and  health,  an  interna- 
tional collaboration  (the  Oyster  Microairay  Consortium)  was  nii- 
tiated  to  construct  a  multi-species  cDNA  microartay  consisting  of 
expressed  sequence  tags  from  C  virginica.  C  gigas.  and  the  oyster 
pathogen  Perkinsiis  marinus.  The  microarray  consists  of  4.460 
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clones  from  C.  virf>inica.  2.320  clones  from  C.  fiigas.  and  384 
clones  from  the  oyster  pathogen.  P.  inahnus.  Functional  annota- 
tion of  the  oyster  clones  was  perfomied  by  comparison  to  the  Gene 
Ontology  database.  As  part  of  the  initial  characterization  of  this 
array,  tissue  specific  signatures  were  identified  by  gene  expression 
profiling  both  gill  and  hcpatopancreas  tissues  from  both  species  of 
oyster.  Hcpatopancreas  gene  expression  profiles  were  also  ob- 
tained from  C.  ariakcnsis.  an  oyster  species  not  represented  by 
clones  on  the  airay.  The  utility  of  the  microanay  for  comparative 
studies  between  multiple  oyster  species  was  determined  by  the 
analysis  of  several  hundred  clones  demonstrating  cross- 
hybridization  potential.  Conelations  between  hybridization  inten- 
sity and  sequence  homology  of  several  hundred  clones  were  used 
to  estimate  the  level  of  sequence  identity  necessary  for  sufficient 
cross-hvbridization.  Results  demonstrate  the  benefits  in  gene  ex- 
pression profiling  by  having  multiple  genes  from  both  oyster  spe- 
cies present  on  the  array. 


EXPRESSION  ANALYSIS  OF  CANDIDATE  LOCI  FOR 
GROWTH  HETEROSIS  IN  THE  PACIFIC  OYSTER.  Jason 
Curole,  University  of  Southern  California. 

The  Pacific  oyster  has  emerged  as  a  model  system  to  under- 
stand the  genetic  and  physiological  mechanisms  of  growth  hetero- 
sis. A  set  of  candidate  loci  for  growth  heterosis  has  been  identified 
through  comparative  transcriptomic  analysis  of  hybrid  and  inbred 
6-day  old  oyster  larvae.  Evaluation  of  candidate  loci  requires  dis- 
covery of  polymorphisms,  genetic  mapping,  and  detailed  analysis 
of  expression  patterns.  Crassostrea  i^igas  has  a  high  density  of 
single  nucleotide  polymorphisms  and  a  surprisingly  high  density 
of  indels  (Curole  &  Hedgecock  2005.  http;//w  ww.intl-pag.org/l3/ 
abstracts/PAG  13_W026.html).  Using  size  fragment  analysis  to  de- 
tect indel  differences  between  parental  alleles,  I  have  genotyped 
eight  of  these  candidates  in  a  phenotyped  F,  population.  In  addi- 
tion. I  have  examined  expression  at  several  candidate  loci  in  an  F, 
population  and  identified  SNPs  in  this  population  for  analysis  of 
allele-specific  expression. 


BIOENERGETICS  OF  JUVENILE  PINK  ABALONE  FED 
FORMULATED  DIETS  CONTAINING  DIFFERENT  LEV- 
ELS OF  PROTEIN  AND  STARCH:  LIPID  RATIOS.  Louis  R. 
D'Abramo',  Jessica  Montano- Vargas",  Armando  Shiniada', 
Carlos- Vasquez-Pelaez'  and  Maria  Teresa  V  iana".  'Department 
of  Wildlife  and  Fisheries,  Mississippi  State  University,  "Univer- 
sidad  Autonoma  de  Baja  California.  'Universidad  Nacional  Au- 
tonoma  de  Mexico. 

Juvenile  pink  abalone.  Haliinis  cornii;a!a.  (0.15  g)  were  grown 
for  131  days  under  laboratory  conditions  in  aerated  flow  through 
seawater  systems  and  fed  semi-purified  diets  containing  three  dif- 
ferent levels  of  protein,  each  level  containing  two  ranges  of  starch 
lipid  ratios  (1.5  to  1.87  and  3.2  to  3.6).  and  similar  gross  energy 


levels.  Growth  responses  suggested  a  dietary  protein  requirement 
of  approximately  35%  with  carbohydrate  being  the  principal 
source  of  energy  (high  starch  to  lipid  ratios).  Optimum  dietary 
lipid  levels  appear  to  be  principally  based  on  the  satisfaction  of 
specific  nutrient  requirements.  Ammonia  excretion  (p-g  NH4*  h~' 
g"')  ranged  from  7.4  to  4.8  but  was  not  significantly  different 
among  dietary  treatments,  except  for  the  treatment  containing  32% 
crude  protein  and  a  low  carbohydrate:  lipid  ratio.  Energy  lost  due 
to  mucus  production  did  not  significantly  differ  among  dietary 
treatments.  Specific  dynamic  action  comprised  nearly  50%  of  the 
measiued  oxygen  consumption  (p.L  O,  h~'  g"' )  and  did  not  differ 
significantly  among  dietary  treatments.  Respiration  increased  dur- 
ing the  evening,  suggesting  a  circadian  pattein  that  is  typical  of  the 
Haliotis  genera.  Approximately  70%  of  the  ingested  energy  was 
lost  to  feces,  and  25%  metabolized,  with  7  to  10%  channeled  to 
growth.  A  generalized  pattern  of  utilization  of  dietary  energy  based 
upon  collective  investigations  with  Halinus  sp.  is  presented  and 
suggests  that  40-50%  is  generally  lost  to  fecal  production  and 
approximately  50%  of  assimilated  energy  is  lost  to  respiration. 


THE  RELATIONSHIP  BETWEEN  PRODUCT  QUALITY 
AND  BIOCHEMICAL  COMPOSITION  IN  SEA  URCHIN 
GONADS,  WITH  EMPHASIS  ON  TASTE  AND  TEXTURE. 
Trine  Dale,  Sten  I  Siikavuopio,  Anders  Aksnes.  Britt  Hoppe 
and  Mats  Carlehiig.  Norwegian  Institute  of  Fisheries  and  Aqua- 
culture  Research.  Fiskeiikorskning.  9291  Tormsx.  Norway. 

Whilst  most  sea  urchin  feeds  at  this  point  seems  capable  of 
promoting  gonad  growth,  there  is  scope  for  improvement  with 
respect  to  texture  and  taste.  This  study  aims  to  identify  possible 
common  biochemical  compounds  associated  with  good  (sweet, 
firm)  and  bad  (bitter,  melting)  quality  in  sea  urchins,  and  further- 
more how  compounds  con-elated  with  good  quality  is  influenced 
by  diet.  The  study  is  combining  sensory  analysis  with  analysis  of 
pioximat  composistion  and  free  amino  acids.  In  part  one  of  the 
study,  three  species  of  wild  sea  urchins  are  compared;  Strongylo- 
ceiurotus  droebachiensis  (from  Norway  and  Canada),  S.  interme- 
dins and  Echinus  escidentus.  In  part  two  5.  droelxicluensis  were 
fed  five  diets  of  different  protein  and  carbohydrate  content.  In  the 
wild  sea  urchins  there  was  no  apparent  relationship  between  tex- 
ture ,and  proximate  composistion.  There  appear  to  be  a  relationship 
between  the  intensity  of  bitter  taste  and  the  content  of  valine  and/or 
the  content  of  alanine  and  glycine  (increased  bitterness  with  in- 
creased content  of  valin  and/or  reduced  content  of  alanin  and  gly- 
cine). The  intensity  of  sweet  taste  appears  to  be  related  to  content 
of  alanine  and  glycine.  The  sensory  panel  identified  significant 
differences  in  quality  between  gonads  from  sea  urchins  fed  differ- 
ent diets.  The  data  from  the  biochemical  analyses  of  these  gonads 
are  not  yet  analysed. 
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GEODUCK  AQUACULTURE  IN  NORTH  AMERICA. 
Jonathan  P.  Davis.  Taylor  Resources.  Inc.  Quilcene.  WA  98386. 
Aquaculture  deveiopment  for  geoduck  clams  (Panopea 
alvnpta)  increased  rapidly  over  the  last  decade  on  the  US  and 
Canadian  west  coast.  Intertidal  and  sub-tidal  culture  was  initiated 
in  the  late  1980s  by  the  Washington  Department  of  Fisheries  in  an 
enhancement  program  to  replace  clams  removed  via  commercial 
harvest.  Though  unsuccessful  as  an  enhancement  tool,  rearing 
methods  enabled  aquaculture  development  to  occur  rapidly  in 
Washington  State  and  BC.  Culture  activities  were  initiated  in  the 
mid  1990s  in  both  Washington  State  and  BC.  and  more  recently  in 
Alaska  and  Oregon  and  expanded  rapidly  as  more  reliable  methods 
for  intertidal  and  sub-tidal  grow  out  of  geoducks  were  developed, 
hiteinidal  culture  has  been  the  focus  in  Washington  where  tide- 
lands  are  either  owned  or  leased,  while  sub-tidal  plantings  have 
been  required  in  BC  due  mainU  over  restrictions  to  utilization  ot 
tidelands.  Limitations  on  the  growth  of  the  industry  are  based 
mainly  on  seed  availability  and  access  to  suitable  intertidal  sites. 
Though  4-6  years  are  necessary  to  produce  a  harxestable  product, 
in  excess  of  200,000  KG  are  harvested  annually  with  a  landed 
value  of  US  $4.5  million  cuiTcntly  with  significant  expansion  in 
supply  expected  over  the  next  decade.  Developments  in  hatchery 
rearing  of  larvae  and  seed  include  a  better  understanding  of  nutri- 
tional requirements,  the  provision  of  li\e  algal  feeds  high  in  poly- 
unsaturated fatty  acids,  and  husbandry  practices  that  focus  on  con- 
trolling clam  density  and  pathogenic  bacteria. 


DIGESTIVE  ENZYME  ACTIVITY  IN  BIVALVE  TISSUES. 
Lewis  E.  Deaton,  University  of  Louisiana  at  Lafayette.  Lafayette, 
LA  70504. 

While  the  major  organ  of  digestion  in  bivalve  molluscs  is  the 
digestive  gland,  there  is  direct  and  indirect  evidence  that  the  gills 
secrete  some  digestive  enzymes.  These  enzymes  may  play  a  role  in 
internal  defense,  but  they  may  also  be  secreted  to  "pre-digest' 
material  that  is  to  be  swallowed  by  the  animal.  This  latter  notion 
is  consistent  with  recent  research  demonstrating  that  at  least  in 
some  species  of  bivalve,  the  sorting  of  material  trapped  on  the  gills 
into  food  to  be  swallowed  and  material  lo  be  rejected  occurs  on  the 
gill  itself.  We  have  used  API  ZYM.  test  kits  (bioMerieux)  to 
compare  the  activity  of  19  assorted  digestive  enzymes  in  the  gill, 
digestive  gland,  and  adductor  muscle  of  the  quahog  Mercenaria 
mercenaria  and  the  oyster  Crassostrea  virfiinica.  For  most  of  the 
enzymes,  the  activity  was  highest  in  the  digestive  gland  and  lowest 
in  the  adductor  muscle.  Activities  in  the  gill  were  intermediate 
between  the  former  two  tissues.  Assays  are  being  developed  to 
examine  the  activity  of  laminarinase.  cellulase,  amylase,  and  pro- 
teases in  gill,  digestive  gland  and  adductor  muscle  in  M.  merce- 
naria and  C.  virginica. 


SURVIVAL  AND  GROWTH  OF  CRASSOSTREA  VIR- 
GINICA LINES  IN  CHESAPEAKE  AND  DELAWARE 
BAYS.  Lionel  Degremont',  Standisli  K.  Allen  Jr.',  E.  M.  Bur- 
reson'  and  Gregory  Debrosse".  'Virginia  Institute  of  Marine  Sci- 
ence, Aquaculture  Genetics  and  Breeding  Technology  Center, 
1208  Create  Rd..  Gloucester  Point,  VA  23062,  -Haskin  Shellfish 
Research  Laboratory. 

As  a  part  of  our  oyster  breeding  program  developed  to  enhance 
resistance  against  MSX  and  Dermo  in  Crassostrea  virginica.  eight 
lines  and  one  control  were  produced  in  2004  and  deployed  at  four 
sites  in  Virginia  (Builon's  Bay,  York  River,  Kinsale  and  Lynn- 
haven)  and  one  site  in  the  Delaware  Bay  (Cape  Shore).  First  re- 
sults, excluding  the  Cape  Shore  site,  showed  difference  of  mortal- 
ity among  sites  in  November  2005  with  the  highest  mortality  at 
Burton's  Bay  (57%).  intermediate  at  the  York  River  and  Lynn- 
haven  sites  (40^6%)  while  oysters  at  Kinsale  showed  the  lowest 
mortality  (10%).  The  mortality  mostly  occurred  between  August 
and  November  except  at  Builon's  Bay  where  it  happened  in  April. 
Significant  differences  of  mortality  were  also  observed  among 
lines  in  each  site  and  a  significant  line  by  environment  interaction 
was  found  which  is  easily  explainable  by  the  absence  of  significant 
mortality  at  Kinsale  and  the  unusual  mortality  event  occurring  in 
April  at  the  Burton's  Bay.  For  growth,  oysters  deployed  at  York 
River  and  Lynnhaven  showed  the  slowest  growth  while  those  at 
Kinsale  and  Burton's  Bay  showed  the  fastest.  Finally,  our  results 
suggested  which  line  would  be  most  useful  according  to  their 
yields  across  environments.  For  example  in  Burton's  Bay.  CROS- 
Breed  line  yielded  2.5  as  much  as  the  control  while  at  Kinsale,  a 
Louisiana  strain  would  be  preferred,  yielding  60%  greater  than  the 
control.  Pathology  analyses  indicate  MSX  explains  the  mortalities 
observed  during  the  summer  and  results  from  the  fall  sampling  will 
provide  more  perspective  on  the  cause  of  the  mortalities. 


THE  OTHER  SIDE  OF  RESTORATION.  Donatella  Del 
Piero,  Viagrogrieri  10.  Dipartimento  di  Bologia.  Universita  Di 
Tneste,  34133  Trieste.  Italy. 

The  temptative  restoration  done  by  the  fishermen  of  shellfish 
beds  (mainly  Cluiinelea  gallina)  in  Northern  Adriatic  seems  to  be 
far  from  optimization.  Traces  of  uncontrolled  restocking  opera- 
tions date  back  at  least  to  1990,  but  it  doesn't  seem  to  be  decisive 
for  stock  enhancement.  We  have,  instead,  evidence  of  overall 
heavy  depletion  in  stock  and  low  growth  rates,  so  the  trade  orga- 
nisation are  asking  for  diminishing  the  minimum  legal  size,  actu- 
ally set  to  25  mm.  till  20  mm.  due  to  lack  of  legally  marketable 
clams.  This  is  a  very  old  problem  in  the  area  and  is  of  course 
questionable  if  the  lack  of  response  (e.g.  to  fleet  reduction  and  long 
closure  season)  may  reflect  changes  in  the  whole  system  or  is  an 
effect  of  gear  improvement,  bad  knowledge  of  population  dy- 
namic, physiology  etc.  that  must  be  known  for  implementing  res- 
toration pidgianis. 
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LAND-BASED  SEA  URCHIN  CULTURE  SYSTEM.  Michael 
De\in,  University  ot  Maine. 

We  are  conducting  a  project  to  further  develop  and  refine  the 
cuhure  conditions  to  optimize  the  growth  of  juvenile  green  sea 
urchins  {Stroniiylocenlrotus  ilioebachiensis).  a  commercial  spe- 
cies not  previously  cultured  as  juveniles.  As  part  of  this  project  we 
are  investigating  the  effects  of  diet  on  growth  from  the  early-  to 
late-juvenile  stages.  To  study  growth  we  conducted  an  experiment 
whereby  juvenile  sea  urchins  were  divided  into  seven  treatments 
(Ulva.  Laininaria.  Palniaiia.  a  mixed  diet  containing  all  three 
macroalgae,  Laininaria  augmented  with  mussel.  Palmaria  aug- 
mented with  mussel  and  an  ailitlcial  palletized  formulation  (Dr. 
Addison  Lawrence  formulation).  Urchins  were  placed  in  colanders 
that  contain  a  buoyant  material  so  that  they  float  with  the  rim 
approximately  two  cm  above  the  surface.  There  were  four  repli- 
cates for  each  treatment.  The  animals  were  fed  ad  libitum  twice 
weekly.  Growth  was  highest  in  the  mixed  diet  (mean  wt.  26.0  gml, 
followed  by  the  treatments  of  Palmaria  (mean  wt.  23.6  gm)  and 
the  artificial  formulation  (mean  v\t.  23.6  gm).  Higher  growth  rates 
found  in  treatments  containing  Palmaria  are  postulated  to  be  due 
to  the  high  percentage  of  protein  and  calcium  found  in  Palimiria 
compared  v\ith  Ulva  and  Laininaria.  Although,  juvenile  sea  ur- 
chins appear  to  grow  fastest  when  fed  Palmaria  relative  to  Ulva 
and  Laininaria.  the  mixed  treatment  produced  the  largest  animals. 


chins  appear  to  grow  fastest  when  fed  Palmaria  relative  to  Ulva 
and  Laininaria,  the  mixed  treatment  produced  the  largest  animals. 


SHELLFISH  CROP  AND  CULTURE  GEAR  FOULING  IN 
THE  PACIFIC  NORTHWEST.  Bill  Dewey,  Taylor  Shelll ish 
Company.  130  SE  Lynch  Rd..  Shelton.  WA  98.'584. 

Shellfish  culture  in  the  United  States  Pacific  Northwest  like 
many  areas  of  the  world  is  complicated  b\  biofouling  of  shellfish 
crops  and  aquaculture  gear.  Growers  in  this  part  of  the  country  are 
plagued  by  such  things  as  barnacles,  overcatch  of  oysters  on  single 
oyster  crops,  suffocating  macroalgae  as  well  as  Spartina  and  eel- 
grass  infiltration.  Subtidally,  crops  and  gear  are  fouled  by  bar- 
nacles, bryozoans,  sponges  and  tunicates.  Recently  the  discovery 
of  non-native  colonial  tunicates  (Didemnum  sp.)  in  Puget  Sound 
has  subtidal  shellfish  growers  concerned.  Depending  on  circum- 
stances and  severity  biofouling  can  have  detrimental  effects  on 
grov\th  and  survival  of  crops.  Each  geographic  farm  location  typi- 
cally has  its  own  unique  fouling  issues.  Fouling  will  vary  geo- 
graphically, annually  and  seasonally.  In  the  case  of  intertidal  cul- 
ture, which  is  the  primary  means  of  cultiiring  in  the  Pacific  North- 
west, fouling  will  also  vary  with  tidal  elevation.  Assorted 
husbandry  or  culture  strategies  are  employed  to  miniiriize  and/or 
avoid  fouling  or  to  clean  fouling  organisms  off  gear  and  crops. 


THE  EFFECTS  OF  DIET  ON  GROWTH  OF  THE  GREEN 
SEA  URCHIN  (STRONGYLOCENTROTUS  DROEBACHIEN- 
SIS)  FROM  THE  EARLY-  TO  LATE-JUVENILE  STAGES. 
Michael  G.  Devin.  Henry  D.  Stence,  and  Robert  J.  Peacock.  R. 

J.  Peacock  Canning  Company.  72  Water  Street.  Lubec.  Maine 
04632. 

We  are  conducting  a  project  to  further  develop  and  refine  the 
culture  conditions  to  optimize  the  growth  of  juvenile  green  sea 
urchins  {Strnnfiyloccntrotns  droehachiensis).  a  commercial  spe- 
cies not  previously  cultured  as  juveniles.  As  part  of  this  project  we 
are  investigating  the  effects  of  diet  on  growth  from  the  early-  to 
late-juvenile  stages.  To  study  growth  we  conducted  an  experiment 
whereby  juvenile  sea  urchins  were  divided  into  seven  treatments 
(Ulva.  Laminaria.  Palmaria.  a  mixed  diet  containing  all  three 
macroalgae.  Laininaria  augmented  with  mussel.  Palmaria  aug- 
mented with  mussel  and  an  artificial  palletized  formulation  (Dr. 
Addison  Lawrence  formulation).  Urchins  were  placed  in  colanders 
that  contain  a  buoyant  material  so  that  they  float  with  the  rim 
approximately  two  cm  above  the  surface.  There  were  four  repli- 
cates for  each  treatment.  The  animals  were  fed  ad  libitum  twice 
weekly.  Growth  was  highest  in  the  mixed  diet  (mean  wt.  26.0  gm). 
followed  by  the  treatments  of  Palmaria  (mean  wt.  23.6  gm)  and 
the  artificial  formulation  (mean  wt.  23.6  gm).  Higher  growth  rates 
found  in  treatments  containing  Palmaria  are  postulated  to  be  due 
to  the  high  percentage  of  protein  and  calcium  found  in  Palmaria 
compared  with  Ulva  and  Laminaria.  Although,  juvenile  sea  ur- 


RESTORING  MERCENARIA  ON  LONG  ISLAND:  CONDI- 
TION AND  SPAWNING  OF  TRANSPLANTED  HARD 
CLAMS  IN  SANCTUARIES  IN  LONG  ISLAND.  NEW 
YORK.  Michael  H.  Doall',  Dianna  K.  Padilla',  Carl  Lobue" 
and  Laurie  Perino'.  'Stony  Brook  University.  Department  of 
Ecology  and  Evolution.  Stony  Brooke,  NY  1 1794-5245.  "The  Na- 
ture Conservancy. 

On  Long  Island.  New  York,  the  Nature  Conservancy  has  spear- 
headed efforts  to  restore  Mercenaria  menenaria  populations  by 
creating  sanctuaries  of  high  densities  of  spawning  clams  to  reduce 
sperm  limitation  for  fertilization  and  thereby  increase  the  potential 
for  recruitment.  Success  requires  that  the  clams  survive,  obtain 
enough  energy  for  gonad  development,  and  spawn.  To  assess  the 
condition  of  transplanted  clams  in  sanctuaries  established  in  the 
Great  South  Bay  and  Peconic  estuaries,  we  monitored  condition 
index  (CI),  computed  as  the  ratio  of  the  dry  mass  of  soft  tissue  to 
the  internal  shell  cavity  capacity,  and  qualitative  rankings  of  gonad 
ripeness  during  2004  and  2005.  Changes  in  CI  were  correlated 
with  changes  in  gonad  ripeness  in  all  sanctuaries  monitored:  CI 
increased  as  gonads  ripened  and  decreased  as  gonad  tissue  and 
gamete  concentrations  diminished.  Decreases  in  CI  and  gonad 
ripeness  coincided  with  the  appearance  of  hard  clam  larvae  in  the 
plankton,  indicating  that  spawning  had  occurred.  The  magnitude 
and  timing  of  changes  in  CI  and  gonad  ripeness  varied  between 
populations  of  clams  in  different  sanctuary  sites,  and  between 
years  for  the  same  populations.  Temperature  appeared  to  be  one 
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exogenous  factor  influencing  tlie  timing  of  reproductive  cycles,  but 
spatial-temporal  variability  in  other  environmental  parameters, 
such  as  food  quantity  and  quality,  may  also  explain  differences 
between  p<ipulations  and  between  years.  The  prior  history  of  trans- 
planted clams,  especially  their  source  location,  also  appeared  to 
influence  condition  and  liming  of  gonad  development  during  the 
first  year  after  transplant. 


GEODUCK  FARMING  101— THE  TRIALS  AND  TRIBULA- 
TIONS OF  STARTING  A  NEW  FARM.  Peter  Downey,  Dis 

covery  Bay  Shellfish  Inc. 

This  presentation  will  examine  issues  encountered  while  plant- 
ing three  acres  of  geoduck  during  the  200.^  planting  season.  Issues 
to  be  reviewed  include  securing  appropiate  tidelands.  coming  to 
terms  with  regulatory  agencies  and  tribes,  developing  a  labor  pool, 
ensuring  seed  survival,  planting  logistics  and  dealing  with  incli- 
mate  weather  and  wind  drivens  waves. 


HUSBANDRY  PRACTICES  AND  ASSOCIATIONS  WITH 
PRODUCTIVITY  IN  PRINCE  EDWARD  ISLAND  MUSSEL 
FARMS.  Andre  Drapeau'.  Luc  Comeau'  and  Jeff  Davidson'. 

'University  of  Prince  Edward  Island.  '^Department  of  Fisheries  and 
Oceans. 

Associations  between  husbandry  practices  and  blue  mussel 
(Mytiliis  I'dii/is)  productivity  in  Prince  Edward  Island  (PEI), 
Canada  farms  were  investigated.  Husbandry  was  measured  using 
SCUBA  in  Tracadie  Bay  (2002-2004)  and  in  16  enibayments  in 
200.3.  Measurements  related  to  1 -year-old  crop  exposed  to  ap- 
proximately eight  months  of  husbandry  practices.  Between  2002 
and  2004,  longline  spacing,  sock  spacing  and  sock  weight  in  Tra- 
cadie Bay  ranged  from  ."i  to  24. S."^  m.  27. ."iO  to  40.40  cm  and  2.86 
to  15.49  kg  respectively,  while  across  PEI  husbandry  ranged  from 
1.50  to  29.54  ni.  26. .38  to  62.40  cm  and  1.48  to  16.87  kg  respec- 
tively. Sock  spacing  significantly  increased  by  329f  (-t-12  cm)  over 
the  years  and  was  directly  responsible  for  significantly  decreasing 
lease  stocking  density  by  25%  (-6  socks/100  ni"^).  Regression 
models  revealed  that  sock  spacing  was  positively  associated  with 
mussel  sock  weight  in  Tracadie  Bay  (2002)  and  across  PEI  (2003). 
In  Tracadie  Bay,  sock  spacing  was  related  to  sock  weight  in  2002 
and  mussel  condition  in  2004.  Each  additional  10  cm  between 
socks  resulted  in  raising  predicted  sock  weight  by  1.15  kg  and 
inussel  condition  index  by  1.60,  while  across  PEI.  sock  weight 
increased  0.74  kg.  This  gain  is  plausible  and  likely  driven  by 
reduction  in  intraspecific  competition  between  mussels  for  avail- 
able food  resources.  However,  the  observed  correlation  was  sta- 
tistically significant  only  for  a  single  year  in  Tracadie  Bay  (2002), 
while  marginally  significant  across  PEI  (2003).  This  suggests  that 
the  effect  of  sock  spacing  was  dynamic  and  dependent  upon  food 
availability  within  the  water  column. 


OYSTER  SURVIVAL  AND  GROWTH  IN  THE  BARA- 
TARIA  ESTUARY.  Ronnie  Duke  and  Earl  J.  Melancon,  De- 
partment of  Biological  Sciences,  Nicholls  State  University,  P.O.  I, 
Thibodaux.  LA  70310. 

We  documented  oyster  responses  to  natural  environmental 
events  in  the  historically  productive  zone  of  the  Barataria  estuary, 
part  of  the  Davis  Pond  Mississippi  River  Diversion  outfall  area. 
The  diversion  has  operated  minimally  with  no  measurable  impact 
on  oysters.  During  the  study  there  were  two  naturally  occumng 
reduced-salinity  events  (<5  ppt).  two  tropical  storins  and  three 
huiricanes. 

Oyster  populations  were  studied  monthly  from  April  2004  to 
November  2005  for  survival,  size  frequency  and  condition  index. 
In  June/July  2004  salinities  were  well  below  5ppt  across  most  of 
the  estuary  and  all  oysters  died  except  at  the  most  down-esluary 
site.  Oysters  rebounded  with  a  good  estuary-wide  spat  set  in  Sep- 
tember/October 2004.  All  fall  2004  set  oysters  survived  an  estuaiy- 
wide  winter  2005  reduced-salinity  event.  Oysters  exhibited  highest 
condition  indices  during  winter  and  lowest  during  summer. 

Seed-sized  oysters,  44  mm  in  shell  length,  were  tagged  in  fall 
2004  at  two  sites  for  monthly  growth  comparisons.  From  Septem- 
ber 2004  to  August  2005  oysters  grew  to  64.3  ±  6.9  mm  at  the 
up-estuary  site  and  to  77.5  ±  7.3  mm  at  the  down-estuary  site.  A 
shell  length  of  65  mm  is  minimum  sack  size  acceptable  for  oysters 
harvested  from  private  leases.  Preliminary  comparisons  of  the  fall 
2004  sets  at  10  sites  for  size  frequency  exhibited  a  similar  pattern 
of  faster  growth  down-estuary. 

This  information  becomes  important  for  natural  resource  man- 
agers and  oystermen  as  adaptive  management  strategies  are  devel- 
oped so  that  both  diversions  and  oysters  can  co-exist.  Oystermen 
must  decide  if  they  want  to  harvest  seed-size  oysters  or  wait  the 
additional  time  to  harvest  sack-sized  oysters. 


OYSTER  AQUACULTURE  IN  A  PACIFIC  NORTHWEST 
(USA)  ESTUARY:  A  PLEA  FOR  TAKING  A  LANDSCAPE- 
ECOSYSTEM  PERSPECTIVE.  Brett  R.  Dumbauld',  Jennifer 
Ruesink",  and  Miranda  Wecker',  'U.S.  Department  of  Agricul- 
ture. Agricultural  Research  Service,  2030  SE  Marine  Science  Dr., 
Newport,  OR  97365,  "University  of  Washington,  Department  of 
Biology,  WA  98195,  ""University  of  Washington,  Olympic  Natural 
Resources  Center.  Forks.  WA  9833 1 . 

Commercial  shellfish  harvest  in  Willapa  Bay,  Washington  has 
been  an  important  source  of  oysters  for  150  years  and  aquaculture 
in  this  estuary  alone  produces  about  lO'^  of  the  EI.S.  oyster  har- 
vest. Management  policies  for  estuarine  tidelands  in  the  Pacific 
Northwest  are  based  on  general  descriptors  and  perceptions  from 
research  conducted  elsewhere  (e.g.  submerged  aquatic  vegetation 
provides  structure  which  increases  abundance  and  diversity  of 
other  organisms),  resulting  in  regulations  such  as  no-net  loss  of 
aquatic  vegetation  which  are  applied  on  a  very  small  individual 
permit  scale.  While  results  of  recent  studies  conducted  at  this  scale 
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in  Willapa  Bay  and  other  Pacific  coast  estuaries  do  in-part  confirm 
the  generaUty  of  these  descriptors,  these  estuaries  appear  to  func- 
tion slightly  differently  and  the  role  of  cultured  oysters  as  habitat 
and  as  secondary  consumers  in  these  systems  is  newly  described. 
Scale  is  clearly  an  issue  and  recent  mapping  efforts  in  Willapa  Bay 
suggest  that  managers  should  view  uquaculture  from  an  estuarine 
landscape  perspective.  Techniques  that  have  recently  been  applied 
for  analyzing  the  role  of  terrestrial  agriculture  in  otherwise  for- 
ested or  grassland  ecosystems  suggest  that  movement  corridors 
and  edge-interior  ratios  are  important  considerations.  Preliminary 
results  from  such  an  exercise  conducted  in  Willapa  Bay  suggest 
that  traditional  policies  which  seek  to  conserve  other  large  inver- 
tebrate or  vertebrate  fisheries  by  protecting  one  habitat  (aquatic 
vegetation)  may  need  to  be  reconsidered  once  results  are  con- 
firmed by  directed  studies  conducted  at  this  landscape  scale.  Con- 
sidering local  differences,  best  management  practices  could  then 
also  be  regulated  and  implemented  at  this  scale. 


l'i:RhINSUS  OLSENI  IN  VITRO  ISOLATES  FROM  NEW 
ZEALAND  CLAMS  (AUSTROVENUS  STVTCHBVRYI). 
Christopher  F.  Dungan',  Rosalee  M.  Hamilton'.  KimhiTly  S. 
Reece",  Jessica  A.  Moss",  and  Ben  K.  Diggles'.  'Maryland  Dept. 
of  Natural  Resources.  Oxford  Laboratory.  'Viiginia  institute  of 
Marine  Science,  'DigsFish  Services  Pty  Ltd,  Queensland.  Austra- 
lia. 

Prevalent  Perk'msus  sp.  infections  have  been  reported  in  ,4i(\- 
trovenus  stutchhuiyi  venerid  clams  (cockles)  from  northern  New 
Zealand,  since  2000.  Sequencing  of  iRNA  gene  complex  ITS-  and 
NTS-regions  of  genus-Pcrkiiisiis  PCR  amplicons  from  infected  A. 
.\tutclil>iiryi  DNA  templates,  have  consistently  indicated  the  pres- 
ence of  P.  olseui  parasites.  However.  //;  vitvii  Pcikinsiis  sp.  isolates 
have  been  unavailable  to  date  for  comprehensive  morphological 
and  genetic  evaluation  of  the  New  Zealand  parasite's  identity.  We 
report  in  vitm  isolation,  propagation,  cloning,  and  cryopreserva- 
tion  of  four  Perkinsiis  sp.  isolates  from  a  200.5  sample  of /\.  stiilch- 
hiini  cockles  from  northern  New  Zealand's  Mangamangaroa 
Stream  (24°C.  .32  ppt).  Isolates  were  propagated  in  vitro  despite  a 
moderate  prevalence  (247r)  of  low-intensity  Perkinsiis  sp.  infec- 
tions in  the  sampled  cockles.  These  isolates  showed  morphometric 
similarities  and  differences  with  characteristics  reported  for  P. 
iilseni  isolates  from  other  hosts  and  locations.  Although  their  fre- 
quency of  continuous  in  vitro  zoosporulation  was  low.  one  typical 
isolate  was  induced  to  wholesale  (>70%)  zoosporulation  by  a  tran- 
sient. 48-h  passage  through  ARFTM.  Nucleotide  sequences  of 
rDNA  ITS-regions  from  our  isolates  consistently  grouped  them 
with  P.  olseni  sequences  in  phylogenetic  analyses,  suggesting  that 
Pcrkinsns  sp.  infecting  New  Zealand  A.  stiitclihnryi  clams  are  con- 
specifics  of  destructive  and  broadly  distributed  P.  olseni  parasites 
of  several  eastern  Asia  clams,  diverse  Australian  clams  and  aba- 
lone,  and  several  European  clams. 


WASHINGTON  STATE  GEODUCK  AQUACULTURE 
PROGRAM.  Sarah  Dzinbal.  Celia  Barton  and  Jeffrey 
Schreclv.  Washington  State  Department  of  Natural  Resources, 
Aquatic  Resources.  P.O.  Box  47027,  Olympia.  WA  98504-7027. 
The  200.3  Washington  State  Legislature  directed  the  Washing- 
ton State  Department  of  Natural  Resources  (DNR)  to  determine 
the  feasihilitv  of  geoduck  aquaculture  on  state  owned  aquatic  lands 
(SOAL).  Between  July  2003  and  .June  2005.  DNR  contracted  with 
the  University  of  Washington  and  other  entities  to  compile  reports 
that  would  allow  that  determination  to  be  made.  DNR  testified  to 
the  2005  Legislature  that  geoduck  aquaculture  on  SOAL  is  fea- 
sible, but  lecommendcd  that  the  project  proceed  with  caution  by 
authorizing  the  use  on  twenty  to  twenty-five  acres  of  SOAL  per 
year.  DNR  submitted  a  budget  request  for  additional  funds  to 
implement  a  leasing  program  for  geoduck  aquaculture  on  SOAL, 
but  unfortunately  did  not  receive  those  funds.  DNR  believes  that 
aquaculture  is  an  important  use  and.  as  such,  has  moved  forward 
with  implementation  of  a  geoduck  aquacullure-leasing  program. 
The  lack  of  dedicated  funding  has  necessitated  a  different  ap- 
proach— DNR  is  designing  a  monitoring  program  that  will  require 
some  of  its  geoduck  aquaculture  lessees  conduct  scientitic  moni- 
toring on  their  leaseholds  throughout  the  first  geoduck  growing 
cycle.  The  results  of  this  monitoring  will  allow  DNR  to  fully  assess 
the  environmental  effects  of  geoduck  aquaculture.  and  further  al- 
low a  determination  on  the  long-term  feasibility  of  this  use. 
Twenty  to  twenty-five  acres  of  SOAL  will  be  put  up  for  competi- 
ti\e  bid  in  the  summer  of  2006.  Potential  lessees  will  respond  to 
the  Request  for  Proposals  by  pro\  iding  a  summary  of  their  pro- 
posed activities,  including  the  scientific  monitoring  aspect. 


WASHINGTON  STATE  GEODUCK  FISHERY  MANAGE- 
MENT. Sarah  Dzinbal,  Celia  Barton  and  Todd  Palzer.  Wash- 
ington State  Department  of  Natural  Resources.  Aquatic  Resources, 
P.O.  Box  47027.  Olympia.  WA  98504-7027. 

The  Washington  State  Department  of  Natural  Resources 
(DNR).  as  the  steward  of  publicly  owned  lands,  manages  approxi- 
mately 2.4  million  acres  of  aquatic  lands  in  Washington.  One  of  its 
roles  is  to  co-manage  the  wild  stock  geoduck  fishery,  and  the 
agency  does  this  together  with  the  Washington  Department  of  Fish 
and  Wildlife  (WDFW)  and  the  Treaty  Tribes  in  western  Washing- 
ton. The  geoduck  fishery  has  been  open  since  1970  and  is  managed 
to  be  sustainable  for  future  generations  of  citizens  in  Washington 
State.  The  state  and  tribes  work  collaboratively  to  quantify  geo- 
duck biomass  by  conducting  tract  surveys  on  a  rotational  basis. 
WDFW  sets  the  Total  Allowable  Catch  for  each  fishery  year — 
2.1%  of  the  total  commercial  geoduck  biomass — and  the  state  and 
tribes  share  this  resource  equally.  DNR  publicly  auctions  the  right 
to  harvest  the  state's  share  of  the  geoduck  resource,  in  the  form  of 
geoduck  quotas.  This  generates  approximately  $8  million  per  year 
for  the  state,  which  is  used  by  a  number  of  state  and  local  gov- 
ernment entities  for  aquatic  land  enhancement  and  management 


726      Ahslnicts.  2006  Annual  Meeting,  March  26-30.  2006 


Niitioiuil  SheUflslwiies  Association.  Monterey.  California 


work.  The  successful  bidders  at  auction  sign  harvest  agreements 
with  DNR;  the  agreements  allow  companies  to  harvest  specified 
pounds  of  geoducks  from  specified  tracts  of  state  owned  aquatic 
lands  for  a  specified  period  of  time.  The  agreements  are  enforced 
by  DNR's  commercial  dive  teain,  which  conducts  daily  fishery 
compliance  operations  on  the  geoduck  tract  every  day  the  state 
fishery  is  open.  The  fishery  is  a  year-round  dive  fishery. 


USE  OF  THE  OLIGOHALINE  CLAM  RANGIA  CUNEATA 
AS  A  BIVALVE  INDICATOR  OF  WATERSHED  ALTER- 
ATIONS IN  SOUTHWEST  FLORIDA.  Vincent  Encomio', 
Christina  Panko',  Ernest  Estevez^  and  Aswani  K.  Volety'. 

'Coastal  Watershed  Institute — Florida  Gulf  Coast  University. 
10501  FGCU  Blvd  S..  Fort  Myers.  FL  33965.  2Center  for  Coastal 
Ecology — Mote  Marine  Laboratory  Sarasota.  Sarasota.  FL. 

In  Florida,  freshwater  releases  from  Lake  Okeechobee  result  in 
dramatically  lowered  salinity,  adversely  affecting  bivalve  popula- 
tions downstream  in  the  Caloosahatchee  River.  Additionally,  high 
sediment  loading  due  to  increased  freshwater  flow  or  dredging 
may  adversely  affect  bivalve  condition.  The  impact  of  watershed 
alterations  on  oysters  is  part  of  ongoing  research  in  SW  Florida. 
The  use  of  oysters  as  a  sentinel  organism,  however,  only  covers  the 
mesohaline  ( 10-30  parts  per  thousand  (ppt))  regions  of  the  estuary. 
Few.  if  any  studies  have  examined  effects  on  bivalves  in  the  oli- 
gohaline  (<10  ppt)  portions  of  the  Caloosahatchee  estuary.  The 
clam  Rani^ia  cnncala  is  found  extensively  in  oligohaline  regions  ot 
the  Caloosahatchee  and  may  be  a  useful  bivalve  indicator  of  sedi- 
mentation and  altered  salinity.  Clams  were  exposed  for  thirty  days 
to  clay  (<4  |jlM  grain  size)  and  silt  (40-60  p.M)  at  0.  1  and  2 
grams/clam/day.  At  0.  10.  20  and  30  days  condition  index  (dry 
tissue  weight:  dry  shell  weight),  glycogen,  lipid  and  protein  con- 
tent in  clams  were  measured.  Condition  index  decreased  signifi- 
cantly over  time  (p  =  0.0177)  but  not  with  sediment  type  and 
dose.  Despite  wide  physiological  salinity  tolerances.  R.  ciincata 
cannot  maintain  stable  populations  beyond  1-15  ppt  (Hopkins  et 
al.  1973).  making  it  vulnerable  to  extended  freshets  and  droughts. 
Distributions  of  live  and  dead  shells  indicate  higher  proportions  of 
dead  shells  near  the  head  of  the  estuary,  possibly  indicative  of  past 
freshets.  Salinity  tolerances  and  responses  to  interactive  stress  (e.g. 
temperature)  will  be  examined  in  the  lab  to  conoborate  patterns 
seen  in  the  wild. 


COMMUNITY  SHIFT  ASSOCIATED  WITH  SHELLFISH 
AQUACULTURE  IN  TWO  MID-ATLANTIC  ESTUARIES. 
Patrick  Erbland  and  Gulnihal  Ozbay.  Delawaie  State  Univer- 
sity. 

Populations  of  the  eastern  oyster  (Crassostrea  virginica)  and  its 
associated  fishery  have  been  declining  in  the  State  of  Delaware 
and  greater  Mid-Atlantic  recion  of  the  United  States  for  decades. 


This  shortage  of  oysters  continues  despite  intensive  husbandry  of 
oyster  reefs  by  fishers  and  government  agencies.  Consequently 
there  is  interest  in  the  culture  of  C.  virginica  enclosed  in  ""grow  out 
gear"  (GOG)  to  increase  yields.  Such  a  practice  has  a  multitude  of 
associated  impacts  on  the  host  ecosystems.  These  include  reduced 
nutrient  load  in  the  water  column  (Ulanowicz  and  Tuttle  1992)  and 
enrichment  of  benthic  sediments  (Nugues  et  al  1996).  The  en- 
hanced levels  of  spoil  fish  such  as  Striped  Bass  (Morone  .umitilis) 
and  Bluefish  (Pomatonnis  saltatrix)  found  on  oyster  reefs  (Harding 
and  Mann  1998)  may  also  exist  on  oyster  farms.  This  is  a  two  part 
study  investigating  shifts  in  the  benthic  and  infaunal  communities. 
We  will  compare  the  diversity  and  abundance  of  species  inhabiting 
subtidal  "Rack  and  Bag"  type  GOG.  containing  C.  virginica.  with 
an  adjacent,  created  C.  virginica  reef  in  Indian  River  Bay.  DE. 
Secondly,  we  will  compare  the  diversity  and  abundance  of  infaunal 
species  present  below  intertidal  oyster  gear  with  an  adjacent  con- 
trol area  of  open  sand  fiat  on  the  eastern  shore  of  Delaware  Bay. 
This  study  will  provide  insight  into  the  ecological  impact  of  shell- 
fish aquaculture  and  be  useful  in  incorporation  of  C.  virginica 
aquaculture  into  the  management  schemes  of  concerned  regulatory 
agencies. 


ADDITIONAL  EVIDENCE  OF  HIGH  RESISTANCE  TO 
HAPLOSPORIDIUM  NELSON!  (MSX)  IN  THE  NATIVE 
OYSTER  POPULATION  OF  DELAWARE  BAY.  Susan  Ford 
and  David  Bushek.  Haskin  Shellfish  Research  Laboratory.  Rut- 
gers. The  State  University  of  New  Jersey.  6959  Miller  Avenue, 
Port  NoiTis.  NJ  08348  USA. 

Natural  selection  during  the  first  Haplosporidiiim  nelsoni- 
caused  epizootic  in  Delaware  Bay  oysters  resulted  in  the  develop- 
ment of  a  degree  of  resistance  to  mortality  caused  by  the  pathogen 
throughout  the  Bay.  Until  the  late  1980s,  this  level  of  resistance 
did  not  change  because  most  of  the  surviving  oysters  were  pro- 
tected from  additional  selection  as  they  resided  in  the  low  salinity 
region  of  the  Bay.  The  development  of  a  second  level  of  resistance 
was  signaled  after  heavy  H.  nclsoni-caui>ed  mortalities  in  the  mid 
1980s  occurred  during  a  severe  drought  and  prevalence  of  the 
pathogen  subsequently  declined  markedly.  Susceptible  controls 
exposed  beside  natural  set  in  the  lower  bay  continued  to  become 
heavily  infected,  whereas  the  natural  set  had  prevalences  of  0  to 
10%.  To  determine  whether  oysters  on  the  low-salinity  beds  were 
similarly  resistant,  we  exposed  oysters  from  two  upper-bay  beds 
along  with  lower  bay  natives  and  susceptible  controls  in  Cape  May 
Harbor  where  H.  nclsoni  pressure  has  been  heavy.  Six  months 
later,  prevalence  of  susceptible  oysters  was  90%.  with  most  infec- 
tions being  advanced.  At  the  same  time,  prevalence  in  the  two 
upper  bay  groups  was  only  5  to  20%  with  mostly  light,  localized 
infections.  This  confirms  that  a  high  degree  of  resistance  is  now 
present  throughout  the  Bay.  In  contrast,  there  is  little  evidence  that 
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significant  resistance  to  infection  by  Pcrkinsits  marinus  has  devel- 
oped despite  continuous  exposure  and  consequent  mortality  over 
the  past  15  years. 


COMPARATIVE  EFFECTS  OF  NEUROTRANSMITTERS 
AND  CALCIUM  BLOCKERS  ON  ISOLATED  CILLS  AND 
WHOLE  ANIMALS  OF  THE  MUSSEL,  MYTILVS  EDULIS. 
Dana  M.  Frank,  J.  Evan  Ward,  Sandra  E.  Shumway'  and 
Lewis  Deaton".  'University  of  Connecticut.  1080  Shennecossett 
Rd..  Groton.  CT  06340.  "University  of  Louisiana  at  Lafayette. 

It  is  generally  accepted  that  the  lateral  cilia  of  bivalve  molluscs 
are  inhibited  by  dopaminergic  systems  and  excited  by  serotonergic 
systems.  Most  of  this  experimentation  has  been  carried  out  on 
excised  gills  of  the  mussel.  Mytihis  cdiitis  and  not  on  whole  ani- 
mals. We  conducted  preliminary  tests  to  compare  the  effects  of  the 
neurotransmitters  serotonin  (5  HT).  dopamine  (DA),  and  apomor- 
phine  and  the  calcium  channel  blocker  lanthanum  on  pumping 
activity  of  intact  M.  edidis  and  the  ciliary  activity  of  isolated  gill 
tissue.  We  also  exposed  isolated  gill  filaments  to  the  calcium  chan- 
nel blockers  cobalt  chloride  and  verapamil.  Whole  animals  and 
freshly  excised  gill  sections  were  kept  in  filtered  seawater  at  am- 
bient temperature  (-20°C).  Experimental  drug  was  added  directly 
to  the  balh  water.  Activity  of  the  lateral  cilia  of  isolated  gills  was 
monitored  with  an  inverted  compound  microscope.  Water  process- 
ing rates  of  whole  animals  were  examined  using  particle  image 
veiocimetry  (PIV).  Lanthanum  induced  shedding  of  the  gill  epi- 
thelia  in  excised  sections  and  in  whole  animals  ob\iating  any 
effect  on  the  lateral  cilia.  Cobalt  chloride.  DA.  and  \erapamil  had 
no  effect  on  gill  sections.  When  exposed  to  1  x  10"'"  M  apomor- 
phine.  30%  of  gill  sections  showed  some  inhibition;  5Q'^/c  were 
inhibited  at  1  x  10"'"  M.  In  the  whole  animal.  1  x  10"'"  M  apo- 
morphine  had  a  significant  negative  effect  on  velocities  of  particles 
in  the  excurrent  How.  5  HT  appeared  to  increase  synchrony 
(nietachronism)  of  the  lateral  ciliary  beat  in  isolated  gill  sections. 
Preliminary  work  suggests  that  neural  agents  affect  whole  animals 
differentiv  than  isolated  aill  tissue. 


OPTIMIZATION  OF  OXYTETRACYCLINE  TREATMENT 
IN  TWO  ABALONE  SPECIES,  HAUOTIS  SORENSENI 
AND  H.  RUFESCENS.  Carolyn  S.  Friedman',  B.  B.  Scott',  R. 
E.  Strenge'.  N.  A.  Wight',  Thomas  B.  McCormick^  and  George 
Trevelyan'.  'School  of  Aquatic  and  Fisheries  Sciences.  Univer- 
sity Washington.  Box  355020.  Seattle.  WA  48195.  -Channel  Is- 
lands Marine  Research  Institute.  Port  Hueneme.  CA.  'The  Abalone 
Farm.  Inc..  Cayucos.  CA. 

Withering  syndrome  (WS).  a  rickettsial  disease,  causes  losses 
of  wild  and  farmed  abalone.  The  endangered  white  abalone.  Hiili- 
otis  soreitscni.  is  highly  susceptible  to  WS  and  information  on 
management  of  this  disease  is  essential  for  successful  restoration. 
White  abalone  were  fed  a  medicated  diet  containing  oxyletracy- 


cline  (OTC)  for  20  d;  digestive  gland  (DG)  and  foot  muscle  (FM) 
were  assayed  for  OTC  and  rickettsia  at  days  3.  18.  24,  40.  67.  80. 
110.  129.  165  and  185  post-medication.  Abalone  were  rechal- 
lenged  with  rickettsia  at  24.  40.  67.  146  and  171  d.  DG  contained 
higher  levels  and  retained  OTC  longer  than  FM.  Mean  DG  drug 
levels  peaked  at  996  ppm  at  25  d  post-medication  and  leveled  off 
at  30  ppm  after  68  d.  FM  peaked  at  18  ppm  and  declined  to  below 
2  ppm.  the  FDA  tolerance  level,  between  25  and  41  d.  Protection 
from  rickettsial  infections  occurred  in  abalone  with  over  50  ppm  in 
the  DG.  We  investigated  the  pharmacokinetics  of  one  oral  OTC 
dose  in  red  abalone  and  that  of  1.  2  or  3  intramuscular  (IM) 
injections  with  Liquamycin-LA  200  in  white  abalone.  One  oral 
dose  cleared  90-100'r  (p  <  0.05)  of  infections.  .A  mean  of  239 
ppm  OTC  was  detected  in  the  DG  5  d  after  medication  followed  by 
depletion  to  2.34  ppm  after  130  d.  In  a  second  trial.  688  ppm 
accumulated  in  the  DG  at  1  d  and  declined  to  326  ppm  by  day  5. 
Interestingly,  total  body  OTC  was  only  89  ppm  at  day  1  (688  ppm 
in  DGl.  IM  injections  resulted  in  DG  accumulations  of  7.15.  20.3 
and  27.4  ppm  after  I.  2  and  3  doses,  respectively. 


DEVELOPMENT  AND  APPLICATION  OF  TYPE  I  MARK- 
ERS FOR  LINKAGE  MAPPING  AND  POPULATION  GE- 
NETICS IN  CRASSOSTREA  SPECIES.  Patrick  Gaffney', 
Hyungtaek  Jung'.  Woo-jin  Kim",  Robin  Varney'  and  Coren 
Milbury'.  'University  of  Delaware.  College  of  Marine  Studies. 
700  Pilottown  Rd..  Lewes.  DE  19958,  "National  Fisheries  Re- 
search &  Development  Institute. 

In  oysters,  nuclear  markers  developed  for  linkage  mapping  and 
the  analysis  of  population  structure  include  allozymes,  anonymous 
single  copy  DNA  (scnDNA)  loci,  niicrosatellites,  and  most  re- 
cently, single  nucleotide  polymorphisms  (SNPs).  The  emergence 
of  substantial  expressed  sequence  tag  (EST)  databases  for  Cras- 
sostrea  virginica  and  C  gigas  has  enabled  researchers  to  probe 
candidate  genes  for  polymorphisms  by  direct  DNA  sequencing. 
Because  the  number  and  locations  of  introns  in  genes  selected 
from  EST  databases  are  unknow  n.  primer  design  for  amplification 
from  genomic  DNA  can  be  challenging.  Taking  advantage  of  the 
reduced  frequency  of  introns  in  the  3'UTR  of  invertebrate  genes, 
we  have  designed  primers  for  small  (-300  bp)  amplicons  spanning 
the  3'  end  of  coding  sequence  and  the  3'UTR.  These  primers 
typically  provide  successful  amplifications  and  often  amplify  pu- 
tatively  homologous  sites  in  closely  related  Crassostrea  species. 
High  levels  of  polymorphism  ensure  that  even  short  amplicons 
usually  have  one  or  more  SNPs  suitable  for  genotyping.  Applica- 
tions of  markers  developed  to  date  will  be  discussed,  including 
linkage  mapping  in  C.  viri;iiu(ci  and  C.  gigas.  population  genetics 
and  taxonomy  of  Atlantic  and  Asian  oysters,  and  monitoring  res- 
toration efforts  inwihing  hatchery-produced  seed. 
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REPRODUCTIVE  TIMING  AND  SUCCESS  OF  FRESHWA- 
TER MUSSELS.  Heather  S.  Galbraith.  Caryn  C.  Vaughn  and 
Daniel  E.  Spooner.  Oklahoma  Biological  Survey  and  the  Univer- 
sity of  Oklahoma. 

Freshwater  mussels  are  among  the  most  imperiled  groups  of 
aquatic  organisms  on  eaith.  Their  diversity,  dominance  in  benthic 
biomass,  and  unique  life  histories  make  them  important  contribu- 
tors to  stream  ecosystem  function  while  at  the  same  time  have 
made  them  susceptible  to  anthropogenic  interferences  such  as  river 
regulation,  impoundments,  and  global  warming.  High  species  rich- 
ness and  large  numbers  of  closely  related  species  within  mussel 
beds  has  proven  parado.xical  to  typical  views  of  speciation  in 
broadcast  spawning  organisms.  The  goal  of  our  research  is  to 
determine  the  reproductive  timing,  success,  and  isolation  of  three 
closely  related  species  of  freshwater  mussels  by  addressing  the 
following  questions:  I )  What  are  the  mechanisms  of  reproductive 
isolation  in  freshwater  mussels?  2)  How  is  reproductive  timing 
regulated  and  important  to  fertilization  success  in  freshwater  mus- 
sels? In  order  to  conserve  mussel  communities,  understanding  the 
processes  of  speciation  and  reproduction  are  vital.  This  work  will 
be  some  of  the  first  to  provide  an  evolutionary  and  ecological 
perspective  on  one  of  the  most  critical  and  little  understood  periods 
of  the  freshwater  mussel  life  cycle,  specificalls  that  prior  to  fer- 
tilization. 


GREEN  CRABS  (CARCINUS  MAENAS)  AS  THE  GRIM 
REAPER:  DESTRUCTION  OF  EELGRASS  BEDS  IN  NOVA 
SCOTIA.  David  J.  Garbary  and  A.  G.  Miller.  Department  of 
Biology,  St.  Francis  Xavier  University,  Antigonish,  Nova  Scotia. 
Canada  B2G  2W5. 

Following  the  first  appearance  of  invasive  Carciiuis  inaenas  in 
the  southern  Gulf  of  St.  Lawrence  in  the  early  1990s.  385.000 
crabs  km""  occurred  in  Antigonish  Harbour  in  2000.  Eelgrass 
(Zostera  marina)  which  had  large  stable  populations  in  the  estuai^ 
for  the  previous  60  years  declined  by  959'f  in  2001.  and  many  parts 
of  the  harbour  were  devoid  of  living  eelgrass.  This  decline  also 
occurred  in  adjoining  estuaries  where  large  numbers  of  crabs  also 
occurred,  but  did  not  take  place  in  estuaiies  further  west  and  north 
where  green  crabs  had  not  yet  invaded,  or  numbers  were  low.  In 
July-August  2002,  shoot  density  of  eelgrass  at  an  experimental  site 
in  Tracadie  Harbour  with  high  crab  numbers  declined  by  759f 
when  a  control  harbour  with  few  crabs  showed  increasing  shoot 
density.  A  field  experiment  using  1 .3  nr  cages,  with  and  without 
green  crabs,  suggested  that  C.  maenas  was  responsible  for  the  loss 
of  eelgrass.  Telephone  interviews  with  knowledgeable  observers 
around  Nova  Scotia  also  suggested  a  correlation  between  declining 
eelgrass  populations  and  increasing  numbers  of  crabs  during  the 
previous  ten  years.  The  impact  of  green  crabs  on  eelgrass  is  asso- 
ciated with  their  foraging  activity  in  which  they  produce  pits  up  to 


30  cm  wide  and  LS  cm  deep.  During  foraging,  eelgrass  shoots  are 
dislodged  by  crab  digging,  or  the  shoot  bases  are  shredded,  causing 
release  of  whole  shoots  into  the  drift.  Since  2001.  green  crab 
numbers  have  been  in  decline  in  Antigonish  Harbour,  and  there  has 
been  a  substantial  recovery  of  Z.  marina. 


SYNTHESIS  OF  15  YEARS  RECORDS  FOR  HAPLOSPO- 
RIDIUM  NELSOM  IN  CRASSOSTREA  GIGAS  IN  FRANCE. 
Celine  Garcia,  Isabelle  Arzul.  Bruno  Chollet,  Sylvie  Ferrand, 
Cyrille  Fran^'ois.  Jean-Pierre  Joly,  Laurence  Miossec  and 
Mae\a  Robert 

Haplosporidian  parasites  have  been  described  in  several  bi- 
valves such  as  oysters.  The  species  Haplosporidium  nelsoni  is 
particularly  well  known  in  the  American  oyster  Crassotrea  vir- 
ginica  in  which  it  induces  massive  mortalities.  H.  nelscmi  was  also 
detected  in  Pacific  oyster  C.  gigas  from  different  parts  of  the 
world.  In  France,  it  was  detected  for  the  first  time  in  1993  but  other 
haplosporidian  parasites  had  already  been  observed  before  in  C. 
gigirs. 

The  data  analysis  of  the  French  network  for  surveillance  of 
mollusk  health  between  1990  and  2004  showed  a  very  sporadic 
detection  of  H.  nelscmi  (histology  and  confirmation  by  in  situ 
hybridization);  its  detection  frequency  is  of  \9<c  per  year  on  aver- 
age and  can  reach  Kf  in  a  given  area.  It  was  mainly  detected  in 
oyster  spat  and  in  summer  period  (from  May  to  August).  It  was 
essentially  present  along  French  Atlantic  coasts,  particularly  in 
estuaries  or  in  sheltered  bays.  In  2005,  its  detection  frequency 
increased  (I9<f  to  1%)  and  reached  7  to  lO'/r  in  some  areas.  As 
previously  recorded,  the  parasite  was  observed  in  connective  tissue 
from  different  organs  and  also  in  the  epithelia  of  digestive  diver- 
ticules  where  spores  were  observed.  It  is  the  first  time  that  a 
sporulation  of  H  nelsoni  in  C  gi.gas  is  described  in  France.  This 
observation  and  the  increase  of  its  detection  can  raise  some  ques- 
tions; does  the  parasite  behaviour  in  Pacific  oyster  change?  Does 
it  adapt  to  the  French  environmental  conditions?  Does  it  present  a 
risk  for  the  French  oyster  culture'^ 


DF:TECTI0N  and  distribution  of  QUAHOG  PARA- 
SITE UNKNOWN  IN  THE  COASTAL  MARINE  ENVIRON- 
MENT. R.  J.  Gast',  D.  M.  Moran',  K.  R.  UhHuger".  D.  R. 
Leavitt'  and  R.  Smolowitz".  'Woods  Hole  Oceanographic  Insti- 
tution. Woods  Hole.  MA  02543,  -Marine  Biological  Laboratory, 
Woods  Hole,  MA,  'Roger  Williams  University. 

Quahog  Parasite  Unknown  (QPX)  is  a  significant  cause  of  hard 
clam  mortality  along  the  Northeast  coast  of  the  United  States.  The 
QP,\  organism  is  classified  as  a  thraustochytrid  protist.  and  mem- 
bers of  this  protistan  family  are  generally  saprophytic  and  com- 
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monly  found  in  the  marine  environment.  No  viable  method  was 
available  to  reliably  survey  the  natural  environment  for  QPX,  to 
rapidly  assess  the  persistence  of  the  organism  in  previously  af- 
fected plots,  and  to  screen  large  numbers  of  clams  potentially 
exposed  to  the  disease.  Here  we  report  on  a  PCR-based  method 
that  we  have  developed  that  permits  sensitive  detection  of  QPX  in 
natural  samples  and  seed  clams.  With  our  method,  between  10- 
100  yPX  cells  can  be  detected  in  I  L  of  water,  I  gram  of  sediment 
and  100  mg  of  clam  tissue.  We  have  used  the  method  to  examine 
one  hundred  15  mm  seed  clams,  and  found  that  IO-l2'/f  of  the 
clams  were  positive  for  the  presence  of  the  QPX  organism,  al- 
though only  1%  showed  histological  evidence  of  infection.  The 
method  has  also  been  used  in  a  survey  for  the  presence  of  the 
pathogen  in  environmental  samples  from  a  site  experiencing  se- 
vere infection  and  a  site  with  low  to  no  infection.  This  survey  has 
re\ealed  the  presence  and  year-round  persistence  of  QPX  in  the 
environment,  even  in  the  absence  of  large-scale  die-off. 


CONDITION  OF  FRESHWATER  MUSSELS  HELD  IN 
REFUGIA  AT  THE  WHITE  SULPHUR  SPRINGS  NA- 
TIONAL FISH  HATCHERY.  WEST  VIRGINIA.  Catherine 
M.  Gatenby'.  Matthew  A.  Patterson'.  ,|uMe  L.  Devers'  and 
Danielle  A.  Kreeger".  'United  States  Fish  and  Wildlife  Service. 
•^Delaware  River  Basin  Commission. 

The  USWFS  established  a  refugium  at  the  WSSNFH  for  en- 
dangered freshwater  mussels  residing  in  harms  way  of  a  bridge 
replacement  in  the  Allegheny  River.  Approximately,  600  common 
mussels  from  two  species  sharing  a  similar  reproductive  strategy 
as  target  endangered  species  were  salvaged  in  October,  2004;  en- 
dangered mussels  were  salvaged  in  May  200.5  as  well.  In  August 
2005,  450  common  mussels  were  relocated  to  WSSNFH.  and  were 
included  in  a  diet  quality  feeding  study.  Non-lethal  and  lethal 
measures  of  physiological  activity  and  condition  are  used  to  moni- 
tor condition  of  common  mussels. 

After  one  year  in  captivity,  short-term  brooders  have  main- 
tained condition  and  survival  better  than  long-term  brooders.  Con- 
dition of  Ellipliii  (liUitata  was  not  significantly  different  than  wild 
E.dilatata  m  September  2005;  whereas,  captive  Actinoiumias  lii^ci- 
iiic'iitiiia  condition  was  significantly  less  than  their  wild  counter- 
parts. Endangered  Pleiiruhema  vlava  had  higher  survival  (100%) 
than  endangered  Epiohlasina.  t.  rangiana  (8%).  Similarly,  E.  di- 
latatii  (IVii )  had  higher  survival  than  A.  ligamentinti  (66%).  Mus- 
.sels  collected  in  October  2004  were  unusually  low  in  physiological 
condition,  and  were  likely  stressed  by  high  water  conditions  and 
high  suspended  bed  loads  in  the  Allegheny  River  throughout  most 
of  2003  and  2004.  WSSNFH  modified  culture  systems  in  May 
2005  to  improve  food  delivery  and  food  quality.  Survival  of  en- 
dangered mussels  brought  into  captivity  in  spring  2005  ranges 
93%-100%  for  £.  t.  rangiana  and  P.  clava.  Captive  care  protocols 
developed  from  this  effort  will  be  available  as  conservation  tools 


in  the  future  for  mitigating  loss  of  a  resource  due  to  in-stream 
activities. 


TAQMAN©  MGB  REAL-TIME  PCR  APPROACH  TO 
QUANTIFICATION  OF  PERKINSUS  MARINUS  AND  PER- 
KINSUS  SPP.  IN  OYSTERS.  Julie  D.  Gauthier'.  Chris  R. 
Miller"  and  Ami  E.  Wilbur'.  'University  of  North  Carolina,  Cen- 
ter for  Marine  Science,  "Applied  Biosystems. 

Several  molecular  diagnostic  assays  have  been  developed  in  an 
attempt  to  replace  the  traditional  Ray's  Fluid  Thioglycollate  Me- 
dium (RFTM)  assay  for  detection  and  quantification  of  Perkinsus 
mariniis  in  oysters.  Real-time  PCR  technology  is  now  the  state- 
of-the-art  method  cunently  used  to  diagnose  disease  intensity  in 
vertebrates.  We  developed  a  simple  (two-reagent)  real-time  PCR 
assay  to  quantify  P.  nuuinus  (PMAR)  and  Perkinsus  spp.  (PERK) 
in  oysters,  using  TaqManO  assays  designed  with  Minor  Groove 
Binder  (MGB)  probes  on  an  Applied  Biosystems  7500  Real-Time 
PCR  System.  This  approach  addresses  several  factors  that  can 
interfere  with  optimal  real-time  PCR  performance.  Both  PERK 
and  PMAR  assays  demonstrate  strong  correlations  (R~  S  0.99) 
between  parasite  cell  density  and  real-time  PCR  threshold  cycle 
(Cy)  with  amplification  efficiencies  2:99%.  The  PERK  assay  re- 
sults in  similar  amplification  plots  for  the  three  species  tested  (P. 
mariniis,  P.  atlanticiis  and  P.  andrewsi).  whereas  the  PMAR  assay 
reported  only  P.  mariniis.  A  strong  correlation  (R"  >  0.90)  was 
found  between  infection  level  determined  by  the  traditional  RFTM 
method  and  quantification  by  real-time  PCR  based  on  internal 
standards  prepared  from  P.  mariniis  spiked  oyster  tissue.  The  PCR 
assays  also  detected  false  negatives  (15%)  diagnosed  by  the  tra- 
ditional method.  We  demonstrate  the  usefulness  of  these  assays  in 
replacing  the  traditional  method  for  a  non-subjective,  sensitive, 
specific  and  accurate  quantification  of  Perkinsus  spp.  in  oyster 
tissue,  with  particular  application  in  analyzing  frozen  or  archived 
material. 


IS  HABITAT  AVAILABILITY  LIMITING  RECRUITMENT 
OF  CALICO  SCALLOPS  [ARGOPECTEN  GIBBUS)! 
Stephen  P.  Geiger.  Janessa  C.  Cobb  and  Brett  Pittinger.  Florida 
Fish  &  Wildlife  Research  Institute,  100  8th  Ave.  S.E.,  St.  Peters- 
burg, FL  33701. 

The  Florida  calico  scallop  fishery  has  declined  from  a  peak  of 
42.7  million  pounds  of  adductor  muscle  meats  landed  in  1984  to 
none  landed  in  2005.  Removal  of  scallop  and  other  shell  as  bycatch 
may  have  depleted  the  essential  fisheries  habitat  for  settling  ve- 
ligers.  The  goal  of  this  study  was  to  describe  current  abundance 
and  distribution  of  scallops,  shell,  and  associations  between  spat 
and  its  preferred  substrate  on  two  of  the  historic  scallop  fishing 
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grounds.  Scallops  were  collected  at  31%  of  the  Atlantic  stations, 
spat  at  9%,  and  both  calico  scallop  shell  and  other  shell  at  S9'7c. 
Spat  were  most  commonly  found  on  scallop  shells  (46%).  but  were 
also  found  loose,  on  other  shells,  rocks  and  trash.  Shell  from  other 
molluscs  was  1.75  times  as  abundant  as  .scallop  shell.  Potential 
predators  that  were  abundant  included  Astropecteit  articulatus. 
Portunus  gibbesii  (also  common  in  the  Gulf)  and  Distorsio  clatli- 
rata.  Scallops  were  collected  at  10%  of  the  Gulf  of  Mexico  sta- 
tions, spat  at  8%.  scallop  shell  at  63%.  and  other  mollusc  shell  at 
71%.  Rocks  and  hard  bottom  were  common.  Spat  preferred  other 
mollusc  shells  (64%)  but  were  also  found  loose,  on  rocks,  and  on 
calico  scallop  shells.  Shell  from  other  molluscs  was  20  times  as 
abundant  as  scallop  shell.  Our  findings  suggest  that  the  Cape 
Canaveral  calico  scallop  bed  currently  has  a  similar  spatial  extent 
to  historic  records,  and  that  calico  scallops  are  seasonally  abundant 
and  are  associated  with  shell  deposits.  The  southwest  Florida  scal- 
lop bed  is  limited  in  extent  and  abundance. 


INGESTION  RATES  AND  LARVAL  DEVELOPMENT  OF 
ECHINODERMS  ON  NATURAL  AND  ARTIFICIAL  PAR- 
TICLES. Sophie  B.  George,  Biology  Department.  Georgia 
Southern  University.  P.O.  Box  8042.  Statesboro.  GA  30460. 

Ingestion  rates  and  growth  to  metamorphosis  for  five  species  of 
echinoderm  larvae  were  investigated  in  the  laboratory  using  arti- 
ficial and  natural  diets.  The  natural  algal  diets  included  Diinaliella 
tertiolecta.  hochrxsis  galbana  and  Rhodomonas  sp..  and  the  arti- 
ficial diet  used  was  a  10-fold  diluted  artificial  feed  made  from 
Ziegler  E-Z  larval  diet.  The  volume  of  cells  ingested  varied  sig- 
nificantly among  species,  diets  and  larval  age.  All  echinoderm 
larvae  ingested  significantly  higher  volumes  of  the  larger  alga 
Rhodomonas  and  the  medium-sized  alga  D.  tertiolecta  than  the 
artificial  diet.  Younger  larvae  ingested  large  and  medium-sized 
particles  at  lower  rates  than  older  larvae.  Dendraster  larvae  were 
more  efficient  at  ingesting  both  the  large  and  small  particles  and 
less  efficient  in  ingesting  the  medium-sized  particles  compared  to 
Strongylocentrotiis  larvae.  The  differences  in  ingestion  rates 
among  species  might  be  due  to  differences  in  size.  form,  water 
velocity  over  the  ciliated  band,  density  of  cilia  on  the  ciliated  larval 
band,  and  differences  in  size  and  palatability  of  the  various  diets. 
Though  less  of  the  artificial  diet  was  ingested.  Lytechinus  and 
Dendraster  larvae  developed  to  metamorphosis  at  similar  rates  and 
attained  similar  sizes  to  those  fed  D.  tertiolecta  or  the  mixed  algal 
diet  of  /.  galbana  and  D.  tertiolecta.  An  artificial  feed  would 
eliminate  the  need  to  culture  phytoplankton  and  pro\  ide  the  po- 
tential of  establishing  nutritional  requirements  for  echinoderm  lar- 
vae. Increasing  the  size  of  the  artificial  particles  to  300jjLm  for 
younger  larvae  and  600  (jlui  for  older  larvae  might  lead  to  optimal 
ingestion  rates  and  the  production  of  large  juveniles  at  metamor- 
phosis. 


THE  EFFECTS  OF  DIETARY  CHOLESTEROL  AND 
PHOSPHOLIPIDS  ON  GROWTH  AND  PRODUCTION  IN 
THE  SEA  URCHIN  LYTECHINUS  VARIEGATUS.  Victoria 
K.  Gibbs'.  Stephen  A.  Watts',  Addison  L.  Lawrence',  Mickie 
L.  Powell',  Hugh  S.  Hammer',  Warren  T.  Jones'  and  John  M. 
Lawrence'.  'University  of  Alabama  at  Birmingham.  I,'i30  3rd 
Ave.  South.  Campbell  Hall.  374.  Birmingham.  AL  35294-1 170, 
"Texas  A&M  University  System.  'University  of  South  Florida. 

Lipids  are  important  components  in  the  diets  of  marine  organ- 
isms. In  this  study,  the  effects  of  dietary  cholesterol  and  phospho- 
lipids were  investigated  for  small  Lytecliiniis  variegatits  to  deter- 
mine a  requirement  for  either  nutrient.  Lytechinus  variegatus  (n  = 
16;  average  initial  wet  weight  =  13.9  ±  0.15  g)  were  fed  semi- 
purified  fomiulated  feeds  supplemented  to  produce  low.  medium, 
or  high  levels  of  cholesterol  (supplemented  with  0.  0.3.  or  0.6%.  as 
fed)  or  phospholipids  (supplemented  at  0.  3.  or  4%,  as  fed)  for  12 
weeks.  Experimental  levels  of  cholesterol  and  phospholipids  were 
based  on  established  requirements  for  marine  in\ertehrates.  Under 
the  conditions  of  this  study,  dietai^  cholesterol  did  not  have  a 
significant  effect  on  weight  gain  or  gut  or  gonad  production,  al- 
though total  production  efficiency  was  lowest  (P  =  0.007)  for 
individuals  fed  the  low  cholesterol  feed  (36.0.  47.6.  and  41.9%  for 
low.  medium,  and  high  levels,  respectively).  Individual  weight 
gain  and  gonad  production  were  highest  for  individuals  fed  the 
high  phospholipid  feed  (final  wet  weight  =  38.6.  40.3.  and  45.8  g. 
P  <  0.001;  gonad  wet  weight  =  5.3.  6.2.  and  6.8  g.  P  <  0.05.  for 
low.  medium,  and  high  levels,  respectively).  Total  production  ef- 
ficiency was  lowest  (P  =  O.OOI )  for  individuals  fed  the  low  phos- 
pholipid feed  (35.1,  47.6.  and  45.6%.  respectively).  However,  or- 
gan production  was  not  substantially  affected  by  cholesterol  or 
phospholipids  when  adjusted  for  total  indi\idual  wet  weight 
(ANCOVA  P  >  0.05).  These  data  suggest  that  supplemental  di- 
etary cholesterol  and  phospholipids  support  weight  gain  in 
Lytechinus  variegatus. 


OPTIMIZING  METHODS  FOR  DETECTION  OF  CRYPTO- 
SPORIDIUM OOCYSTS  IN  NATIVE  OYSTERS  FROM  THE 
CHESAPEAKE  BAY.  Autumn  Girouard  and  Thaddeus  Grac- 

zyk,  Johns  Hopkins  Bloomberg  School  of  Public  Health. 

Several  groups  have  documented  the  presence  of  Ciyptospo- 
ridiuin.  an  anthropozoonotic  enteric  parasite,  in  oysters  harvested 
for  commercial  purposes.  Getting  accurate  estimates  of  Crypto- 
sporidium contamination  levels  in  oysters  is  difficult  because  re- 
covery efficiencies  are  dependent  on  the  isolation  method  used. 
Such  estimates  are  important  for  determining  the  human  health 
risks  posed  by  consumption  of  contaminated  oysters  in  a  raw  form. 
In  this  study,  recovery  efficiencies  are  compared  for  multiple 
methods  used  to  isolate  Cryptosporidium  oocysts  from  experimen- 
tally contaminated  oysters.  Oysters  were  harvested  after  being  al- 
lowed to  filter  oocysts  from  spiked  aquarium  water  for  approxi- 
mately 24  hours.  In  one  group,  the  entire  oyster  meat  and  all 
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hemolymph  was  processed  by  diethyl  ether  extraction  followed  by 
inimunomagnetic  separation  (IMS)  of  oocysts  from  the  resulting 
pellet.  In  another  group,  the  oysters  were  dissected  so  that  only 
gills,  digestive  diverticula  and  hemolymph  were  processed  as  de- 
scribed above.  In  the  last  group,  oocysts  were  isolated  directly 
from  hemolymph  alone  by  IMS.  Recovered  oocysts  were  enumer- 
ated by  IFA.  Recovery  efficiencies  for  the  methods  described 
above  were  also  determined  using  oyster  tissue  homogenate  and 
hemolymph  spiked  with  1000  oocysts,  to  control  for  differences  in 
recoveries  related  to  differences  in  oocyst  uptake  rates  among 
oysters.  The  results  from  this  study  will  be  used  to  determine  the 
best  method  for  quantifying  Cryptosporidium  levels  in  oysters  col- 
lected from  the  Chesapeake  Bay.  This  method  wcuild  have  broad 
application  to  native  and  non-native  commercially  harvested  oys- 
ters and  would  be  beneficial  for  regulatory  agencies  charged  with 
determining  safety  of  shellfish  for  human  consumption. 


INVESTIGATIONS  INTO  SOME  EARLY-LIEE  HISTORY 
STRATEGIES  FOR  CARIBBEAN  SPINY  LOBSTER  AND 
IMPLICATIONS  FOR  PAN-CARIB  CONNECTIVITY.  Ja- 
son S.  Goldstein',  Mark  J.  Butler  IV-  and  Hirokazu  Mat- 
suda\  'University  of  New  Hampshire,  "Old  Dominion  University, 
'MPFRC.  Japan. 

Worldwide,  spiny  lobsters  possess  extended  larval  periods  that 
can  easily  exceed  six  months.  During  this  protracted  early-life 
history,  pelagic  larvae  that  are  produced  in  one  locality  disperse 
throughout  oceanic  waters,  and  later  settle  in  far-flung  locations  to 
grow  and  eventually  support  fisheries  in  their  new  home.  Obser- 
vations and  limited  empirical  evidence  suggest  however  that  active 
behavior  for  Caribbean  spiny  lobster  (Paniilirus  arf>iis)  larvae 
(phyllosonia)  and  postlarvae  (pueruli)  appears  to  have  a  significant 
impact  on  distribution  and  settlement.  In  support  of  this  hypoth- 
esis, a  series  of  laboratory  studies  were  undertaken  to  more  fully 
elucidate  aspects  of  phyllosoma  and  pueruli  responses  to  two  se- 
lected cues,  light  and  chemical  cues,  respectively.  Phyllosoma  cul- 
ture experiments  were  initiated  to  quantify  stage  duration  to  the 
puerulus  stage  (>175  ±  30  days  after  hatch  (DAH))  as  well  as 
stage-specific  differences  (vertical  movements)  in  respon.se  to 
simulated  oceanic  light.  Two  clear  behavioral  phototactic  shifts  to 
light  were  observed  at  ca.  60  and  ca.  130  DAH  using  a  custom- 
made  light  chamber.  A  complimentary  series  of  laboratory  experi- 
ments were  carried  out  to  test  postlarval  orientation  and  the  po- 
tential for  metamorphic  delay  in  response  to  chemical  cues  char- 
acteristic of  the  nearshore  nursery  environment.  Using  field-caught 
animals,  results  showed  that  lobster  postlarvae  are  attracted  to 
coastal  water  as  well  as  to  the  metabolites  of  red  macroalgae  (n  = 
300  trials)  in  laminar  flow  chambers.  These  findings  coupled  to- 
gether enhance  our  understanding  of  the  transport  and  settlement 
processes  operating  for  this  species  throughout  the  Caribbean  and 
will  help  to  further  validate  oceanographic  lobster  models  whose 
management  implications  are  far  reaching. 


GENOMICS  ON  THE  HALF-SHELL.  Eric  Edsinger  Gonza- 
les and  Daniel  Rokhsar,  University  of  California,  Berkeley, 
Berkeley.  CA. 

Sequencing  of  the  human  genome  unveiled  Life's  working 
definition  of  Homo  sapiens,  making  it  tangible  and  discrete.  Ge- 
nomic tools  and  sequencing  similarly  transformed  research  in  the 
models  systems  of  development,  medicine,  and  disease  and  in  the 
process  ignited  the  field  of  comparative  genomics,  a  self-declared 
revolution  that  is  now  roiling  its  way  across  the  Tree  of  Life.  In  the 
cunent  third  wave  of  genomics,  the  focus  has  been  brought  to  bear 
on  species  that  are  of  either  phylogenetic  or  commercial  and  in- 
dustrial importance,  including  model  species  in  alternative  energy, 
agriculture,  and  aquaculture.  Though  the  revolution  might  not  be 
televised,  aquaculture  genomics  in  bivalves  will  transform  aqua- 
culture  and  our  understanding  of  its  commercially  important  spe- 
cies, including  the  ovster  Crassostrea  i;ii>iis.  As  molluscs,  bivalves 
are  protostome  lophotrochozoans  and  no  fewer  then  six  lophotro- 
chozoan  genomes  are  currently  being  sequenced.  Our  own  favorite 
is  the  gastropod  limpet  Lottia  i^i.i;antea.  Numerous  lophotro- 
chozoan  and  molluscan  genomic  projects,  including  ESTs  in  C.gi- 
gas.  have  also  been  initiated,  opening  the  door  to  their  future 
genomic  sequencing.  Here,  we  review  potential  application  of  ge- 
nomics to  the  field  of  aquaculture  and  how  current  cellular,  bio- 
chemical, and  ecological  techniques  can  be  expanded  and  inte- 
grated with  genome-empowered  approaches.  We  then  focus  on  our 
cuiTent  research  in  comparative  genomics,  looking  at  developmen- 
tal patterning  of  the  body  plan,  shell  biomineralization.  and  meta- 
morphosis in  L.gigantea  and  C.gigas.  Finally,  we  consider  the 
environmental,  economic,  and  cultural  benefits  and  dangers  of 
genetically  modified  organisms  in  aquaculture,  a  contentious  issue 
that  will  inevitable  be  a  focus  in  genomic  aquaculture. 


RECOVERY,  BIOACCUMULATION  AND  INACTIVA- 
TION  OF  HUMAN  WATERBORNE  PATHOGENS  BY 
CRASSOSTREA  ARIAKENSIS.  Thaddeus  K.  Graczyk,  Au- 
tumn S.  Girouard,  Leena  Taniang,  Sharon  P.  Nappier  and 
Kellogg  J.  Schwab.  Johns  Hopkins  Bloomberg  School  of  Public 
Health,  Baltimore. 

Introduction  of  non-native  oysters  (i.e.,  Crassostrea  ariakensis) 
into  the  Chesapeake  Bay  has  been  proposed  as  necessary  for  res- 
toration of  the  oyster  industrs ;  however,  nothing  is  known  about 
the  public  health  risks  related  to  contamination  of  these  oysters 
with  human  pathogens.  Commercial  size  C.  ariakensis  triploids 
were  maintained  in  large  marine  tanks  with  low  (8  ppt).  medium 
(12  ppt)  and  high  (20  ppt)  salinity  water  spiked  with  1.0  x  10''  of 
transmissive  stages  of  the  following  human  pathogens;  Cryptospo- 
ridium pan  urn  oocysts,  Giardia  lamldia  cysts  and  microsporidian 
spores  (i.e..  Eneeplialitoz.oon  intestinalis.  Encephalitozoon  liellem. 
and  Enteroeytozoon  hieneusi).  Viable  oocysts  and  spores  were  still 
detected  in  oysters  on  day  33  post  water  inoculation  (pwi),  and  the 
cysts  on  day  14  pwi.  The  recovery,  bioaccumulation,  depuration. 
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and  inactivation  rates  of  human  waterborne  pathogens  by  C.  ari- 
akensis  triploids  were  driven  by  salinity,  and  were  optimal  in 
medium  and  high  salinity  water.  The  concentration  of  human 
pathogens  from  ambient  water  by  C.  ariakenis  and  retention  of 
these  pathogens  without  (or  with  minimal)  inactivation  and  a  very 
slow  depuration  rate,  provides  evidence  that  these  oysters  may 
present  a  public  health  threat  upon  entering  the  human  food  chain 
if  harvested  from  polluted  water.  This  conclusion  is  reinforced  by 
the  concentration  of  waterborne  pathogens  used  in  the  present 
study  which  was  representative  of  levels  of  infectious  agents  in 
surface  waters  including  the  Chesapeake  Bay.  Aquacultures  of 
non-native  oysters  in  the  Chesapeake  Bay  will  provide  excellent 
ecological  services  in  regards  to  efficient  cleaning  of  human  in- 
fectious aaents  from  the  estuarine  waters. 


OFFSHORE  MOLLLSCAN  SHELL  ACCUMULATIONS: 
OCEAN  RUBBISH  OR  REFUGE?  Kaitlin  Graifi.  Ray 
Grizzle,  Holly  Abeels,  Jennifer  Greene,  Melissa  Brodeur  and 
Larry  Ward.  Jackson  Estuarine  Laboratory.  University  of  New 
Hampshire. 

Molluscan  shell  accumulations  were  mapped  in  a  400  km" 
study  area  in  the  western  Gulf  of  Maine  off  the  New  Hampshire 
coast  during  2004  using  towed  underwater  video.  These  shell  ac- 
cumulations were  mainly  found  along  the  edges  of  Jeffreys  Ledge 
and  were  comprised  of  empty  valves  of  the  Atlantic  surf  clam 
(Spisida  solidissima)  and  the  ocean  quahog  (Arctica  islandica). 
Although  there  has  been  little  ecological  research  on  offshore  shell 
accumulations,  they  have  been  identified  as  potentially  significant 
habitat  for  several  fish  species  and  invertebrates  such  as  lobsters 
and  crabs.  Shell  accumulations  increase  the  complexity  of  the  sea 
floor  and  pt)tentially  provide  refuge  from  predators  for  juvenile  life 
stages  of  finfish  and  invertebrates.  Subtidal  oyster  shell  (Crassos- 
trea  virginica)  accumulations  in  southeastern  U.S.  estuaries  are 
known  to  provide  habitat  for  many  species  of  commercially  im- 
portant fish  and  crustaceans.  It  .seems  reasonable  to  e.\pect  a  simi- 
lar ecological  role  for  offshore  accumulations  of  shells  from  other 
molluscs.  Preliminary  assessment  of  the  video  data  from  Jeffreys 
Ledge  also  indicates  a  possible  relationship  between  bunowing 
"anemone  forests"  (cerianthids)  and  obser\ed  shell  accumulations. 
Future  work  should  explore  the  habitat  value  that  offshore  shell 
accumulations  potentially  have  for  managed  species. 


AQUACULTURE  CAGE  BIOFOULING  IN  THE  GULF  OF 
MAINE:  HOW  DOES  THE  BLUE  MUSSEL  {MYTILUS 
EDVUS)  OUT-MUSCLE  OTHER  SPECIES?  Jennifer 
Greene  and  Ray  Grizzle,  Jackson  Estuarine  Laboratory.  Univer- 
sity of  New  Hampshire. 

Biofouling  on  naturally  occurring  hard  substrates  in  the  Gulf  of 
Maine  has  been  well  documented,  and  a  variety  of  biotic  interac- 
tions as  well  as  physical  factors  have  been  found  to  inlluence 


settlement  and  successional  patterns.  The  present  study  differed 
from  all  previous  research  in  the  region  by  focusing  on  large, 
offshore  fish  cages  suspended  above  the  seabed.  The  overall  goal 
was  to  characterize  development  of  fouling  communities,  while 
pixniding  information  for  engineers  and  project  managers.  Bio- 
fouling. especially  by  heavier  organisms  like  molluscs,  adds 
weight  and  drag  to  fish  cages,  thereby  reducing  water  flow  and 
affecting  its  beha\  ior  in  rough  seas  and  high  currents.  Experimen- 
tal panels  were  deployed  at  a  depth  of  -15  meters  over  four  dif- 
ferent time  inter\als.  in  replicates  of  four,  over  the  course  of  one 
year.  One  set  of  panels  was  deployed  for  a  full  year,  two  sets  for 
6-months  (beginning  at  different  seasons),  and  four  sets  of 
3-monlh  (seasonal)  panels.  Each  panel  was  constructed  of  a  10  x 
10  cm  piece  of  knotless  nylon  netting  attached  to  a  PVC  frame. 
The  fouling  community  that  developed  diverged  from  the  pattern 
previously  described  for  shallow  water  benthos,  mainly  because  of 
the  dominance  of  the  blue  mussel,  Mytilits  edidis.  in  nearly  all  serai 
stages  as  well  as  the  climax  (1-year)  fouling  community.  Factors 
probably  influencing  this  dominance  included  limited  predator 
abundance,  optimal  growth  conditions,  and  high  reproductive 
rates. 


DEVELOPMENT  OF  NOVEL  TECHNOLOGIES  TO  COM- 
BAT FOULING  IN  AQUACULTURE.  Paul  Gribben',  Tim 
Charlton',  Lachlan  Yee',  Rocky  De  Nys"  and  Peter  Steinberg'. 

'Centre  for  Marine  Biofouling.  University  of  New  South  Wales, 
Sydney.  2052,  Australia,  "School  of  Marine  Biology  and  Aqua- 
culture,  James  Cook  University  of  North  Queensland,  Townsville, 
QLD4SI1,  Australia. 

Fouling  of  nets.  pens,  and  buoys,  and  in  some  cases  (shellfish) 
the  organisms  themselves,  are  a  major  problem  for  the  aquaculture 
industry.  In  Australia,  a  conservative  estimate  of  the  costs  of  foul- 
ing to  the  industry  is  $20-30  M,  in  lost  production,  cleaning  and 
other  labor  costs,  etc.  The  use  of  traditional  solutions  for  fouling 
control  (mostly  derived  from  antifouling  technologies  for  ships)  is 
problematic  in  aquaculture  systems  because  of  environmental, 
health  (proximity  to  food  stuffs)  and  cost  constraints.  At  the  centre 
for  Marine  Biofouling  and  Bio-Innovation  (University  of  New 
South  Wales  and  the  School  of  Marine  Biology  and  Aquaculture 
(James  Cook  University),  we  have  been  developing  a  variety  of 
novel  solutions  for  use  in  aquaculture.  These  have  developed  for  a 
number  of  industry  sectors,  and  span  technologies  that  are  being 
commercialised  to  those  that  are  early  stage  experimental  science. 
Early  stage  commercialisation  technologies  are  heavy  metal  free, 
water  based  coatings  using  organic  biocides  for  use  on  salmon 
cages  and  rapid  dry  coatings  for  direct  application  to  pearl  and 
edible  oysters.  New  technologies  under  development  include  low 
cost  coalings  using  deterrent  surface  properties,  and  living  paints 
encapsulating  marine  bacteria. 
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IN  SITU  MEASUREMENTS  OF  SESTON  UPTAKE  BY 
CONSTRUCTED/RESTORED  OYSTER  REEFS  IN  SOUTH 
CAROLINA.  R.  E.  Grizzle',  J.  K.  Greene",  L.  D.  Coen'  and  N. 
Hadley\  'Jackson  Laboratory  and  Department  of  Zoology.  Uni- 
\ersity  New  Hampshire.  85  Adams  Pomt  Rd..  Durham.  NH  03824. 
"Department  of  Zoology,  University  of  New  Hampshire.  'MRRI, 
South  Cai-oluia  Department  of  Natural  Resources. 

One  of  the  metrics  that  can  be  used  to  assess  the  success  of 
restored  oyster  reefs  is  their  effect  on  water  quality.  This  presen- 
tation describes  a  novel  technique  we  have  de\eloped  to  provide 
rapid  assessment  of  seston  uptake  (removal)  by  dense  populations 
of  bivalve  molluscs,  focusing  on  data  gathered  during  May  2005 
from  fi\e  shellfish  reefs  of  different  ages,  bivalve  densities,  and 
other  characteristics  in  South  Carolina.  The  overall  technique  in- 
vohcd  concurrent  sampling  upstream  and  downstream  ot  each 
study  reef  with  /;;  situ  fluorometers  and  pumped  water  for  labora- 
tory analyses.  In  situ  tluoronietry  detected  significant  differences 
between  mean  upstream  and  downstream  readings  for  all  five 
reefs,  with  total  seston  uptake  ranging  from  1.9%  to  23.1%.  Labo- 
ratory analysis  of  chlorophyll  a  concentrations  in  pumped  water 
samples  taken  concurrently  with  the  /;;  situ  nuorometry  data 
showed  substantial  variability  between  upstream  and  downstream 
data,  except  for  one  reef  which  indicated  an  merall  35'r  uptake 
rate  (compared  to  23.1%  based  on  /;/  situ  tluoronietry  data).  As  a 
control,  sampling  over  recently  constructed  reefs  (shell  only)  did 
not  result  in  any  measurable  seston  loss  from  the  water  column. 
Our  system  is  a  fast  and  effective  approach  to  quantifying  seston 
removal,  and  when  data  are  logged  at  short-term  intervals  (sec- 
onds) potentially  provides  information  on  \ariations  in  feeding 
rates  and  related  processes  typically  only  available  in  laboratory 
studies. 


IMPACTS  OF  INVASIVE  SPECIES  ON  NATIVE  OYSTER 
RESTORATION  IN  CENTRAL  CALIFORNIA.  Edwin 
Grosholz'  and  David  Kimbro".  'Department  of  Environmental 
Science  and  Policy,  "Bodega  Marine  Laboratory,  University  of 
California,  Davis,  CA  95616. 

The  invasion  of  non-native  species  in  the  coastal  waters  of  the 
U.S.  has  had  enormous  impacts  on  community  structure  and  eco- 
system function.  Invasive  non-native  species  have  been  particu- 
larly problematic  where  attempts  ha\  e  been  made  to  restore  native 
species.  We  document  the  impacts  of  invasive  predatory  crabs  and 
oyster  drills  on  attempts  to  restore  native  Olympia  oysters  (0.s- 
treola  conchaphila)  in  the  Tomales  Bay  estuary  in  central  Cali- 
fornia. Our  work  shows  that  introduced  European  green  crabs 
(.Carciniis  maenas)  can  have  a  significant  predatory  impact  on 
outplanted  juvenile  oysters  in  field  exclosure  experiments  and  in 
experimental  mesocosms.  We  also  demonstrate  that  that  intro- 
duced oyster  drills  (Urosalpiiu  cinerea)  are  also  significant  preda- 
tors in  both  field  experiments  and  mesocosm  experiments.  The 
distribution  of  these  predators  shows  a  strong  density  gradient  with 


the  estuarine  conditions  in  Tomales  Bay  and  parallels  an  equally 
strongly  gradient  in  recruitment,  survival  and  growth  of  native 
oysters.  We  discuss  the  degree  to  which  these  introduced  predators 
shape  the  population  structure  of  native  oysters  and  how  they  will 
influence  future  efforts  to  restore  oysters  in  central  California. 


EARLY  STEAMER  CLAM  (MY A  ARENARIA)  IN  TWO 
COASTAL  PONDS  IN  OAK  BLUFFS,  MA  (MARTHA'S 
VINEYARD  ISLAND).  David  W.  Grunden  and  Danielle 
Ewart,  Shellfish  Department.  Town  of  Oak  Bluffs.  P.O.  Box 
1327.  Oak  Bluffs.  MA.  02557. 

The  investigation  into  this  project  began  in  2001  when  the 
Town  of  Oak  Bluffs  purchased  200.000  seed  (2-3  mm)  steamer 
clams.  Three  trial  restoration  sites  were  chosen;  two  in  Sengekon- 
tacket  Pond  and  one  in  Lagoon  Pond.  One  site  in  Sengekontacket 
Pond  has  remained  open  for  harvest.  The  other  two  sites  are  al- 
ternated one  opening  every  other  year.  All  three  sites  are  utilized 
primarily  for  recreational  shellfishing.  though  occasionally  a  com- 
mercial shellfisherman  does  harvest  from  one  of  the  sites  in  Sen- 
gekontacket Pond.  The  tlrst  year  the  steamer  seed  was  only  grown 
in  the  upweller  and  broadcast  seeded  at  12-15  mm.  The  seed  at  this 
size  dug  into  the  sandy  substrate  within  15  minutes.  The  area  was 
marked  but  ice  removed  the  marker  that  first  winter.  In  subsequent 
years  the  Town  of  Oak  Bluffs  has  been  able  to  increase  the  amount 
of  seed  raised  to  600.000  in  2005  (another  600,000  has  been  or- 
dered for  the  2006  season).  The  Town's  Shellfish  Department 
constructed  sand  tilled  nursery  rafts  to  allow  for  greater  growout  of 
the  seed.  The  seed  steamers  are  still  removed  from  the  upweller 
once  they  reach  1 2- 1 5mm.  but  are  now  transferred  into  the  nursery 
rafts  where  they  are  held  until  late  mid-September  or  early  Octo- 
ber. The  seed  measured  22.4-38.2  mm  when  they  were  planted  out 
in  the  fall  of  2005.  The  fishing  effort  has  been  monitored  by  the 
Shellfish  Department  and  we  have  seen  a  modest  increase  in  the 
steamer  clam  landings  from  these  areas  since  the  project  began. 


GENOME  MAPPING  IN  THE  EASTERN  OYSTER  (CRAS- 
SOSTREA  VIRGINICA  GMELIN).  Ximing  Guo,  Vongping 
Wang,  Ziniu  Yu,  Lingling  Wang  and  Jeong-ho  Lee.  Haskin 
Shellfish  Research  Laborator>.  Rutgers.  The  State  University  of 
New  Jersey,  6959  Miller  Ave.,  Port  Norris,  NJ  08349. 

The  eastern  oyster,  Crassostrea  virt-inica  Gmelin,  is  an  impor- 
tant aquaculture  species  as  well  as  a  popular  model  species  for 
molluscan  research.  The  biology  and  ecology  of  the  eastern  oyster 
are  well  understood,  but  our  knowledge  about  its  genome  remains 
limited.  We  have  been  developing  tools  and  applying  them  in 
genome  mapping  in  the  eastern  oyster.  For  physical  mapping,  we 
used  fluorescence  /;;  situ  hybridization  (FISH)  to  characterize  and 
map  oyster  chromosomes.  Repetitive  DNA  sequences  and  genes 
were  mapped  to  oyster  chromosomes  by  FISH,  and  some  revealed 
interestins  features  of  the  ovster  aenome.  The  chromosomal  loca- 
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tion  of  rRNA  genes,  on  the  long  arms  of  Chromosome  10  in 
Pacific  species  and  on  the  short  arms  of  Chromosome  2  in  Atlantic 
species,  provided  an  interesting  divide  between  the  Pacific  and 
Atlantic  species.  Nine  PI  clones  were  mapped  to  seven  of  the  ten 
oyster  chromosomes.  For  linkage  mapping,  we  developed  over  600 
amplified  fragment  length  polymorphism  (AFLP)  markers  and 
constructed  four  moderately  dense  linkage  maps.  We  identified 
disease-resistance  QTL  by  mapping  markers  that  showed  signifi- 
cant frequency  shifts  after  disease-inflicted  mortalities.  Markers 
affected  by  diseases  clustered  together  on  genetic  maps,  and  all 
affected  markers  within  a  cluster  showed  frequency  shifts  in  the 
same  direction.  Mapping  analysis  in  two  families  identified  12 
putative  Dermo/summer  mortality-resistance  QTL.  and  at  least 
seven  were  independent.  Microsatellites  are  being  developed  and 
mapped  to  increase  the  transferability  of  genetic  maps  and  mapped 
QTL.  Candidate  host-defense  genes  are  being  mapped  using  single 
nucleotide  polymorphism  to  detect  possible  linkage  to  disease- 
resistance  QTL. 


OYSTERS  AND  OYSTER  FARMING  IN  CHINA:  A  RE- 
VIEW. Xiniing  Guo',  (iuolan  Zhang,  Liiniin  Qian\  Haiyan 
Wang'.  Xiao  Liu"  and  Ainiin  Wang'.  'Haskm  .Shellfish  Research 
Laboratory,  Rutgers,  The  State  University  of  New  Jersey.  6959 
Miller  Ave..  Port  Norris.  NJ  80349.  -institute  of  Oceanology.  Chi- 
nese Academy  of  Sciences,  PRC,  'Third  Institute  of  Oceanology, 
Oceanic  Administration.  PRC,  ""Ocean  College,  Hainan  Univer- 
sity, PRC. 

In  an  effort  to  survey  Crassostrca  ariakcnsis  populations  in 
China,  we  conducted  literature  reviews  and  visited  over  37  sites 
along  China's  coast.  Here  we  present  our  findings  about  oysters 
and  oyster  farming  in  China  in  light  of  recent  taxonomic  revisions. 
Seventeen  species  of  oysters  have  been  reported  along  China's 
coast.  Many  of  the  species  occur  in  southern  China  and  are  rela- 
tively rare.  There  is  considerable  confusion  about  the  classification 
of  C.  ariakensis  and  three  other  species.  Numerous  oyster  reefs, 
both  ancient  and  living,  exist  along  the  coast,  and  C.  ariakensis 
was  present  in  all  four  live  reefs  that  we  saw.  In  three  of  the  reefs. 
C.  ariakensis  is  the  dominant  or  founding  species,  where  large 
oysters  on  the  bottom  are  C.  ariakensis  and  small  oysters  on  top 
are  other  species.  Oyster  farming  is  primarily  for  C.  hon^kongensis 
in  the  south  (Guangxi  and  Guangdong),  C.  gigas  in  the  north 
(Shandong  and  Liaoning),  and  C.  angiilala  in  the  middle  (Fujian 
and  Zhejiang).  C.  hongkongensis,  also  known  as  the  white  oyster 
or  C.  rivniaris.  is  one  of  the  most  important  species  cultured  in 
China.  C.  hongkongensis  culture  is  based  on  natinal  seeds  with  one 
estuary  in  Guangxi  supplying  about  2. .5  billion.  Most  of  the  pub- 
lished literature  on  C.  rivniaris  from  southern  China  is  for  C. 
hongkongensis.  not  for  C.  ariakensis.  which  is  not  intentionally 
cultured.  It  is  present  at  low  frequencies  in  natural  C.  hongkon- 


gensis seeds  and  selected  against  by  farmers.  Pollution  has  devas- 
tated ovster  populations  in  at  least  two  estuaries. 


TESTING  DISEASE  RESISTANCE  IN  OYSTERS:  EXPERI- 
MENTAL INFECTIONS  WITH  BACTERIAL  PATH0GF:NS 
IN  CRASSOSTREA  VIRGINICA  LARVAE  AND  SPAT.  Javier 
Gomez-Leon',  Dale  Leavitt",  Karen  Tamnii",  Rachel  Hadley'. 
Lui.sa  Villaniil'  and  Marta  Gomez-Chiarri'.  'Lhiiversity  of 
Rhode  Island.  Department  of  Fisheries.  Animal  and  Veterinary 
Science.  20A  Woodward  Hall.  Kingston.  RI  02S81.  "Roger  Wil- 
liams University. 

Culture  of  the  eastern  oyster  {Cras.w.'ilrea  virginica)  is  a  tradi- 
tional activity  that  has  great  economical  importance  in  the  East 
Coast  of  USA  and  the  Gulf  of  Mexico.  Globally,  shellfish  produc- 
tion is  often  affected  by  bacterial  pathogens,  mainly  Vibrios,  which 
lead  to  high  mortality  rates  in  shellfish  hatcheries.  Another  bacte- 
rial disease  that  has  heavily  impacted  oyster  culture  in  the  North- 
east US  is  Juvenile  Oyster  Disease  (JOD).  thought  to  be  caused  by 
Roseovariiis  crassostreae.  In  the  present  study,  bacterial  isolates 
that  caused  important  mortalities  in  Pacific  oyster  larvae,  RE22 
and  REIOI.  as  well  as  an  isolate  from  JOD-affected  oysters 
(CV9I9-3I2)  were  used  to  perform  experimental  infections  of  oys- 
ter larvae  and  spat  in  order  to  determine  differences  in  the  suscep- 
tibility to  bacterial  infection  of  three  oyster  lines:  a  local  Rhode 
Island  line,  a  line  resistant  to  Dermo  and  MSX  (NEH).  and  a  line 
resistant  to  JOD  (FMF).  All  bacterial  isolates  tested  were  able  to 
induce  significant  mortality  in  larvae  and  spat  of  C.  virginica. 
reaching  mortalities  ranging  from  50-100%.  Differences  in  sus- 
ceptibility between  the  lines  were  observed,  with  the  NEH  line 
showing  the  highest  survival.  Infected  larvae  exhibited  abnormal 
circular  swimming  movements  on  their  sides  and  deformed  velum 
with  cilia  clumping.  Factors  affecting  survival  included  tempera- 
ture and  size  of  the  oysters.  This  research  may  provide  a  useful  tool 
to  test  for  disease  resistance  mechanisms  in  oysters. 


EFFECT  OF  DIETARY  PROTEIN  ON  CONSUMPTION, 
GROWTH  AND  PRODUCTION  OF  THE  SEA  URCHIN 
LYTECHINUS  VARIEGATUS.  H.  Hammer',  S.  Watts'.  A. 
Lawrence"  and  ,J.  La\vrence\  'Department  of  Biology.  Univer- 
sity of  Alabama  at  Birmingham.  "Shrimp  Mariculture  Project. 
Texas  A&M  University,  'Department  of  Biology.  University  of 
South  Florida. 

Feeds  that  differ  in  protein  concentration  ( 17.  21.  25  and  31%. 
as  fed)  were  formulated,  cold-extruded  and  dried  at  60°C  to  pro- 
duce a  dry  pellet.  Sea  urchins  (n  =  64)  were  divided  into  four 
groups  and  placed  individually  into  a  semi-recirculating  system  at 
32  ±  2%fi  salinity  and  22  ±  I'C.  Urchins  were  fed  daily  one  of  four 
diets  (/(/  libitum  for  S7  days.  Consumption  was  measured  daily; 
urchins  were  weighed  and  test  diameters  measured  at  days  0.  29. 


Ntitiomil  Shcllfislieries  Association.  Monterey.  California 


Ahstracis.  2006  Annual  Meeting.  March  26-30.  2006      735 


57  and  87.  At  day  87.  urchins  were  dissected  and  separated  into 
components  (test,  lantern,  gut  and  gonad)  that  were  weighed,  dried 
and  reweighed.  At  days  0-87.  urchuis  fed  the  3 1 '/r  protein  feed 
consumed  less  food  than  the  other  treatments.  Urchins  fed  the  31% 
protein  feed  had  a  significantly  greater  body  weight  gain/day 
(1.3%)  and  test  diameter  (42.7  mmi  than  urchins  fed  the  17% 
(0.9%,  38.3  mm.  respectively)  or  21%  protein  feed  (1.1%,  40.7 
mm,  respectively)  but  not  the  25%  protein  feed  ( 1.3%,  41.7  mm. 
respectively).  Wet  weight  was  significantly  different  among  the 
treatments  and  varied  directly  with  dietary  protein  (40.4.  37.0. 
34.0.  28.6  g.  respectively).  Urchins  fed  the  31%  protein  feed  had 
the  highest  production  efficiency  (48.1%)  among  the  treatments 
(36.6.  32.5  and  24.8%.  respectively).  Gonad  production  efficiency 
in  urchins  fed  the  31%  protein  feed  (12.6%)  was  greater  than 
urchins  fed  the  17%  (6.99^)  or  21%  (9.4%)  but  not  the  25%  protein 
feed  ( 10.7%).  The  31%  protein  feed  provided  the  best  weight  gain 
with  the  highest  efficiency  of  the  feeds  tested. 


DEMOGRAPHIC  CHARACTERISTICS  OF  STABLE 
FRESHWATER  MUSSEL  POPULATIONS  IN  THE  SOUTH- 
EASTERN UNITED  STATES.  Wendell  R.  Haag  and  Melvin  L. 
Warren  Jr.,  USDA  Forest  Service  Center  for  Bottomland  Hard- 
woods Research.  1000  Front  St..  O.xford.  MS  38655. 

Population  dynamics  of  freshwater  mussels  are  poorly  known 
and  represent  a  major  information  need  for  conservation  of  these 
imperiled  animals.  Most  notably,  the  level  of  recruitment  needed 
to  maintain  a  stable  mussel  population  is  unknown,  making  it 
difficult  to  meaningfully  assess  the  viability  of  a  population.  We 
measured  annual  recruitment  and  survivorship  in  two  diverse  mus- 
sel communities  (Little  Tallahatchie  River.  MS,  and  Sipsey  River. 
AL)  from  1999  to  2005.  For  all  species,  survivorship  from 
glochidia  to  the  recruit  stage  (benthic  individuals  approximately 
two  to  four  months  of  age)  was  low  (9.12  x  10'"  to  3.92  x  lO"""). 
but  was  high  for  all  other  life  stages  (0.63-0.95).  Recruitment 
varied  widely  among  species,  sites,  and  years.  For  some  species 
(e.g..  Anihienui  plicata.  Elliplio  area,  and  Obovaria  imicolor),  re- 
cruitment was  sporadic,  ranging  from  years  with  no  detectable 
recruitment  to  years  in  which  recruits  composed  >50%  of  the 
population.  For  other  species  (e.g.,  Fiisconaia  eerina.  PleiirolwDia 
deeisiiiii.  Qiuidrula  aspercilci.  and  Q.  pasliilosa).  recruitment  oc- 
curred at  a  more  constant  level  (0-15%  of  population).  We  used 
stochastic  stage-based  matrix  population  models  based  on  ob- 
served demographic  parameters  to  evaluate  the  potential  influence 
of  varying  levels  of  recruitment  on  long-term  population  viability. 
These  models  predict  that  species  with  higher  annual  variability  in 
recruitment  require  a  higher  mean  recruitment  level  over  time  to 
maintain  a  stable  population  than  species  with  less  variable  re- 
cruitment. Demographic  differences  among  species  show  the  ex- 
istence of  widely  divergent  life  history  strategies  in  freshwater 


mussels  and  have  important  implications  for  the  conservation  of 
these  animals. 


IMPACT  OF  SEA  OTTERS  ON  SHELLFISH  FISHERIES 
AND  AQUACULTURE  IN  B.C.  CANADA.  Rick  Harbo. 
Linda  Nichol,  Laurie  Convey,  .Jennifer  Toole  and  Lieneke 
Marshall.  Fisheries  and  Oceans  Canada.  3225  Stephenson  Point 
Rd..  Namaimo.  B.C.,  V9T  1K3,  Canada. 

Re-introduced  sea  otters  have  increased  in  number  (>3.2()0 
estimated  in  2005)  and  expanded  their  range  on  the  British  Co- 
lumbia coast,  causing  impacts  on  shellfish  fishery  resources.  There 
have  been  concerns  expressed  by  First  Nations  about  the  loss  of 
access  to  clam,  crab  and  sea  urchin  resources.  The  increase  in  kelp 
beds  (a  result  of  otter  predation  on  urchins)  has  affected  local 
navigation  channels  for  small  boats.  A  variety  of  commercial  and 
recreational  shellfish  fisheries  have  been  impacted  by  sea  otters, 
including  Dungeness  crab.  Cancer  niagister.  red  sea  urchin, 
Stroiiiivlocentrotits  franciscaniis.  Geoduck  clam,  Panopea 
dliriipta.  and  Manila  clam.  Veneiupis  pliilippinaiiiiu.  While  otters 
are  not  the  only  cause  of  shellfish  declines  off  B.C.  (e.g.,  northern 
abalone.  Haliotis  l<anitscluitkana).  predation  by  otters  will  keep 
shellfish  abundances  and  sizes  at  levels  that  hinder  the  resumption 
of  commercial  fisheries.  Sea  otters  have  limited  plans  for  geoduck 
aquaculture  and  enhancement  on  the  west  coast  of  Vancouver 
Island.  There  have  been  complaints  about  otter  predation  on  some 
intertidal  manila  clam  aquaculture  tenures.  To  date,  sea  otters  have 
taken  little  interest  in  Pacific  oysters  on  intertidal  or  deep  water 
aquaculture  tenures.  It  is  expected  that  conflicts  w  ill  continue  and 
increase  in  the  next  10  years. 


AGE  AND  GROWTH  OF  WILD  CRASSOSTREA  ARIAKEN- 
SIS  AND  C.  GIGAS  FROM  LAIZHOU  BAY.  CHINA.  Juliana 
M.  Harding  and  Roger  Mann.  VIMS.  P.O.  Box  1346.  Gloucester 
Point.  Virginia.  USA  23062. 

Shell  height  at  age  estimates  trom  Suminoe  (Crasso.strea  ari- 
akensis)  and  Pacific  (Crassostrea  gigas)  oysters  from  a  natural 
oyster  reef  in  Laizhou  Bay.  China  were  compared  with  estimates 
from  triploid  C.  arial^ensis  of  known  age  from  the  Rappahannock 
River.  Virginia.  Both  C.  ariakensis  and  C.  gigas  reach  shell 
heights  in  excess  of  76  mm  (3  inches)  within  two  years  after 
settlement  regardless  of  the  source  location.  This  fast  growth  ap- 
pears to  continue  through  at  least  age  four  or  age  five  in  wild 
individuals  as  the  growth  trajectory  for  both  species  had  not  begun 
to  flatten  in  the  oldest  individuals  collected.  Fitted  growth  curves 
were  not  significantly  different  between  species  within  the  same 
habitat,  within  species  in  different  habitats  or  between  species  in 
different  habitats. 


736      Abstracts.  2006  Annual  Meetinc.  March  26-30.  2006 


Niilional  Shellfisheries  Association.  Mantcrey.  Califoniia 


TROPHIC  CONSEQUENCES  OF  A  LONG-LIVED  NONNA- 
TIVE  PREDATOR  (HAPANA  VENOSA)  ON  ESTUARINE 
COMMUNITY  DYNAMICS.  Juliana  M.  Harding  and  Roger 

Mann.  VIMS.  P.O.  Box  1346.  Gloucester  Point.  Virginia.  USA 
23062. 

Veined  rapa  whelks.  Rapana  vcnnsa.  are  large  generalist  preda- 
tors with  the  potential  to  li\e  in  excess  of  10  yrs  and  life  history 
suitable  for  successful  invasion  of  estuarine  habitats.  The  presence 
of  rapa  whelks  in  a  habitat  has  obvious  consequences  for  the  prey 
field  in  that  rapa  whelk  prey  consumption  shifts  ontogenetically 
from  small  (e.g..  Mvtiliis  sp..  Macoina  sp,  Mya  sp.  Crassostrea  sp.) 
to  large  (e.g.  Mercenaria  sp,  Crassostrea  sp.)  prey.  Laboratory  and 
mesocosm  experiments  indicate  that  wild  rapa  whelks  reach  a  size 
refuge  from  predation  by  blue  crabs  iCallinectes  .uipidiis)  within 
one  year  post  settlement  at  critical  sizes  of  30-40  mm  SL.  At  sizes 
>40  mm.  rapa  whelk  distribution  in  Chesapeake  Bay  is  probably 
liinited  only  by  salinity  and  food  availability.  The  presence  of  large 
predators  with  the  ability  to  repel  competitors  (blue  crabs)  on 
shared  feeding  grounds  may  force  native  species  into  habitat  refu- 
gia  delimited  by  salinity  tolerances.  Scenarios  predicting  relative 
abundance  and  competitive  interactions  between  bivalve  prey,  rapa 
whelks,  and  blue  crabs  with  impacts  on  trophic  dynamics  and 
habitat  use  are  discussed. 


GENETIC  TRACKING  OF  RESTORATION  OYSTERS  TO 
GAUGE  SUCCESS— A  COST/BENEFIT  ANALYSIS.  Mat- 
thew P.  Hare.  University  of  Maryland. 

Restoration  of  oyster  stocks  in  Chesapeake  Bay  is  a  monumen- 
tal task  to  which  abundant  resources  have  been  committed  and  for 
which  many  dedicated  parties  have  labored.  Beyond  establishing  a 
ten-year  goal  for  the  increase  of  censtis  numbers,  little  attention 
was  initially  paid  to  establishing  rigorous  benchmarks  for  success. 
or  collecting  data  that  could  either  measure  small  successes  or 
determine  the  cause  of  failures.  This  has  been  changing  more 
recently,  but  now  inost  restoration  effort  is  focused  on  targeted 
population  supplementation  using  artificially  selected,  disease  tol- 
erant C.  virginica  to  combat  high  mortalites  from  parasitic  dis- 
eases. This  tactic  has  potential  benefits  and  considerable  risks.  I 
will  argue  that  genetic  testing  of  recruitment  is  necessary  to  e\'alu- 
ate  and  manage  the  genetic  risks  of  supplementation  with  inbred 
oysters,  but  it  also  provides  the  most  meaningful  measure  of  over- 
all restoration  efficacy.  Results  will  be  presented  from  a  highly 
collaborative  effort  to  genetically  monitor  DEBY-strain  restoration 
plantings  in  two  Chesapeake  subestuaries.  The  results  indicate  that 
the  hatchery  amplification  of  DEBY  bloodstock  to  produce  resto- 
ration oysters  is  contributing  to  inbreeding  in  the  oysters  over  and 
above  that  already  realized  during  artificial  selection.  Also,  the 
DEBY  contribution  to  local  recruitment  in  the  Great  Wicomico 
River  in  2002  was  approximately  lO'/r,  a  result  that  belies  appear- 
ances based  on  the  number  of  DEBY  oysters  planted  and  the 


elevated  levels  of  recruitment  that  year.  Inbreeding  may  or  may  not 
be  the  greatest  risk  facing  restoration  oysters  and  threatening  res- 
toration success,  but  only  improved  genetic  testing  will  allow  in- 
formed risk  manacenient. 


METABOLIC  RATES  OF  CRASSOSTREA  ARIAKENSIS 
AND  CRASSOSTREA  VIRGINICA  AT  TWO  TEMPERA- 
TURES AND  THREE  SALINITIES.  Nicole  Harlan,  Kennedy 
Paynter  and  Donald  Meritt.  University  of  Maryland  Center  for 
En\  ironmental  Science. 

Marvland  and  Virginia  have  proposed  to  replace  the  native 
oyster,  Crassostrea  virginica.  with  the  sinninoe  oyster,  Crassos- 
trea ariakcnsis.  in  Chesapeake  Bay.  C.  virginica.  is  highly  tolerant 
of  hypoxic  conditions  and  can  survive  emersion  or  nearly  anoxic 
seawater  for  days  to  weeks  depending  on  the  temperalinc.  In  order 
replace  C.  virginica's  ecological  niche  of  establishing  vast  benthic 
reefs  in  Chesapeake  Bay.  C.  arial<ensis  may  require  similar  toler- 
ances. However,  when  the  oysters  were  placed  in  sealed  jars  of 
anoxic  water.  C.  arial<cnsis  lived  for  an  average  of  four  days,  while 
C.  virginica  persisted  for  more  than  fourteen  days.  Studies  at  22"C 
have  shown  that  the  metabolic  rate  of  C.  arial^ensis  ( 1.96  ±  0.102 
0,/hr/gdw  )  is  significantly  higher  than  that  of  C.  virginica  ( I .  I.'i  ± 
0.079  mg  07hr/gdw;  p  =  0.0244).  In  order  to  better  understand 
the  aerobic  requirements  of  these  two  species  under  different  con- 
ditions, standard  metabolic  rates  of  each  species  were  determined 
at  two  temperatures.  10  and  20°C.  and  three  salinities,  ."i.  L'i.  and 
2,^  psu.  At  both  temperatures  and  all  three  salinities,  the  metabolic 
rate  of  C.  ariakensis  was  higher  than  that  of  C.  virginica.  Upon 
immersion  in  the  test  chambers.  C.  ariakensis  gaped  and  began 
using  oxygen  within  minutes,  while  C.  virginica  kept  their  valves 
shut  for  much  longer.  These  data  may  influence  the  decision  to  use 
C.  ariakensis  as  an  ecological  substitute  for  C.  virginica  in  the 
Chesapeake  Bay. 


ANALYSIS  OF  ENZYME.  CARBOHYDRATE  AND  MIN- 
ERAL DISTRIBUTION  IN  THE  FOOT  OF  ABALONE 
SHELLFISH.  Leanne  Harris.  Helen  Lambkin  and  Nuala 
0"Byrne-ring.  Dublin  Institute  of  Technology.  Biological  Sci- 
ences. Kevin  Street.  Dublin  8.  Ireland. 

The  meat  of  the  abalone  shellfish  has  been  labelled  as  a  luxury 
food  for  thousands  of  years.  The  source  of  this  epicurean  delicacy 
is  the  foot,  which  is  the  most  conspicuous  external  feature  of  this 
organism.  The  foot  is  a  large  muscular  organ  with  an  extensive 
nerve  and  \ascular  supply  that  serves  both  sensory  and  locomotory 
functions.  The  toot  is  also  involved  in  many  other  functions  such 
as  locating  and  manipulating  food,  attaching  eggs  to  substrates, 
cleaning  the  shell,  finding  potential  mates  and  thvxarting  predators. 
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The  foot  is  primarily  made  up  of  epithelial  tissue,  connective  tissue 
and  muscle.  In  this  study  the  distribution  of  functional  and  struc- 
tural elements  was  in\estigated  in  the  pedal  organ  of  two  species 
of  abalone.  Haliolis  nihcrciilata  and  Haliotis  discus  hamuli.  The 
pedal  and  peripheral  epithelia  expressed  high  levels  of  activity  for 
the  following  enzymes:  chloroacetate  esterase,  a-naphthyl  butyrate 
esterase,  alkaline  and  acid  phosphatase,  peroxidase  and  carbonic 
anhydrase.  The  sub-epithelial  ganglion  cells  were  positive  tor 
a-naphthyl  butyrate  esterase  and  acetylcholinesterase.  Neutral  mu- 
cins, acid  mucins,  carboxylated  mucins  and  sulphated  mucins  were 
found  in  epithelial  cells,  in  sub-epidermal  gland  cells  and  in  the 
ground  substance  of  the  connective  tissue  and  muscle.  Melanin 
was  identified  in  the  sub-epidermal  gland  cells  and  in  the  pedal  and 
peripheral  epithelial  cells.  The  basement  membrane  of  the  pedal 
epithelium  was  positive  for  calcium.  A  myriad  of  cell  components 
and  cellular  activities  in  the  tissues  of  the  abalone  foot  were  dem- 
onstrated. re\ealing  cell  types  and  reflecting  the  molecular  path- 
ways at  work  w  ithin  these  tissues. 


DEVELOPMENT  OF  PCR  TECHNIQUES  FOR  THE  DE- 
TECTION OF  VIBRIO  CARCHARIAE  AND  PERKINSUS 
OLSENI  IN  ABALONE  TISSUES.  Leanne  Harris,  Fergus 
Ryan,  Helen  Lambkin  and  Nuala  O'Byrnerinf;.  Dublin  Institute 
of  Technology.  Biological  Sciences,  Kevin  Street.  Dublin  S.  Ire- 
land. 

Global  demand  for  abalone  has  significantly  increased  in  recent 
years,  however,  wild  stocks  of  abalone  have  declined  in  number,  as 
a  result  of  overexploitation  and  the  spread  of  infectious  disease. 
Disease  outbreaks  are  recognised  as  a  significant  constraint  to 
at|uaculture  production  and  trade  that  affects  both  economic  de- 
velopment and  the  socio-economic  revenue  of  many  countries. 
Bacteria  and  proto/oa  are  the  most  commonly  encountered  patho- 
gens in  abalone  shellfish.  X'ihrio  harvcxi/carchariue  is  a  highly 
pathogenic  bacterimn  to  abalone  and  Perkinsns  cnlanliciis/olseni  is 
a  protozoan  that  also  causes  severe  disease  in  this  shellfish.  Both 
pathogens  are  ranked  amongst  the  top  ten  most  significant  disease 
causing  organisms  of  abalone.  In  this  study,  a  multiplex  PCR 
method  was  developed  to  simultaneously  amplify  a  413  bp  region 
of  the  I6S  rRNA  sequence  of  V.  carcliariac/lianryi  and  a  l.'i.'S  bp 
region  of  the  actin  mRNA  gene  sequence  of  Haliolis  spp.  This 
multiplex  PCR  was  used  to  amplify  these  sequences  m  both  fixed 
tissues  and  paraffin  embedded  tissues  of  infected  Haliotis  tuhcr- 
ciilata.  A  primer  set  was  designed  to  target  a  245  bp  region  of  the 
ITS  sequence  of  P.  allanliciis  from  paraffin  embedded  samples  of 
infected  Riuliiapcs  ilccnssaliis  which  could  be  adapted  to  detect  P. 
olseni  in  abalone  tissues.  Also  quantitative  PCR  using  these  prim- 
ers is  a  further  potential  development.  These  PCR  protocols  offer 
a  rapid  and  specific  method  for  the  identification  of  V.  carchariae 
and  P.  olseni  in  shellfish. 


COMPARATIVE  GROWTH  AND  SURVIVAL  OF  DIPLOID 
AND  TRIPLOII)  SUMINOE  OYSTERS,  CRASSOSTREA 
ARIAKEMSIS,  IN  MULTIPLE  QUARANTINE  SYSTEMS. 
Heather  D.  Harwell  and  Standish  K.  Allen  Jr.  Virginia  Institute 
of  Marine  Science.  P.O.  Box  1346.  Gloucester  Point.  VA  23062. 
Much  of  the  research  on  Crassostrea  ariakensis  has  revealed 
superior  growth  rates  and  resistance  to  disease  compared  to  the 
native  oyster.  C.  viriiinica.  All  field  studies  of  growth  and  survival 
have  utilized  sterile  triploid  oysters  for  reasons  of  biosecurity. 
Thus,  triploids  are  serving  as  a  sunogate  for  diploid  performance 
in  these  field  trials.  A  direct,  simultaneous  comparison  of  the 
growth  and  survival  of  diploid  and  triploid  C.  ariakensis  is  needed 
to  refine  population  growth  models  based  on  triploid  field  data. 
Three  replicate  lines  of  diploid  and  triploid  C.  ariakensis  were 
placed  at  four  quarantine  systems  in  Virginia  and  Maryland  in 
December  2004.  Individual  repeated  measures  of  subsets  of  oys- 
ters were  gathered  from  monthly  data  on  percent  survival,  wet 
weight,  and  shell  length.  In  addition,  quarterly  estimates  of  con- 
dition index  were  obtained.  Data  gathered  in  this  fashion  will  be 
used  to  determine  a  coiTCction  factor(s)  that  can  then  be  applied  to 
results  from  past  studies  of  triploid  C.  (uiakcnsis  in  order  to  refine 
models  of  potential  population  growth. 


ROLE  OF  LOW  SALINITY  REFUGE  IN  REGULATING 
THE  PREVALENCE  OF  THE  PARASITE  LOXOTHYLACUS 
PANOPAEI  IN  THE  XANTHID  PANOPEVS  OBESUS.  Lesli 
Haynes',  S,  CJregory  Tolley',  Aswani  K.  Volety'  and  James  T. 
Winstead-.  'Florida  Gulf  Coast  University.  10501  FGCU  Blvd. 
S..  Ft.  Myers,  PL  33965.  "United  States  Environmental  Protection 
Agency. 

This  study  was  conducted  to  examine  the  potential  innuence  of 
salinity,  a  proxy  for  freshwater  inflow,  on  the  prevalence  of  the 
castrator  parasite.  Lo.xothykiciis  panopaei.  on  mud  crabs  found  on 
Southwest  Florida  oyster  reefs.  Spatial  and  seasonal  patterns  of  the 
presence  of  potential  host  crabs  and  the  prevalence  of  the  parasite 
were  assessed  in  the  Caloosahatchee.  Estero.  and  Faka-Union  es- 
tuaries of  Southwest  Florida.  Lift  nets  ( I  nv)  containing  five  liters 
of  oyster  clusters  were  deployed  on  intertidal  reefs  at  three  sites 
along  the  salinity  gradient  of  each  estuary.  Nets  were  deployed 
during  three  seasonally  dry  and  three  seasonally  wet  months  for  a 
period  of  30  d.  Although  Panopeus  ohesiis  were  collected  at  all 
three  locations  within  each  estuary,  densities  tended  to  increase 
downstream  in  higher  salinity  waters.  Parasite  prevalence  de- 
creased at  the  upper  stations  in  each  estuary,  was  reduced  during 
wet  months  compared  to  dry  months,  and  was  lower  for  those 
estuaries  that  experienced  high  levels  of  freshwater  inflow.  Fur- 
thermore, parasite  prevalence  was  positively  correlated  with  the 
mean  salinity  at  capture  of  host  crabs.  Based  on  the  distribution  of 
P.  obesiis  and  the  above  patterns  related  to  salinity,  it  appears  that 
freshwater  intlow  and  seasonal  rains  might  regulate  the  prevalence 
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of  this  castrator  parasite  in  Southwest  Florida  by  creating  spa- 
tiotemporal.  low  salinity  refuge  for  its  host. 


MAPPING  GENES  AFFECTING  SHELL  COLOR  AND 
SHAPE  IN  THE  PACIFIC  OYSTER  CRASSOSTREA  GIGAS. 
Dennis  Hedgecock'.  Philip  Grupe"  and  Marie-luise  Voigt\ 

'Department  of  Biological  Sciences.  University  of  Southern  Cali- 
fornia. Los  Angeles,  CA  90089-0371,  "Department  of  Biological 
Sciences.  St.  Olaf  College.  Northfield.  MN  55057.  'Department  of 
Cytogenetics.  Leibniz-Institut  for  Plant  Genetics  and  Crop  Plant 
Research.  CorrensstraBe  3.  D-06466m  Gatersleben,  Germany. 

Variation  in  the  color  and  shape  of  oyster  shells  is  widely 
believed  to  be  environmentally  determined.  However.  Brake  et  al 
(2004  Aquaculture  229:89)  recently  pro\ided  evidence  that  shell 
and  mantle  edge  color  in  the  Pacific  oyster,  Crassostrea  gigas,  are 
heritable.  We  observed  variation  in  shells  of  an  F-,  family  of  Pa- 
cific oysters  that  appeared  to  be  inherited,  and  we  tested  this  hy- 
pothesis by  statistical  analyses  and  genetic  mapping.  Measures  of 
shell  shape,  size  and  color  were  made  from  digital  photographs  of 
179  oysters,  using  ImageJ  software.  Principal  component  analyses 
were  used  to  consolidate  the  measured  traits,  and  mapping  was 
done  on  both  principal  components  and  some  of  the  original  in- 
dividual traits.  Mapping  was  made  possible  by  a  previously  com- 
piled linkage  map  for  this  same  family  of  oysters,  comprising  59 
microsatellite  DNA  markers  on  I  I  linkage  groups.  Using  an  in- 
terval mapping  method,  we  identified  a  quantitati\e  trait  loci 
(QTL)  for  pigment  saturation  of  the  left  valve  on  linkage  group 
VIII.  between  ucc!Cgil8.-l  and  nc(ICgilS4:  genotypes  at  ncdCgilS.^ 
explain  32%  of  shell  color  variance.  Similarly,  we  identified  two 
QTL  for  a  pronounced  left  bend  in  some  anteriorly  viewed  valves 
("hook  hinge")  on  linkage  group  111,  in  the  adjacent  intervals  of 
ciiirCgi-iiciiCgil98-iinl:iCgi49:  genotypes  at  iicclCgil9S  explain 
32%  of  hook  hinge  variance.  Left  hook  hinge  appears  to  be  reces- 
sive, while  shell  pigmentation  is  nearly  additive.  These  observa- 
tions suggest  that  genes,  as  well  as  environment  play,  a  role  in 
determining  the  color  and  shape  of  oyster  shells.  Markers  associ- 
ated with  these  QTL  could  be  used  to  breed  oysters  with  more 
desirable  shell  characteristics. 


BIVALVE  SHELLFISH  CAN  BE  VECTORS  OF  TRANS- 
PORT OF  HARMFUL  ALGAE.  Helene  Hegaret'.  Sandra  E. 
Shumway'  and  Gary  H.  VVikfors".  'Department  of  Marine  Sci- 
ences. University  of  Connecticut.  Groton,  CT  06340,  -^  NOAA- 
NMFS,  Milford,  CT  06460. 

Commercially-exploited  bivalve  molluscs  are  moved  from  one 
body  of  water  to  another  for  different  purposes.  Our  study  is  test- 
ing the  hypothesis  that  harmful  algae  can  be  introduced  into  new 
environments  by  means  of  these  shellfish  relocations.  We  identi- 
fied which  managed  shellfish  species  and  HABs  co-occur  geo- 
graphically and  established  an  experimental  protocol  to  screen 


shellfish-HAB  pairs  for  consumption  of  the  algae  and  release  of 
living  propagules  after  removal  from  the  HAB  exposure.  Several 
cultured  strains  of  harmful  algae,  such  as  Prorocentrwn  minimum, 
Alc.xandrium  fundyense,  and  Heterosigma  akaslmvo.  were  fed  to 
various  species  of  bivalve  molluscs,  Crassostrea  virginica,  Ar- 
gopecten  irradians,  Mercenaria  mercenaria  and  Mytilus  edulis,  to 
assess  the  ability  of  the  algal  cells  to  pass  intact  through  the  di- 
gestive tract  and  subsequently  grow.  Ten  bivalves  of  each  species 
were  also  exposed  for  two  days  to  a  simulated  harmful  algal  bloom 
at  a  natural  bloom  concentration.  The  algae  were  removed  after 
two  days  of  exposure,  and  the  bivalves  were  kept  for  two  more 
days  in  ultrafiltered  seawater.  Biodeposits  were  collected  and  ob- 
served under  the  microscope  after  24  and  48  additional  hours  to 
evaluate  the  presence  or  absence  of  intact,  viable  cells  or  tempo- 
rary cysts  of  the  algae.  Subsamples  of  biodeposits  were  transferred 
into  algal  culture  medium  and  filtered  seawater  and  monitored 
microscopically  for  algal  growth.  Intact  algal  cells  of  P.  mitumum, 
A.  fundyense.  and  H.  akasliiuo  were  seen  in  biodeposits;  generally 
these  re-established  growing  populations. 


EFFECT  OF  IN  VITRO  INTERACTIONS  BETWEEN  MER- 
CENARIA MERCENARIA  HEMOCYTES  AND  SEVERAL 
SPECIES  OF  HARMFUL  ALGAE.  Helene  Hegaret',  Gary 
H.  Wikfors",  Madeleine  Gonqalves''  and  Sandra  E.  Shumway'. 

'Department  of  Marine  Sciences.  University  of  Connecticut,  Gro- 
ton, CT  06340,  -NOAA-NMFS,  Milford,  CT  06460,  'lUEM- 
UBO,  Technopole  Brest-Iroise,  29280  Plouzane. 

Shellfish  species  are  very  often  exposed  to  harmful  algal 
blooms  (HABs),  which  can  have  noxious  effects.  The  northern 
quahog  (  =  hard  clam),  Mercenaria  mercenaria.  can  experience 
blooms  of  several  HAB  species,  such  as  Prorocentrum  minimum, 
Heterosigma  al<aslun<>  or  Ale.xandrium  fundyense.  In  vitro  tests  of 
interactions  between  those  harmful  algae  and  M.  mercenaria 
hemocytes  have  been  conducted,  measuring  possible  differences  in 
hemocyte  parameters  attributable  to  harmful  algae  and  measuring 
also  the  effect  of  hemocytes  on  the  algae  themselves.  Indeed,  the 
purpose  of  these  experiments  was  to  understand  the  possible  roles 
of  the  hemocytes  in  bivalve  responses  to  HABs.  and  how  the  algal 
cells  are  affected  by  these  responses.  Using  microscopic  and  flow- 
cytometric  observations,  changes  in  morphology  and  physiology 
of  the  hemocytes,  and  of  the  algal  cells,  were  assessed.  In 
hemocytes,  changes  in  hematology  and  physiology,  including  cell 
concentration,  mortality,  phagocytosis,  adhesion,  apoptosis  and 
oxidative  burst  response,  were  determined.  Changes  in  the  physi- 
ology and  the  characteristics  of  the  algal  cells  were  determined  as 
well;  mortality,  size,  chlorophyll  fluorescence,  and  internal  com- 
plexity. The  results  show  differences  in  the  hemocyte  responses 
when  exposed  to  the  several  harmful  algae  tested.  Examples  of 
hemocyte  responses  include  phagocytosis  of  algal  cells  or  adhe- 
sion around  cells,  with  attendant  increases  in  dead,  achlorotic  algal 
cells.  Thus.  //;  vitro  tests  allow  a  better  understanding  of  the  role  of 
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the  hemocytes  and  the  hemolymph  in  the  defense  mechanisms  in 
molluscan  shellfish  to  harmful  alaal  cells. 


DEVELOPMENT  AND  APPLICATION  OF  MICROSATEL- 
LITE  MARKERS  TO  DETERMINE  THE  IMPACT  OF  RES- 
TORATION OF  THE  BAY  SCALLOP.  Elizabeth  Heniond 
and  Ami  E.  Wilbur,  University  of  North  Carolina  Wilmington. 
Department  of  Biology  and  Marine  Biology.  601  S.  College  Rd.. 
Wilmington.  NC  28403. 

A  number  of  marine  species,  including  the  bay  scallop  (Ar- 
gopecten  irradians).  are  being  restored  using  aquaculture- 
propagated  broodstocks.  Because  these  projects  are  laborious  and 
expensive,  it  is  important  to  be  able  to  quantify  the  impact  of  these 
restorations.  Natural  genetic  variation  within  species  can  be  used 
to  distinguish  between  the  progeny  of  native  populations  and  res- 
toration stocks  and  thereby  quantify  the  relative  impact,  provided 
sufficient  genetic  markers  are  available,  and  that  the  native  and 
restoration  stocks  are  differentiated  to  some  degree.  To  facilitate 
these  efforts,  we  have  developed  a  set  of  microsatellite  loci  for  bay 
scallops.  Microsatellites  are  highly  polymorphic,  tandemly  re- 
peated sequences  of  two  to  six  nucleotides  dispersed  throughout 
the  genome  of  most  eukaryotic  organisms.  Due  to  their  number 
and  variability,  microsatellites  are  a  powerful  tool  for  identifying 
differences  among  populations  (even  individuals!  and  when  used 
in  conjunction  with  multi-locus  analytical  methods  can  provide  the 
requisite  discrimination  needed  to  quantify  the  impact  of  restora- 
tion. We  have  isolated  19  trinucleotide  and  41  tetranuclotide  mi- 
crosatellite loci  and  are  in  the  process  of  characterizing  the  mark- 
ers with  respect  to  the  level  of  polymorphism  exhibited,  presence 
of  null  alleles,  and  fidelity  of  inheritance.  Preliminary  data  on  four 
loci  (AICLII2.  AICLI  15.  AICL131.  and  AICL271 )  revealed  ex- 
tensive polymorphism  (37.  14.  17  and  10  alleles,  respectively)  in 
two  populations  from  Florida  (Anclote  Estuary  and  Pine  Island 
Sound),  but  surprisingly  little  differentiation  between  locations 
(Monte  Cario  X".  allele  frequency  distribution,  p  >  0.05).  Results 
from  additional  loci  will  be  presented  and  the  utility  of  these 
markers  in  assessing  restoration  will  be  discussed. 


MANGROVE  OYSTERS  AS  BIOINDICATORS  IN  SUB- 
TROPICAL DRY  CLIMATES.  Heidi  Hertler',  Lindsay  Mar- 
tinez'. Danielle  Kreeger"  and  Graciela  Ramirez-Toro'.  'Inter- 
anierican  Uni\ersity  of  Puerto  Rico.  '^Partnership  for  the  Delaware 
Estuary. 

Marine  systems  of  the  Caribbean  are  increasingly  impacted  by 
changes  in  land  use.  Escalating  development  is  in  many  places 
out-pacing  the  ability  of  existing  upland,  salt  fiats,  and  mangroves 
to  intercept  sediment  and  nutrient  runoff  flowing  toward  the  ad- 
jacent marine  system.  Elevated  concentrations  of  chlorophyll-^ 
and  total  suspended  solids  were  correlated  with  land  development 
in  Southwest  Puerto  Rico.  However,  a  direct  cause  and  effect 


relationship  has  not  yet  been  established  between  development  on 
the  land  and  water  quality  degradation  in  the  adjacent  marine 
community.  Suspension-feeding  bivalves  are  regarded  as  excellent 
bioindicators  of  water  quality,  but  they  have  not  been  studied  in 
this  context  in  tropical  waters.  We  examined  the  population  size 
structure  and  physiological  condition  of  mangrove  oysters,  Cras- 
sostrea  rliizophorea.  along  a  gradient  of  land  development  in 
Southwest  Puerto  Rico  in  a  first  step  towards  using  this  species  as 
a  bioindicator  of  water  quality  in  sub-tropical  environments.  Data 
suggest  that  C.  rliirc/phorea  fares  better  in  undisturbed,  clearer 
water  rather  than  in  eutrophied  areas  near  development  where  food 
availability  may  be  greater.  In  addition,  oyster  health,  as  measured 
by  condition  index,  was  inversely  correlated  with  increasing  land 
use.  Thus,  physiological  measures  of  C.  rhizophurae  fitness  may 
be  useful  indicators  of  ecosystem  integrity. 

CAN  HARD  CLAM  LARVAL  SURVIVAL  EXPLAIN  RE- 
CRUITMENT FAILURE  IN  GREAT  SOUTH  BAY:  A  MOD- 
ELING STUDY?  Eileen  E.  Hofmann',  Eric  N.  Powell'.  John 
M.  Klinck'.  John  N.  Kraeuter",  Rebecca  Marzec"  and  V. 
Monica  Bricelj'.  'Old  Dominion  University,  "Haskin  Shellfish 
Research  Laboratory.  Rutgers  University.  ""Canada  Natural  Re- 
sources Council. 

A  biochemically-based  model  was  developed  to  simulate  the 
growth,  development,  and  metamorphosis  of  hard  clam  (Merce- 
naria  mercenaria)  larvae.  Larvae  are  simulated  in  terms  of  protein, 
neutral  lipid,  polar  lipid,  carbohydrate,  and  ash  content.  Initial 
biochemical  content  of  the  larva  is  determined  by  egg  composition 
and  changes  in  this  occur  as  the  larva  grows  and  in  response  to  the 
biochemical  composition  of  available  food.  Simulafions  that  used 
environmental  conditions  from  Great  South  Bay.  Long  Island 
showed  that  variations  in  temperature  and  food  quantity  produce 
small  changes  in  overall  larval  survivorship  relative  to  that  ob- 
tained from  average  conditions.  The  largest  decrease  in  larval  sur- 
vivorship resulted  from  variations  in  the  quality  of  food  available 
to  the  larva.  Reductions  in  food  lipid  content  resulted  in  lowest 
larval  survival  rate.  These  results  suggest  that  changes  in  food 
quality  during  the  past  decade  may  be  a  contributing  factor  to  the 
present  low  recruitment  rates  of  hard  clam  larvae  in  Great  South 
Bay. 

LINKING  MARINE  PATHOGENS  TO  MOLLUSCAN 
SHELLFISH:  THE  ECOLOGICAL  ROLE  OF  MARINE  AG- 
GREGATES. Bridget  A.  Holohan'.  M.  Maille  Lyons'.  J.  Evan 
Ward'.  Roxanna  M.  Smolowitz",  Kevin  R.  Uhlinger".  Joseph  J. 
Vallino"  and  Bassem  Allam'.  'University  of  Connecticut,  Depart- 
ment of  Marine  Sciences.  1080  Shennecossett  Rd..  Groton.  CT 
06359.  "Marine  Biological  Laboratory,  Woods  Hole,  MA.  'Stony 
Brook  University. 

Benthic  suspension-feeding  invertebrates,  such  as  bivalve  mol- 
luscs, are  constantly  exposed  to  settling  aggregates  and  the  variety 
of  microorganisms  they  contain.  Recent  research  in  our  laboratory 
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demonstrates  that  aggregates  can  be  a  source  of  food  particles  as 
well  as  a  reservoir  for  disease  organisms.  The  field  poilion  of  this 
project  is  part  of  a  large  collaborative  study  that  is  addressing  the 
ecological  role  of  marine  aggregates  as  a  link  between  oysters 
(Crassostrea  vir)>i)iica)  and  the  pathogen  Perkinsiis  marinas  and 
between  northern  quahogs  (Mercenaria  inercenaria)  and  the 
pathogen  Quahog  Parasite  Unknown  (QP.X).  Reference  sites  with 
low  or  no  mortalities  from  these  pathogens  are  located  in  Con- 
necticut. Disease  sites  are  located  in  Massachusetts  and  New  York. 
At  all  sites,  aggregate  samples  are  collected  using  settling  cones 
for  the  determination  of  the  presence  and  concentration  of  patho- 
gens. Concun'ently.  suspended  aggregates  are  recoided  /;;  situ  us- 
ing a  video  camera  focused  on  a  stationary  grid  that  is  mounted 
within  centimeters  of  the  cainera  lens.  The  size  and  number  of 
aggregates  are  determined  using  an  image  analysis  program.  Tem- 
perature, salinity,  water  depth  and  tidal  stage  are  also  recorded  to 
evaluate  correlations  among  aggregate  characteristics  (number  and 
size),  environmental  parameters  and  pathogen  presence.  A  sum- 
mary of  year  one  samples,  taken  from  April  through  November. 
2005  will  be  presented. 


AUTOGENIC  ECOSYSTEM  ENGINEERS  AND  THE  IN- 
FLUENCE OF  HABITAT  COMPLEXITY  ON  INTERTIDAL 
MIGRATIONS  BY  A  TRANSIENT  PREDATOR.  Kirstin  K. 
Holsman,  P.  Sean  McDonald  and  David  A.  Armstrong.  School 
of  Aquatic  and  Fishery  Sciences,  UW. 

Autogenic  ecosystem  engineers,  which  physically  alter  the  sys- 
tems they  inhabit,  have  cascading  impacts  on  various  organisms. 
There  are  numerous  examples  of  elevated  densities  within  com- 
plex habitats  created  by  native,  naturalized,  and  exotic  engineering 
species,  yet  the  facilitative  effects  of  these  engineers  depends  on 
landscape  patterns  of  their  distribution  as  well  as  the  size  of  the 
associated  biota.  Positive  effects  of  increased  physical  structure 
often  benefit  small  resident  invertebrates  while  inhibiting  larger 
transitory  species.  In  this  study,  we  examined  how  physical  struc- 
ture along  a  gradient  of  habitat  complexity  influences  patterns  of 
migration  and  habitat  use  by  a  transient  benthic  predator,  Dunge- 
ness  crab  {Cancer  magister).  In  particular,  we  compared  crab  habi- 
tat use  of  unstructured  littoral  habitats  (ULH),  native  eelgrass  beds 
(Zostera  luarina).  naturalized  Pacific  oyster  beds  [Crassostera  gi- 
gas),  and  invasive  Spartina  aiterniflora  patches  in  Willapa  Bay. 
WA.  Baited  trap  surveys  on  ULH  yielded  catches  of  subadult  C. 
magister  30-95%  higher  than  catches  from  eelgrass  beds,  oyster 
beds,  and  meadows  of  S.  aiterniflora.  Ultrasonic  telemetry  obser- 
vations suggest  that  subadult  C  magister  making  nighttime  for- 
aging incursions  prefer  ULH  to  other  littoral  habitats,  and  under- 
water video  observations  show  that  migrations  are  influenced  by 
tidal  rhythms  since  movements  are  coirelated  with  the  direction 
and  velocity  of  current  flow.  The  architecture  of  complex  habitats 


negatively  influences  C.  n}agister  utilization  of  littoral  habitats, 
and  LILH  may  be  the  primary  foraging  areas  for  migrating  crabs. 
Since  daily  intertidal  forays  largely  subsidize  subtidal  crab  popu- 
lations, ULH  are  particularly  critical  to  crah  production  in  these 
systems. 


ARE  TRIPLOID  HARD  CLAMS  RESISTANT  TO  FLORIDA 
SUMMER  STRESSORS?  RESULTS  OF  LABORATORY 
CHALLENGES.  Elise  Hoover',  Shirley  Baker'.  John  Scarpa' 
and  Leslie  Sturmer\  'University  of  Florida,  Fisheries  and 
Aquatic  Sciences.  "Harbor  Branch  Oceanographic  Institution, 
'University  of  Florida,  Cooperati\e  Extension. 

The  hard  clam,  Mercenaria  inercenaria.  is  an  important  aqua- 
culture  species  in  the  state  of  Florida  with  S12.9  million  reported 
sales  in  2003,  Recently,  clam  farmers  in  southwest  Florida  have 
experienced  high  clam  mortalities  during  the  summer  months. 
Clams  may  be  experiencing  heightened  physiological  stress  due  to 
an  initial  reduction  in  biomass  from  a  spring  spawning  event, 
followed  by  increasing  teinperatures.  fluctuating  salinities  and  low 
dissolved  o.xygen  levels.  Triploid  clams  offer  a  potential  solution 
to  this  problem  as  they  are  functionally  sterile  and  therefore  should 
have  more  energy  available  to  survive  these  summer  stressors. 
Triploidy  was  induced  in  the  hard  clam,  M.  mercenaria.  by  sup- 
pressing polar  body  I  or  II  formation  in  fertilized  eggs  with  cyto- 
chalasin  B.  Survival  of  triploid  and  diploid  clams  will  be  compared 
in  laboratory  challenges  as  part  of  a  larger  project  to  determine  if 
there  is  a  potential  use  for  triploids  in  aquaculture.  Laboratory 
challenges  will  coinbine  typical  southwest  Florida  conditions  in  a 
3x2  factorial  design.  Water  temperatures  will  be  held  at  32°C 
(90°F)  in  all  treatments.  Clams  will  be  challenged  with  salinities  of 
1 5  ppt.  25  ppt.  and  40  ppt  and  dissolved  oxygen  will  be  maintained 
at  either  normoxic  or  hypoxic  levels.  These  lab-based  challenge 
experiments  will  aid  in  determining  if  triploids  are  more  stress 
resistant  compared  to  diploids,  thus  increasing  survival. 


JUVENILE  CHINOOK  SALMON  ONCORHYNCHVS 
TSHAWYTSCHA  UTILIZATION  OF  LOVV-INTERTIDAL 
EELGRASS  AND  OYSTER  AQUACULTURE  BEDS.  Geoff 
Hosack',  Brett  Dunibauld",  Ian  Fleming'  and  David  Arm- 
strong"*. 'Oregon  State  Umversity,  "USDA-ARS.  'Memorial  Uni- 
versity of  Newfoundland,  ""University  of  Washington. 

Estuaries  function  as  nursery  habitats  for  Pacific  salmon  popu- 
lations by  providing  juvenile  outmigrating  salmonids  with  refugia 
from  predators  and  trophic  resources.  Intertidal  habitat  in  estuaries 
along  the  west  coast  of  the  U.S.  is  often  modified  by  the  addition 
of  live  oysters  in  aquaculture  operations,  which  have  become  im- 
portant economic  contributors  to  small  coastal  economies.  To  as- 
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sess  the  importance  of  low-intertidal  habitats  for  juvenile  Chinook 
salmon,  we  compared  the  diet  and  distribution  of  Chinook  in  on- 
ground  oyster  aquaculturc  beds  (Crassostrea  gigcis)  v\ith  that  in 
seagrass  Zostera  marina  ("eelgrass"")  and  unvegetated  mudtlal.  We 
used  a  modified  tow  net  to  compare  densities  and  collect  diets  of 
juvenile  Chinook  salmon  (65-1 15  mm  FL)  in  Willapa  Bay.  Wash- 
ington. Using  laboratory  mesocosms.  we  evaluated  which  of  these 
intertidal  habitats  are  preferred  by  juvenile  Chinook  as  refugia 
from  predators.  Field  results  suggested  Ihal  outmigrating  smolts 
did  not  exhibit  a  strong  habitat  preference  since  diet  composition 
was  unrelated  to  habitat  type  at  the  point  of  capture,  and  densities 
were  significantly  related  to  broad  spatial  patterns  in  the  estuary 
but  not  habitat  type  within  the  low-intertidal  zone.  Older  Chinook 
smolts  (81-115  mm  FL)  in  summer  laboratory  experiments  sig- 
nificantly preferred  eelgrass  to  mudflat  or  oyster  in  the  presence  of 
a  mock  avian  predator  while  younger  Chinook  in  spring  (42-X() 
mm  FL)  demonstrated  no  significant  change  in  habitat  preference. 
This  suggests  that  Chinook  may  not  always  exhibit  strong  habitat 
specificity,  but  structured  intertidal  habitats  may  provide  important 
resources  such  as  movement  corridors  on  a  broad  landscape  scale. 


STATUS,  TRENDS  AND  RESTORATION  PLANNING  FOR 
FRESHWATER  MUSSELS  OF  THE  COLUMBIA  BASIN/ 
PACIFIC  SLOPE:  THE  CTUIR  MUSSEL  PROJECT. 
Jeanette  Howard,  Jayne  Brim  Box  and  David  Wolf.  Confeder- 
ated Tribes  of  the  Umatilla  Indian  Reservation.  7.-'239  Confederate 
Way.  Pendleton.  OR  97<S01. 

The  Freshwater  Mussel  Project  of  the  Confederated  Tribes  of 
the  Umatilla  Indian  Reservation  (CTUIR).  the  first  program  of  its 
kind  in  the  West,  explores  new  ground  in  the  restoration  of  fresh- 
water mussels.  The  project  began  in  200.^.  and  expands  on  the 
Tribe's  overall  goal  of  recovering  an  intact,  fully  functioning. 
Umatilla  River.  Freshwater  mussels  were  vital  components  of 
stream  ecosystems  in  the  Columbia  River  Basin  that  have  been 
affected  directly  and  indirectly  by  dams,  habitat  deterioration,  and 
declines  in  salmon  populations.  Mussels  were  also  culturally  and 
traditionallv  important  to  Native  Americans  in  the  region.  Yet. 
prior  to  this  study,  little  was  known  about  the  distribution  or  status 
of  mussel  populations  in  the  region.  The  overall  goal  of  CTUIR's 
mussel  project  is  to  provide  essential  information  for  designing  a 
recovery  plan  in  the  Umatilla  River  and  other  Columbia  subbasins 
where  mussels  may  be  declining  or  extinct.  However,  this  canniil 
be  accomplished  w  ithout  first  better  understanding  habitat  and  host 
fish  requirements,  genetic  diversity,  functional  role,  population 
structure  and  historic  distribution.  In  this  presentation.  1  will  sum- 
marize curtent  efforts  of  the  CTUIR  Freshwater  Mussel  Project  to 
fill  knowledge  gaps,  including:  the  historic  and  current  status  and 
distribution  of  freshwater  mussels  in  CTUIR's  rivers  of  interest; 
habitat  variables  controlling  distribution;  preliminary  information 
on  the  functional  role  of  freshwater  mussels  in  these  systems;  host 
fishes  and  timing  of  reproduction.  In  addition.  I  w  ill  discuss  cur- 


rent efforts  underway  to  develop  an  ecologically  based  biomoni- 
toring  program  using  mussels  as  sentinel  bioindicators  in  the  Co- 
lumbia Basin. 


OREGON'S  CLATSOP  BEACH  RAZOR  CLAM  FISHER- 
IES; PAST.  CURRENT  AND  THE  FUTURE.  Matthew 
Hunter,  Oregon  Department  of  Fish  and  Wildlife. 

In  Oregon,  the  18-mile  stretch  of  shoreline,  known  as  the  Clat- 
sop Beaches,  extends  from  the  South  Jetty  of  the  Columbia  Ri\er 
south  to  Tillamook  Head.  Over  90Vf  of  Oregon's  razor  clam  catch 
and  effort  occurs  in  this  area.  This  area  has  had  a  fishery  since  the 
turn  of  the  century  and  it  is  where  the  majority  of  biological 
information,  recreational  and  commercial  fishery  data  has  been 
collected.  Historically,  the  fishery  has  been  sampled  on  low-tide 
series  during  the  spring  and  summer  months  and  as  weather  per- 
mitted the  rest  of  the  year.  Recreational  digging  effort  from  1995- 
2004  averaged  62.700  digger  trips  per  year  with  a  record  high  in 
2004  of  157.000.  Commercial  participation  from  1995-2004  av- 
eraged 125  individuals  with  a  high  of  255  individuals  in  2002.  The 
total  annual  harvest  from  1995-2004  averaged  896,000  clams  with 
a  record  harvest  in  2002  of  2.660.000  clams.  The  Pacific  razor 
clam  is  considered  to  be  the  finest  food  clam  on  the  west  coast 
resulting  in  the  harvest  being  a  popular  tradition  among  coastal  and 
inland  residents.  Due  to  this  popularity,  user  group  conflicts,  har- 
vest pressure  and  expectations  of  a  sustainable  fishery  resource 
pose  the  continual  need  for  the  best  science  available  to  construct 
framework  of  management  decisions.  Many  regulation  changes 
have  occurted  in  the  past  Tive  decades  as  a  reaction  to  fishery 
issues.  With  the  requirement  of  a  recreational  .shellfish  license  in 
2004.  funds  are  available  and  ODFW  shellfish  staff  hope  to  pro- 
vide proactive  management  to  eliminate  future  fishery  issues. 


ENVIRONMENTAL  EFFECTS  ON  SEA  URCHIN  ROE  EN- 
HANCEMENT—A PIECE  OF  THE  PUZZLE!  Phi!  James. 

National  Institute  of  Water  and  Atmospheric  Research.  P.O.  Box 
14-901.  Kilbirnie.  Wellington.  New  Zealand. 

The  effects  of  various  environmental  conditions  on  the  devel- 
opment of  urchin  gonads  have  been  examined  in  relation  to  roe 
enhancement  (fattening)  of  wild  caught  sea  urchins  (Evechinus 
ilil(iiiitlciis)  in  New  Zealand. 

The  effects  of  wave  and  feeding  disturbance  were  measured  by 
holding  urchins  in  sea-cages  suspended  from  a  surface  line  (wave 
disturbed)  or  subsurface  buoyed  from  a  bottom  line  (not  wave 
disturbed)  and  fed  and  cleaned  //;  .v(f»  underwater  or  removed  from 
the  water  for  feeding  and  cleaning.  Increased  water  movement  in 
the  wave  disturbed  cages  resulted  in  a  higher  Gl  in  these  urchins 
compared  to  urchins  in  cages  that  were  sub  surface  buoyed.  Feed- 
ing disturbance  had  no  effect  on  the  Gl  values  or  colour  quality  of 
the  urchin  gonads,  regardless  of  the  disturbance  treatment.  An 
experiment  to  measure  the  effects  of  seasonality  and  the  initial 
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gonad  condition  m-i  roe  enhancement  has  shown  that  it  is  possible 
to  significantly  increase  the  amount  of  roe  in  a  relatively  short 
period  throughout  a  12  month  period  and  that  the  initial  condition 
(GI)  of  the  urchins  has  a  significant  effect  on  the  efficacy  of  roe 
enhancement. 


EFFECT  OF  DIETARY  SELENIUM  ON  THE  SEA  URCHIN 
LYTECHINUS  VARIEGATUS.  Warren  T.  Jones',  Mickie  L. 
Powell',  Victoria  K.  Gibbs'.  Hugh  S.  Hammer',  John  M. 
Lawrence-,  Addison  L.  Lawrence'  and  Stephen  A.  Watts'. 

'University  of  Alabama  at  BirniMigham,  UAB  Biology  CH374. 
Birmingham.  AL  35294-1170.  "University  of  South  Florida, 
"'Texas  A&M  University. 

Selenium  is  an  essential  micronutrient  in  the  diet  of  many  ani- 
mals; however,  high  levels  may  be  toxic.  In  mammals,  selenium  is 
an  important  antio.xidant,  working  with  vitamin  E  to  protect  cell 
membranes  and  prevent  free  radical  generation.  Small  L.  variegci- 
tiis  (ca. I5.S  g  initial  wet  weight)  were  fed  formulated  feeds  with 
low,  medium,  and  high  levels  of  selenium  for  12  weeks  (calculated 
at  0.23,  0.91,  and  2.5  ppm;  levels  based  on  previously  established 
dietary  levels  for  other  marine  invertebrates,  supplemented  as 
Na,SeO,).  Consumption  was  measured  daily,  and  urchins  were 
weighed  and  test  diameters  measured  at  4-week  intervals.  Wet 
weights  of  individuals  fed  the  high  selenium  feed  were  I29f  lower 
(p  =  0.006)  than  those  fed  the  low  and  medium  levels  (43.11  ± 
1.21,  43.03  ±  1.22.  and  37.81  ±  1.37  g  wet  weight  for  low,  me- 
dium, and  high,  respectively)  of  dietary  selenium  at  12  weeks. 
Urchins  fed  the  low  selenium  feed  had  higher  specific  growth  rates 
between  four  and  eight  weeks  (1.5  vs.  1.2  and  1.1 '7r  body  wet 
weight  gain/day  for  low,  medium  and  high  levels,  respectively). 
Additionally,  test  diameters  for  urchins  fed  the  low  and  medium 
selenium  feeds  were  slightly  higher  (p  =  0.077)  than  those  fed  the 
high  selenium  (43.2  ±  0.39,  43.2  ±  0.50,  and  41.8  ±  0.51  mm, 
respectively)  feed.  Feed  consumption  rates  were  similar  among 
treatments  suggesting  weight  gain  was  affected  by  other  physi- 
ological mechanisms.  Although  no  mortalities  were  observed,  no- 
ticeable pathologies  were  found  in  the  urchins  fed  high  selenium 
feeds.  These  results  suggest  dietary  to.xicity  at  high  levels  of  se- 
lenium. 


DEVELOPMENT  OF  SINGLE  NUCLEOTIDE  POLYMOR- 
PHISMS (SNPS)  IN  CRASSOSTREA  ARIAKENSIS  AND  RE- 
LATED CRASSOSTREA  SPECIES.  Hyungtaek  Jung',  Woo- 
jin  Kim-  and  Patrick  Gaffney'.  'University  of  Delaware,  Gradu- 
ate College  of  Marine  Studies,  Lewes.  DE  19958,  "National 
Fisheries  Research  and  Development  Institute. 

As  a  candidate  for  deliberate  introduction  into  Atlantic  waters, 
the  Suminoe,  or  jinjiang  oyster,  Cmssostrea  oiialiciisis.  has  re- 
cently been  the  subject  of  intense  interest,  with  particular  focus  on 
its  ecology,  taxonomy  and  population  genetics.  Because  the  tax- 


onomy of  the  Asian  Crassostrea  is  still  incomplete  and  identifi- 
cation on  morphological  grounds  is  difficult,  a  suite  of  genetic 
markers  suitable  for  identifying  species  and  subspecies  is  needed. 
Such  markers  will  allow  screening  of  candidate  source  material, 
allow  development  of  genetic  signatures  of  hatchery  strains  for 
evaluating  introductions,  and  ultimately  provide  tools  for  selective 
breeding  and  pedigree  monitoring.  We  have  tested  primers  origi- 
nally designed  to  amplify  fragments  of  known  genes  (Type  I  mark- 
ers) in  C.  fiigtis  for  their  ability  to  amplify  putatixe  homologs  in  the 
related  Asian  species  C.  angulata.  C.  ariakensis  and  C.  hongkon- 
gensis.  Of  16  loci  developed  for  C.  gigcis.  all  amplified  success- 
fully in  C.  angnlatci.  15  amplified  in  C.  aiicikensis  and  14  ampli- 
fied in  C.  luingkongensis.  In  contrast,  only  five  loci  could  be 
amplified  in  the  Atlantic  species  C.  virginiai.  Direct  sequencing  of 
amplicons  revealed  multiple  intraspecific  and  interspecific  candi- 
date polymoi-phisms,  and  provided  tools  for  genetic  identification, 
linkage  mapping,  pedigree  monitoring  and  phylogenetic  analysis. 


INGESTION  OF  MARINE  AGGREGATES  BY  SUSPEN- 
SION-FEEDING MOLLUSCS.  Dustln  Kach  and  J.  Evan 
Ward.  University  of  Connecticut,  Department  of  Marine  Sciences, 
1080  Shennecossett  Rd.,  Groton,  CT  06359. 

A  large  body  of  literature  focuses  on  suspension-feeding  pro- 
cesses of  molluscs,  including  the  efficiency  of  particle  capture. 
Bivalves,  for  example,  capture  individual  picoplankton  cells  (0.2- 
2.0  pm)  with  a  retention  efficiency  of  less  than  50%,  leading  to  the 
assumption  that  such  particles  are  not  an  important  food  resource. 
Picoplankton.  however,  are  often  concentrated  within  aggregates 
of  much  larger  si/e.  This  study  builds  on  our  preliminary  results 
and  further  investigates  the  ability  of  suspension  feeders  to  ingest 
pico-particles  (<2  |xm)  bound  in  aggregates.  We  fed  the  mussel. 
Mxtilus  cdiilis.  the  scallop,  Argopecten  irnulians.  and  the  slipper 
snail,  Cn'puhtki  fornicata.  1  p,m  fluorescent  beads  that  were  ( 1 ) 
evenly  dispersed  in  seawater,  or  (2)  embedded  within  laboratory- 
made  aggregates.  Dispersed  10  ixm  beads  were  also  delivered  so 
that  feeding  activity  could  be  determined.  All  feces  were  collected 
over  48  hr  period,  digested  in  sodium  hydroxide  (NaOH").  and  the 
fluorescent  activity  measured  by  a  spectrophotometer.  The  number 
of  beads  ingested  was  then  calculated  using  a  previously  estab- 
lished standard  curve.  Results  indicate  that  aggregates  significantly 
enhance  the  ingestion  of  lp,m  beads  by  all  three  animals.  Differ- 
ences among  species  in  their  ability  to  ingest  aggregates  and  pico- 
particles,  however,  were  evident.  When  feeding  on  aggregates, 
mussels  demonstrated  a  ten  fold  increase  in  the  number  ol'  l|j.m 
beads  ingested.  Compared  to  mussels,  scallops  ingested  fewer  ag- 
gregates, and  slipper  snails  ingested  more  dispersed  beads.  These 
differences  may  be  a  consequence  of  variations  in  gill  structure 
and  mechanisms  of  particle  processing.  Our  data  suggest  that  ag- 
gregates allow  suspension  feeders  to  utilize  embedded  particles  as 
food. 
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IDENTIFICATION  OF  GROWTH  BANDS  IN  COCKLE, 
FVLVIA  MUTICA  SHELLS  IN  KOREA.  Do-hyung  Kang', 
Htung-sik  Park'.  Chris  A.  Richardson'  and  Kwang-sik  Choi'. 

'Chejii  National  University.  College  of  Marine  Science.  School  oi 
Applied  Marine  Science,  1  Ara  1  Dong,  Jeju  City,  Jenu-Do  690- 
1786  Republic  of  Korea,  "Korea  Ocean  Research  &  Development 
Institute,  'University  of  Wales,  UK. 

This  study  reports  identification  of  annual  growth  bands  re- 
corded in  shell  froin  cockle.  F.  mutica  (Bivalvia:  Cardiidael  col- 
lected from  Jukdo.  Korea.  The  growth  lines  were  identified  using 
acetate  peel  replicas  of  the  shell  sections.  Total  number  of  growth 
lines  and  distance  (i.e.  growth  interval!  between  inter-growth  lines 
were  assessed  using  image-processing  software.  Age  i.'^'i  the  cockle 
was  estimated  by  counting  the  number  of  each  dark  band  in  sec- 
tioned shell  and  umbo.  Periodicity  of  the  light  and  dark  bands  was 
compared  with  the  daily  water  temperature  data  of  the  sampling 
area  retrospectively.  A  total  of  790  growth  lines  were  identified 
from  the  umbo.  Age  of  the  cockle  used  in  the  analysis  was  pre- 
dicted to  be  6.5  year.  The  maximum  distance  (23.4  \x.m)  and  the 
minimum  distance  ( 1.2  (jliii)  were  found  in  a  3-year-band  and  in  a 
6-year-band.  respectively.  Average  distance  of  the  cockle  was 
highest  in  3-year-band.  Periodicity  of  the  bands  was  closely  cor- 
responded with  temperature  data,  suggesting  that  retrospective 
technique  was  suitable  for  aging  of  the  cockle. 


MICROGROWTH  BANDING  PATTERNS  IN  THE  SHELL 
OF  THE  COCKLE,  FULVIA  MUTICA  FROM  KOREA.  Do- 

Hyuiig  Kang'.  Heung-Sik  Park",  Chris  A.  Richardson'  and 
Kwang-Sik  Choi'.  'School  of  Applied  Marine  Science.  College  of 
Ocean  Science.  Cheju  National  University,  I  Ara  I -Dong  .leju 
690-7.'^6  Republic  of  Korea,  "Korea  Ocean  Research  &  Develop- 
ment Institute,  Ansan  P.O.  Box  29  42.'i-6()0  Republic  of  Korea. 
'School  of  Ocean  Sciences.  University  of  Wales,  Bangor,  Menai 
Bridge,  Gwynedd  LL59  .'iAB.  UK. 

Growth  banding,  consisting  of  a  pattern  of  narrow  tidally  de- 
posited dark  bands  and  wider  light  growth  increments,  were  iden- 
tified in  acetate  peel  replicas  of  shell  section  of  live  collected 
cockle.  Fulvia  iinitica  (Bivalvia:  Cardiidae)  collected  subtidally 
from  Jukdo,  Korea.  The  total  number  of  dark  growth  bands  and  the 
inter-band  distance  (i.e.  growth  increments)  were  counted  and 
mcasined  respectively  using  image-processing  software.  The  age 
of  the  cockle  was  estimated  by  counting  the  number  of  dark  bands 
in  the  sectioned  shell  and  the  prominent  dark  lines  in  the  umbo 
region.  The  oldest  cockle  determined  using  these  methods  was  b.5 
years.  The  width  of  the  growth  increments  varied  from  23.4  fxni  in 
a  3rd  dark  line  to  1.2  |j.m  in  a  6th  dark  line  in  the  umbo  region  of 
oldest  cockle.  Each  wide  light  tidal  increment  was  dated  and  the 
width  of  the  increment  compared  w  ith  the  daily  seawater  tempera- 
ture; a  positive  correlation  between  increment  width  and  seawater 


temperature  was  observed  opening  up  the  possibility  of  using  the 
tidal  increments  for  environmental  reconstruction  of  shell  growth 
rates. 

APPLICATION  OF  RECENT  RED  ABALONE  HALIOTIS 
RUFFSCENS  SURVEYS  TO  MANAGEMENT  DECISIONS 
OUTLINED  IN  THE  CALIFORNIA  ABALONE  RECOV- 
ERY AND  MANAGEMENT  PLAN.  Jerry  V.  Kashiwada'  and 
Ian  K.  Taniguchi".  'California  Department  of  Fish  and  Game. 
Fort  Bragg.  CA  95437.  "California  Department  of  Fish  and  Game, 
Los  Alamitos,  CA  90720. 

The  management  section  of  California's  recently  adopted  Aba- 
lone  Recovery  and  Management  Plan  ( ARMP)  uses  results  of  fish- 
ery independent  transect  surveys  at  eight  index  sites  to  regulate 
Total  Allowable  Catch  (TAC).  A  decision  table  in  the  ARMP 
(Table  1)  uses  densities  in  deep  water  (>8.2  to  19.7  m),  densities 
over  all  depths,  and  successful  recruitment  (>4,500  abalone/ 
hectai-e  in  the  100-177  mm  size  class)  to  decide  whether  changes 
need  to  be  made  in  the  TAC.  The  TAC  is  estimated  from  telephone 
surveys  and  returned  Abalone  Permit  Report  Cards.  Recent  sur- 
veys in  2003  and  2005  at  four  of  the  eight  index  sites  show  red 
abalone  densities  in  the  range  of  the  baseline  densities  established 
by  surveys  in  1999  and  2000.  Applying  the  results  of  the  2003  and 
2005  surveys  to  the  ARMP  decision  table  indicates  no  change  is 
needed  in  the  current  TAC.  Two-way  ANOVA  found  there  was  no 
difference  in  density  between  sites  and  time  periods  for  all  depths 
at  two  of  the  sites  (Van  Damme  and  Salt  Point)  which  were  sur- 
veyed in  both  time  periods.  Likewise  there  was  no  significant 
difference  at  deep  depths  between  these  two  sites  and  time  periods. 

COULD  LIMNOPERNA  FORTUNEI  BE  WORSE  THAN 
DREISSENA  POLYMORPHA?  POTENTIAL  SPREAD  AND 
ECOSYSTEM  IMPACTS.  Alexander  Y.  Karatayev'.  Dem- 
etrio  Boltovskov",  Dianna  K.  Padilla'  and  Lyubov  E.  Burla- 
kova'.  'Stephen  F.  Austin  State  University.  Department  of  Biol- 
ogy, Box  13003-SFA  Station,  Nacogdoches.  TX  75962-3003. 
"Universidad  de  Buenos  Aires.  Argentina.  'Stony  Brook  Univer- 
sity. Stony  Brook,  NY. 

Although  taxonomically  unrelated,  the  zebra  mussel  (Dreissena 
pohmoriilui)  and  golden  mussel  [Limiwpenw  forliinei)  have  very 
similar  life  histories,  suggesting  that  similar  vectors  are  involved  in 
their  spread.  Both  are  sessile,  byssate  bivalves  with  a  planktonic 
larval  stage  and  high  reproductive  capacity.  Adults  of  both  species 
attain  extremely  high  densities  physically  changing  the  substrate, 
and  because  they  are  such  effective  suspension  feeders  they  greatly 
enhance  benthic-pelagic  coupling  and  act  as  powerful  ecosystem 
engineers.  We  compare  environmental  limits  and  ecological  im- 
pacts of  the  well  studied  D.  polytnorplut  with  the  lesser  known  L. 
fonunc'i  to  predict  the  potential  spread  and  ecosystem  impacts  of 
the  golden  mussels.  Liniiuipenui  fnitiinci  reaches  population  den- 
sities similar  to  or  higher  than  P.  pohmcrpha.  It  has  comparable 
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filtering  rates  and  therefore  may  have  similar  or  even  stronger 
ecosystem  impacts.  In  addition,  L.  fortunei  has  broader  environ- 
mental tolerances  than  D.  polyniorplta.  including  higher  water 
temperatures,  lower  pH  levels,  lower  calcium  content  and  water 
pollution.  Therefore.  L  fortnnei  may  be  much  more  successful 
than  D.  polymorplia  in  regions  dominated  by  acidic,  soft  and  con- 
taminated waters.  We  predict  that  in  the  near  future  L.  fortunei  will 
colonize  the  southern  and  central  parts  of  North  America.  Southern 
Europe.  Northern  Africa,  and  Australia,  as  well  as  expand  its  dis- 
tribution in  South  America  and  Asia.  Although  to  date  D.  poly- 
morplia is  considered  the  most  aggressive  freshwater  invader,  soon 
many  waterbodies  that  are  already  affected  by  D.  polymorplia  may 
get  another,  even  more  aggressive  invader. 

ENHANCED  BLUE  CRAB  ABUNDANCE  ON  RESTORED 
OYSTER  REEFS.  M.  Lisa  Kellogg',  Christopher  Mclntyre", 
Kennedy  C.  Paynter'  and  Kennedy  T.  Paynter'.  'University  of 
Maryland.  "Coastal  Carolina  L'nivcrsity. 

In  recent  years,  the  goals  of  oyster  reef  restoration  in  Chesa- 
peake Bay  have  shifted  from  simply  enhancing  the  oyster  fishery 
to  restoring  the  ecosystem  services  that  were  once  provided  by 
healthy  oyster  reefs.  Like  historical  reefs,  restored  oyster  reefs 
produce  topographically-complex  reef  structures  that  enhance  both 
the  abundance  and  diversity  of  the  associated  macrofaunal  com- 
munity .  Restored  oyster  reefs,  therefore,  have  the  potential  to  pro- 
vide highly-mobile  organisms  such  as  the  blue  crab.  Callinecles 
sapichis.  with  both  an  abundant  supply  of  prey  and  a  refuge  from 
predation.  To  determine  whether  restored  oyster  reefs  are  a  pre- 
ferred habitat  for  blue  crabs,  blue  crab  populations  were  estimated 
on  restored  oyster  reefs  and  adjacent  control  areas  at  two  restora- 
tion sites  in  the  South  River:  Glebe  Bay  and  Duvall  Creek.  On  each 
sampling  day.  one  50-m  trotline  was  laid  on  the  restored  reef  and 
another  was  placed  on  an  adjacent  unrcstored  control  area.  Alter- 
nating between  the  two  lines,  each  line  was  sampled  10  times.  All 
crabs  caught  were  retained  to  avoid  recapture  of  the  same  indi- 
viduals. More  crabs  were  caught  on  the  restored  reefs  than  the 
control  sites  at  both  Glebe  Bay  (p  =  0.004)  and  Duvall  Creek 
(p  =  0.037).  Assuming  these  capture  rates  represent  relative  crab 
abundances,  these  preliminary  findings  suggest  that  blue  crab  den- 
sities may  be  higher  on  restored  oyster  reefs.  However,  additional 
studies  will  be  necessary  to  determine  why  blue  crabs  prefer  the 
restored  reefs,  and  whether  restored  reefs  enhance  blue  crab  pro- 
duction. 

DEVELOPMENT  OF  SINGLE  NUCLEOTIDE  POLYMOR- 
PHISMS (SNPS)  IN  THE  PACIFIC  OYSTER  CRASSOS- 
TREA  GIGAS.  Woo-jin  Kim',  Hyunglaek  Jung"  and  Patrick 
Gaffney".  'National  Fisheries  Research  and  Development  Insti- 
tute. Busan.  South  Korea.  "University  of  Delaware. 

Single  nucleotide  polymorphisms  (SNPs)  are  useful  for  char- 
acterizing population  structure,  genetic  mapping,  and  as  a  tool  tor 
pedigree  monitoring  and  marker-assisted  breeding  schemes.  Our 


objective  is  to  develop  SNP  markers  for  the  Pacific  oyster  Cras- 
sostrea  ,?/,?((.v.  the  most  widely  cultured  bivalve  species.  Primers 
were  designed  based  from  expressed  sequence  tags  (ESTs)  to  am- 
plify small  fragments  (200-400  bp)  spanning  the  3'  end  of  coding 
sequence  and  the  5'  end  of  the  3'UTR.  Most  (22  of  24)  primer 
pairs  successfully  amplified  PCR  products  from  genomic  DNA. 
Direct  sequencing  of  amplified  targets  resulted  in  the  identification 
of  321  candidate  SNPs  within  22  identified  nuclear  genes.  The 
observed  frequency  of  SNPs  in  C.  gigas  was  4.32  per  100  bp:  1.94 
in  exons.  9.06  in  introns.  and  4.64  in  the  3'UTR.  Individuals  from 
an  inbred  hatcher\  line  showed  reduced  polymorphism.  Oysters 
from  three  populations  of  C.  gigas  (Korea.  Hokkaido.  Kyushu)  and 
one  C.  angiilata  population  (Portugal)  could  be  differentiated  us- 
ing estimated  genetic  similarity  based  on  SNP  allele-sharing  at  ten 
loci.  All  loci  were  successfully  amplified  from  C.  angiilata.  un- 
derscoring its  close  genetic  relationship  to  C.  gigas.  The  majority 
of  identified  SNPs  differed  between  the  two  species,  providing 
multiple  independent  markers  for  identification  of  both  species  and 
hybrids,  and  for  marker-assisted  introgressive  hybridization.  Map- 
ping of  these  loci  is  in  progress.  The  SNP  markers  developed  in 
this  study  will  enable  researchers  to  elucidate  population  structure 
in  the  native  range  of  the  two  species,  as  well  as  the  characteriza- 
tion of  cultured  lines. 


RELATIONSHIPS  AMONG  PARASITES  AND  PATHOLO- 
GIES IN  SENTINEL  BIVALVES:  NOAA  STATUS  AND 
TRENDS  MUSSEL  WATCH"  PROGRAM.  ^  ungkul  Kim  and 
Eric  N.  Powell,  Haskin  Shellfish  Research  Laboratory.  Rutgers. 
The  State  University  of  New  Jersey.  6959  Miller  Ave..  Port  Norris, 
NJ  08349  USA. 

NCAA's  National  Status  and  Trends  "Mussel  Watch"  Program 
includes  a  comprehensive  survey  of  the  histopathology  of  sentinel 
bivalves  from  the  East.  West.  Gulf,  and  Great  Lakes  coasts  of  the 
United  States.  We  analyzed  the  data  for  1995-1998  to  identify 
relationships  between  various  parasites,  various  pathologies,  and 
between  parasite/pathology  pairs  with  the  goal  of  identifying  con- 
sistencies and  differences  in  these  relationships  between  sentinel 
bivalves  and  between  major  geographic  units  of  the  U.S.  coastline. 
The  prevalences  of  parasite,  pathology,  and  parasite-pathology 
pairs  were  significantly  coirelated  more  frequently  for  oysters  than 
for  mussels.  The  number  of  significant  correlations  within  Gulf- 
coast  oysters  exceeded  the  number  within  East-coast  oysters.  Cor- 
relations were  least  frequent  among  East-coast  mussels.  The  inci- 
dence of  significant  negative  conelations  in  prevalence  far  ex- 
ceeded the  incidence  of  significant  positive  correlations  in  all 
species  and  bay  regions.  Significant  relationships  in  infection  in- 
tensity occurred  much  less  frequently  than  for  prevalence.  Positive 
correlations  occurred  more  frequently  than  they  did  for  prevalence. 
Both  trends  reinforce  the  belief  that  environmental  factors  control- 
ling transmission  are  likely  distinctive  from  those  controlling  pro- 
liferation. Only  a  few  relationships  between  parasites  were  com- 
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mon  to  more  than  one  sentinel  bivalve  or  more  than  one  eoastal 
region.  Not  a  single  common  relationship  involved  a  pathology. 
However,  though  commonalities  were  few,  consistent  trends  in 
prevalence  between  mussels  and  oysters  and  between  coastal  re- 
gions suggest  potentially  important  large-scale  trends  among  some 
important  parasite  groups,  particularly  the  gregarines  and  gut  cili- 
ates,  gill  gregarines  and  cestodes,  prokaryotic  inclusions  and 
trematode  metacercariae,  and  Perl^insiis  murinus  and  the  gre- 
garines. 

COMPARISONS  OF  POST-SETTLEMENT  SURVIVAL 
AND  (;R0\VTH  in  CRASSOSTREA  VIRGINICA  AND  C. 
ARIAKENSIS  IN  RELATION  TO  TIDAL  EMERSION.  Peter 

R.  Kingsley-Sniith  and  M.  Luckenbach.  Virginia  Institute  ot 
Marine  Science. 

In  main  high  salinity  regions  of  the  mid-Atlantic  C.  viri^iuica 
is  limited  to  the  intertidal  zone  where  it  achieves  a  partial  refuge 
from  predation.  Persistence  in  such  inteilidal  habitats  necessitates 
tolerance  of  both  desiccation  and  extremes  of  temperature  during 
periods  of  aerial  exposure.  Such  capabilities  in  C.  ariaki'itsis  have 
yet  to  be  determined.  The  effects  of  aerial  exposure  by  tidal  em- 
ersion on  comparative  survival  and  growth  rates  of  diploid  C. 
aricikensis  and  diploid  C.  virginica  were  investigated  using  oysters 
set  on  plastic  tiles  and  grown  in  a  tlow-through  quarantine  system. 
Four  tidal  regimes  were  simulated;  1 )  liigli  intertidal  0.5  hrs  em- 
ersion). 2)  mid  tide  (2  hrs  emersion).  3)  /(»\i-  intertidal  (1  hr  em- 
ersion) and  4)  subtidal  (constant  immersion).  Vertical  ("North- 
facing'"  and  ■"South-facing")  and  horizontal  ("Up"  and  "Down") 
tile  orientation  treatments  were  also  incorporated  in  the  experi- 
mental design.  Tiles  were  individually  photographed  on  a  weekly 
basis  between  June  and  August  2005  and  image  analysis  software 
was  used  to  gather  survival  and  growth  data. 

The  high  intertidal  treatment  exceeded  the  physiological  toler- 
ances of  both  species;  complete  mortality  occurred  w  ithin  the  first 
two  weeks.  In  the  mid  tide  and  the  low  intertidal  treatments  C. 
ariakensis  and  C.  virginica  exhibited  intermediate  growth  and  sur- 
vi\al.  Growth  rates  were  highest  and  levels  of  mortality  were 
lowest  in  the  subtidal  treatinent.  Detennination  of  the  tolerance  of 
C.  ariakensis  to  aerial  expsoure  will  improse  our  understanding  of 
its  potential  to  colonize  intertidal  habitats,  to  coinpete  with  native 
species  for  resources,  and  to  become  a  fouling  nuisance  if  intro- 
duced. 

MEASUREMENT  OF  SCOPE-FOR-GROWTH  IN  FRESH- 
WATER MUSSELS  AND  THE  RELEVANCE  FOR  WATER 
QUALITY,  ECOSYSTEM  FUNCTION  AND  BIOMONI- 
TORING.  Danielle  A.  Kreeger,  Partnership  for  the  Delaware 
Estuary.  1 10  S.  Poplar  St.,  Suite  202.  Wilmington,  DE  19801. 

Native  freshwater  mussels  continue  to  gamer  increasing  atten- 
tion for  their  biodiversity  plight,  ecological  value,  and  usefulness 
for  biomonitoring.  Despite  the  rising  chorus,  many  key  aspects  of 


their  basic  biology  remain  poorly  sttidied.  Of  particular  note  is  the 
lack  of  attention  to  organism-level  physiological  functions  that 
represent  the  nexus,  or  "missing  link,"  essential  to  relating  envi- 
ronmental conditions  to  population-  and  species-level  fitness,  and 
vice  versa.  Small  spatial  and  temporal  shifts  in  environmental 
conditions,  food  quantity  and  quality,  or  animal  nutritional  de- 
mands can  elicit  significant  shifts  in  organism-level  processing 
rates  and  fitness,  with  concomitant  effects  to  the  ecosystem  where 
populations  remain  abundant.  Decades  of  research  with  marine 
species  have  yielded  an  arsenal  of  powerful  methods  to  quantify 
spatial,  temporal,  intraspecific  and  interspecific  variation  in  physi- 
ological rates  and  status.  And  yet,  only  one  physiological  rate 
metric  (clearance)  and  one  status  metric  (condition)  have  been 
widely  adopted  for  freshwater  mussels,  and  their  meaning  has  at 
times  been  misinterpreted.  In  this  presentation  I  will  briefly  review 
the  available  "tool  kit,"  describe  methods  needed  to  calculate 
scope-for-growth,  and  discuss  the  proper  interpretation  of  these 
and  other  physiological  metrics  as  being  context  specific,  rather 
than  absolute.  Specifically,  1  will  present  case  study  data  for  the 
allometric  rates  of  clearance,  defecation,  excretion  and  respiration 
of  species  from  both  the  Atlantic  and  Pacific  slopes.  When  stan- 
dardized and  understood,  physiological  methods  and  information 
will  play  a  pivotal  role  in  monitoring  and  optimizing  the  health  of 
captive  animals,  quantifying  the  functional  importance  of  mussel 
populations  in  nature,  and  biomonitoring  the  status  of  our  water- 
ways. 


TRANSPARENT  EXOPOLYMER  PARTICLES  (TEP) 
FROM  SUSPENSION  FEEDERS  AND  THEIR  EFFECTS  ON 
PARTICLE  AGGREGATION.  Binglin  Li  and  J.  Evan  Ward. 

University  of  Connecticut,  Marine  Sciences  Building.  1080  Shen- 
necosset  Rd.,  Groton,  CT  06340. 

Transparent  exopolymer  particles  (TEP)  can  form  from  dis- 
solved precursors  released  by  phytoplankton.  Recent  studies  have 
also  demonstrated  that  benthic  suspension  feeders,  such  as  bi- 
valves, can  contribute  significantly  to  the  TEP  pool  in  coastal 
waters.  Whereas  TEP  from  phytoplankton  is  important  for  the 
aggregation  of  suspended  material,  the  role  of  TEP  from  suspen- 
sion feeders  on  aggregate  formation  is  unknown.  The  purpose  of 
this  study  was  to  test  the  hypothesis  that  organic  compounds, 
including  TEP,  released  from  suspension  feeders  enhance  the  for- 
mation of  particle  aggregates  in  coastal  waters.  In  laboratory  ex- 
periments, TEP  was  collected  from  blue  mussels  (Mytilus  edidis) 
and  sea  vases  (Cioiia  intestinalis)  using  previously  established 
methods.  One  of  two  particle  types,  silica-amino  beads  or  diato- 
maceous  earth  (ca.  10  ixm),  were  then  added  to  seawater  with  and 
without  TEP  produced  by  the  animals.  Bottles  (250  ml)  containing 
suspended  particles  were  placed  on  a  roller  table  and  rolled  for  48 
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hours.  Changes  in  the  size  distribution  of  particles  in  each  jar  were 
followed  over  time  hy  means  of  an  electronic  particle  counter,  and 
aggregates  larger  than  100  |jim  were  counted  using  a  rafter  cell  and 
microscope.  Dissolved  and  total  organic  carbon  and  bacterial  con- 
centrations were  determined  before  and  after  the  rolling  period. 
Results  indicate  that  significantly  more  particle  aggregates  are  pro- 
duced in  seawater  containing  TEP  from  suspension-feeding  ani- 
mals than  in  control  water.  Aggregation  of  both  particles  types  was 
similarly  enhanced.  Our  results  suggest  that  organic  material  re- 
leased by  suspension-feeders  can  enhance  aggregate  formation  and 
hence  the  deposition  of  material  to  the  benthos. 


VARIANCE  IN  REPRODUCTIVE  SUCCESS  OF  THE  FLAT 
OYSTER  OSTREA  EDULIS  L.  ASSESSED  BY  MICROSAT- 
ELLITE-BASED  PARENTAGE  ANALYSES.  Delphine  Lal- 
lias',  Nicolas  Tairs',  Pierre  Boudry '.  Francois  Bonhonime"  and 
Sylvie  Lapegue'.  'INFREMER— LGP.  Station  de  La  Tiemblade. 
La  Tremblade.  France  17390.  'UMR3171  Ifremer-CNRS— 
Universite  Montpellier  H,  Sete.  France. 

The  European  flat  oyster  (Ostrea  echilis  i.. )  is  a  marine  bivalve 
whose  natural  geographical  distribution  ranges  along  the  European 
Atlantic  coast  from  Norway  to  Morocco,  in  addition  to  the  Medi- 
ten^anean  and  Black  Sea.  Previous  studies  of  allozymes,  microsat- 
ellites  and  mitochondrial  differentiation  over  the  whole  range  con- 
cluded that  a  significant  divergence  e.xisted  between  Mediterra- 
nean and  Atlantic  populations,  together  with  an  isolation-by- 
distance  pattern.  However,  the  average  mitochondrial  haplotypic 
diversity  displayed  a  high  among  populations  variance,  retlecting 
smaller  effective  population  size  in  some  locations.  Additionally,  a 
ten-fold  quantitative  difference  was  observed  in  the  same  study  in 
Fst  between  the  mitochondrial  and  the  nuclear  genomes,  which 
could  be  due  to  se.x  biased  differential  reproductive  success  be- 
tween males  and  females.  In  order  to  further  document  this  hy- 
pothesis, two  experiments  were  conducted.  First,  brooding  females 
were  sampled  in  a  wild  population  and  the  number  of  males  fer- 
tilizing a  given  female  estimated.  Then,  parentage  analyses  were 
achieved  under  experimental  conditions:  successive  mass  spawn- 
ings were  collected  from  a  population  of  potential  genitors  kept  in 
hatchery,  whose  genotypes  were  known,  in  order  to  infer  a  poste- 
riori the  relative  contribution  of  each  genitor.  Moreover,  we  aimed 
to  better  understand  the  reproduction  dynamics  of  this  species. 
Several  patterns  of  spawning  could  be  distinguished:  unique,  suc- 
cessive or  extended  in  time.  The  different  parental  contributions 
and  reproductive  behaviors  observed  in  these  experiments  are  dis- 
cussed in  the  context  of  the  hypothesis  of  a  variance  in  the  repro- 
ductive success  of  males  and  females  and  consequences  in  local 
and  temporal  reduced  effective  population  sizes. 


TRANSCRIPTOME  ANALYSIS  OF  PACIFIC  OYSTER 
CRASSOSTREA  GIGAS  FAMILIES  EXPOSED  TO  HEAT 
STRESS.  Paul  Lang',  Christopher  J.  Langdon'  and  Mark  D. 
Camara".  'Oregon  State  University,  Department  of  Fisheries  and 
Wildlife,  Hatfield  Marine  Science  Center,  Newport,  OR  97365, 
"United  States  Department  of  Agriculture,  ARS  Program,  Hatfield 
Marine  Science  Center,  Newport,  OR  97363. 

We  studied  the  transcriptonie  level  response  of  oysters  to  heat 
stress  using  microanays  developed  by  the  Oyster  Microarray  Con- 
sortium to  compare  gene  expression  among  selectively-bred  oyster 
families  that  differed  in  sensitivity  to  heat  stress.  Spat  (n  =  100 
each  per  family)  of  53  oyster  families  were  exposed  to  43"C  water 
for  1  h.  We  then  assessed  mortality  2"^'  intervals  for  six  d.  Survival 
ranged  from  6%  to  85%  and  we  classified  families  with  >70'7r 
survival  as  resistant  those  with  30-70%  survival  as  moderately 
resistant,  and  those  with  <30'^  survival  as  sensitive.  Animals  from 
the  four  highest-  and  the  four  lowest-surviving  families  were 
reared  to  two  years  of  age  and  tested  again.  Survival  ranged  from 
0.03%  to  95%  for  adults.  Four  of  the  eight  families  retained  their 
classification  of  heat-resistant  or  heat-sensitive,  and  the  remaining 
four  families  were  re-classified  as  moderately  heal  sensitive. 

For  transcriptome  analysis,  we  exposed  the  two  resistant  fami- 
lies and  two  susceptible  families  to  a  non-lethal  heat  shock  (40°C 
for  1  h)  and  collected  gill  tissue  from  three  animals  per  family  at 
1  h,  3  h,  6  h,  and  24  h  following  heat  shock.  We  pooled  tissue 
samples  within  family  for  each  sampling  time  and  extracted  total 
RNA  from  each  pooled  sample.  We  labeled  each  RNA  sample 
with  a  fluorescent  dye,  and  hybridized  the  sample  to  a  single 
microanay  chip.  Fluorescence  data  was  collected  using  a  Scan- 
Array  Express  instrument.  Genes  that  underwent  coordinated 
changes  in  expression  level  were  clustered  into  groups  using  mul- 
tivariate exploratory  analysis.  The  results  ofthe.se  analyses  will  be 
discussed. 


THE  POTENTIAL  ROLE  OF  FRESHWATER  MUSSELS  IN 
REDUCING  GIARDIA  AND  OTHER  HUMAN  PATHO- 
GENS IN  WATERSHEDS  OF  THE  PACIFIC  NORTH- 
WEST. Chris  Langdon',  David  Close'  and  Peggy  Bradley'. 

'Hatfield  Marine  Science  Center,  Oregon  State  University,  "Con- 
federated Tribes  of  the  Umatilla  Indian  Reservation,  institute  of 
Simplified  Hydroponics. 

Freshwater  mussels  were  abundaiU  in  rivers  of  the  Pacific 
Northwest  and  were  an  important  source  of  nutrition  for  many 
Native  Americans  in  pre-European  times.  Since  then,  populations 
of  freshwater  mussels  have  declined.  Habitat  changes,  pollution 
and  declines  in  salmon  (an  important  upstream  transpoil  vector  of 
larval  stages)  are  likely  causes.  These  declines  will  result  in  a 
reduction  in  the  filtering  capacity  of  mussel  populations  and  re- 
moval of  suspended  sediments  and  organisms,  including  the  hu- 
man pathogens  Gianlia  duodenalis  and  Ciyptospohdium  parviim. 
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Laboratory  studies  showed  that  adult  (91-127  mm  shell  length) 
freshwater  mussels  {Mariiaririfera  fiiUala)  filtered  mice-derived 
Giradia  (G.  miiris)  at  rates  of  0.49  1  h"'  g~'  mussel  dry  weight.  In 
addition,  mussels  filtered  microalgae  [Scliizdchylriiiin  sp.;  in  the 
same  size  range  as  G.  duodenalis  [2.1-1. \  jj.m)|  at  rates  of  0.39  to 
0.41  1  h"'  g"'  dry  weight.  The  filtering  action  of  mussels  could  be 
an  important  natural  mechanism  for  reducing  concentrations  of 
human  pathogens  in  streams  and  rivers. 


IMPROVEMENT  IN  YIELDS  OF  THE  PACIFIC  OYSTER 
CRASSOSTREA  GIGAS  AFTER  TWO  GENERATIONS  OF 
SELECTION.  Chris  Langdon.  Ford  Evans,  Sean  Matson, 
Drew  Mosher  and  Alan  Barton.  Hatfield  Marine  Science  Center. 
Oregon  State  University. 

Globally,  the  Pacific  oyster  is  the  most  valuable  aquacullure 
species,  with  a  harvest  of  4.2  million  metric  tons  valued  at  $3..'i 
billion  (FAO  Fisheries  Statistics  2002).  The  West  Coast  is  the 
biggest  regional  producer  of  oysters  in  the  U.S.  with  a  wholesale 
value  of  $68  million.  In  contrast  to  many  other  U.S.  agricultural 
commodities,  there  had  been  no  long-term,  funded  research  pro- 
gram to  select  and  manage  Pacific  oyster  broodstock  for  enhanced 
production.  In  response  to  this  need,  the  Molluscan  Broodstock 
Program  (MBP)  was  established  in  1993  to  implement  a  selective 
breeding  program  to  improve  broodstock  and  increase  commercial 
production  of  Pacific  oysters  on  the  West  Coast,  LI.S.  Since  MBP's 
inception,  about  1 300  oyster  families  have  been  planted  and  evalu- 
ated at  commercial  grow-out  sites  from  Alaska  to  California,  U.S. 
Results  show  that  after  two  generations  of  selection,  the  average 
yield  of  oyster  families  derived  from  selected  MBP  broodstock  is 
299c  greater  than  that  of  families  from  "wild"  unselected  brood- 
stock and  347f  greater  than  that  of  industry  broodstock.  Further- 
more, the  five  top-performing  families  (recommended  for  com- 
mercial hatcheries)  from  F2  MBP  cohorts  have  an  average  yield 
that  is  11%  greater  than  that  of  families  from  industry  broodstock. 
MBP  broodstock  are  used  in  commercial  hatcheries  for  large-scale 
seed  production. 


A  LEAST  COST  FORMULATED  FEED  FOR  GONAD  PRO- 
DUCTION OF  THE  SEA  URCHIN  LYTECHINUS  VARIEGA- 
TUS.  A.  L.  Lawarence'.  S.  A.  Watts',  M.  L.  Powell"  and  J.  M. 
Lawrence^.  'Texas  A&M  University  System.  1300  Port  Street. 
Port  Aransas.  Texas  78373,  "University  of  Alabama,  Birmingham, 
Birmingham,  Alabama  35294,  'University  of  South  Florida, 
Tampa,  Florida  33620. 

Feeds  are  critical  to  successful  aquacullure  production.  Feed 
usually  represent  30%  to  50%  of  the  variable  cost.  Dry  pelleted 
semi-puified  feeds  have  recently  been  used  to  produce  roe  of  mar- 
ketable quality  for  Lylccluiuis  variei^anis.  Using  ingredient  and 
nutrient  limits  for  semi-puritled  feeds  and  substituting  practical 


ingredients  for  purified  ingredients  such  as  whole  wheat  grain  for 
wheat  starch  and  dehuUed.  defatted  soybean  meal  (48%  protein) 
for  purified  isolated  soy  protein,  a  commercial  urchin  feed  was 
formulated  using  a  least  cost  program.  Calculated  feed  levels  for 
crude  protein,  soluble  carbohydrate,  crude  fiber,  total  ash  and 
crude  fat  were  257r.  34,9%,  2,9%,  19,5%,  and  7.5%,  respectively, 
with  an  ingredient  cost  of  $609.90/M.T.  Protein  was  the  most 
expensive  nutrient  with  feed  costs  decreasing  to  $557.70  and  in- 
creasing to  $659.80/M.T.  for  15%  and  35%  protein  feed  levels, 
respectively.  Marine  (e.g.  kelp.  t"ish)  and  lipid  (e.g.  carotenoid. 
cholesterol)  ingredients  represented  the  largest  ingredient  costs. 
Estimating  feed  mill  administrative,  amortization,  production  and 
margin  is  approximately  $200/M.T.,  the  selling  price  for  25% 
protein  commercial  urchin  feed  would  be  $8()9.90/M.T.  Using 
shrimp  raceway  and  feed  technology  and  economic  data  and  data 
obtained  last  year  by  the  University  of  Alabama  at  Birmingham 
and  Texas  A&M  System,  urchin  aquaculture  for  roe  production  for 
human  consumption  has  a  larger  potential  margin  than  intensive 
shrimp  production  in  raceways. 


SIZE-SPECIFIC  SURVIVAL  AND  FISHING  MORTALITY 
ESTIMATES  FOR  RED  ABALONE,  HALIOTIS  RUFE- 
SCENS.  USING  MARK-RECAPTURE  DATA.  Robert  Leaf*', 
Laura  Rogers-Bennett"  and  Peter  L.  Haaker'.  'Virginia  Tech, 
"Bodega  Marine  Lab  and  California  Department  of  Fish  and 
Game,  'California  Department  of  Fish  and  Game. 

Estimates  of  size  specific  natural  and  fishing  mortality  are  cur- 
rently not  available  for  red  abalone.  HuUotis  riifescens.  in  northern 
California.  We  examined  annual  survivorship  of  three  size  classes 
(<100mm,  100.1  to  178  mm.  and  >I78  mm,  the  legal  fishing  limit) 
of  red  abalone  using  capture-mark-recapture  data  in  northern.  We 
estimate  fishing  mortality  comparing  fished  and  reserve  sites  in 
northern  California.  The  number  of  tagged  individuals  (n  =  273  to 
2.145).  survey  occasions  (n  =  3  to  7).  and  size  composition  of 
individuals  (41.5  to  227  mm.  maximum  shell  length.  MSL)  were 
variable  at  each  site.  The  annual  survival  probabilities  of  the  small- 
est size  class  (<10()  mm  MSL)  at  one  reserve  site  in  northern 
California  was  0.52  y"'  ±  (0.05  SE)  and  was  0.36  y"  ±  (0.07  SE) 
to  0.51  y"'  ±  (0.08  SE)  in  southern  California.  Annual  survival  of 
the  mid-size  class  (100.1  to  178  mm  MSL)  from  four  sites  at 
northern  California  ranged  from  0.47  y"'  ±  (0.05  SE)  to  0.71  y"' 
±  (0.04  SE).  The  largest  size  class  0178  mm  MSL)  had  a  large 
range  of  annual  survivorship  values  of  0.26  y"'  ±  (0.06  SE)  to  0.95 
y"'  ±  (0.08  SE)  in  fished  and  reserve  sites  in  northern  California. 
Instantaneous  fishing  mortality  (F)  was  estimated  to  be  0.68  to 
1 .29.  This  study  is  an  example  of  how  capture-mark-recapture  data 
from  fished  and  reserve  sites  and  the  selection  of  parsimonious 
models  can  be  used  to  estimate  natural  and  fishing  mortality  esti- 
mates. 
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PRELIMINARY  VALIDATION  OF  AGE-AT-LENGTH  OF 
RED  ABALONE.  HAUOTIS  RUFESCENS,  USING  BOMB 
RADIOCARBON.  Robert  T.  Leaf',  Allen  H.  Andrews^  and 
Gregor  M.  Cailliet".  'Virginia  Tech,  'Moss  Landing  Marine 
Laboratories. 

CuiTent  methods  to  describe  the  age-at-lengtii  relationship  of 
red  abalone  {Huliotis  rnfescens  Swainson)  are  insufficient  to  de- 
termine the  ages  of  large  individuals  because  their  shell  lengths 
exceed  those  predicted  by  inodel  L,  values.  We  evaluated  the 
utility  of  analyzing  atomic  bomb  generated  radioisotope  '""C  in 
shell  as  a  method  to  validate  the  age-at-length  relationship  of  H. 
rnfescens.  Fabens'  ( 1965)  method  was  used  to  determine  von  Ber- 
talanffy  growth  function  iVBGF)  parameters  (L-,,31,3  mm.  A  = 
0.051  y''  (0.042  to  0.059.  957f  CD)  based  on  data  from  a  multi- 
year,  multi-site  tag-recapture  study.  Shell  carbonate  was  sampled 
at  four  locations  on  a  single  shell  (251  mm.  maximum  shell  length 
(MSL))  with  the  objective  to  bracket  the  rise  of  the  radiocarbon 
signal,  known  to  occur  during  -1957  in  the  NE  Pacific.  There  was 
close  correspondence  to  the  radiocarbon  values  of  extracted  shell 
carbonate  and  estimated  dates  of  formation  based  on  VBGF  esti- 
mates. The  251  nun  (MSL)  red  abalone  specimen  was  predicted  to 
be  27  to  38  years  old.  This  study  presents  preliminary  results  from 
radiocarbon  analysis  of  shell  carbonate  and  demonstrates  the  util- 
ity of  validating  the  age-at-length  relationship  of  red  abalone  with 
this  method. 


SEED  QUALITY  ASSESSMENT  OF  MYTILUS  EDULIS 
STOCKS  IN  THE  GULF  OF  ST.  LAWRENCE,  CANADA. 
Neil  Leblanc'.  Fabrice  Pernet',  Rejean  Tremblav",  Thomas 
Landry'  and  Jeff  David.son"*.  'Coastal  Zones  Research  Institute. 
^University  of  Quebec,  fisheries  and  Oceans,  "'Atlantic  Veteri- 
nary College. 

Seed  supply  is  a  crucial  part  of  any  aquaculture  operation  and 
the  mussel  industry  in  eastern  Canada  is  no  exception.  This  indus- 
try relies  solely  on  wild  spat  collection  to  furnish  seed  for  its 
aquaculture  operations.  High  modality  in  cultured  mussels  has 
periodically  been  a  problem  in  the  Gulf  region  and  this  has  some- 
times been  attributed  directly  to  the  seed  stock  that  has  been  used. 
This  has  occurred  in  the  absence  of  a  pathological  explanation  and 
studies  on  mussel  stocks  in  the  Gulf  region  have  pointed  to  the 
genetic  composition  of  mussel  populations  as  a  significant  factor 
contributing  to  large  scale  mortality  events. 

The  objective  of  the  study  was  to  develop  and  assess  seed 
quality  criteria  for  Mytilns  etIiilis.'VJe  have  taken  mussel  seed  from 
six  different  locations  in  two  provinces  in  the  Gulf  region  and 
performed  a  reciprocal  transfer  among  the  seed  source  sites  cre- 
ating a  6  X  6  (seed  x  location)  field  study  using  a  total  of  3240 
individually  tagged  mussels.  Productivity  was  measured  using  the 
variables  growth,  survival,  and  condition  index.  Explanatory  vari- 


ables included  lipid  content  and  composition,  heterozygosity  level, 

microsatellites  loci  characterization,  histology  and  oxygen  con- 
sumption. 

THE  EFFECTS  OF  ANTI-FOULING  TREATMENTS  FOR 
STYELA  CLAVA  ON  LONG-LINE  CULTURED  MYTILUS 
EDULIS  IN  PRINCE  EDWARD  ISLAND,  CANADA.  Neil  Le- 
blanc', Jeffery  Davidson',  Mary  McNiven',  Thomas  Landry" 
and  Rejean  Tremblay*.  'Atlantic  Veterinary  College.  'Fisheries 
and  Oceans.  'University  of  Quebec. 

Currently,  the  mussel  industry  in  Prince  Edward  Island  is  fac- 
ing serious  production  problems  associated  with  an  invading  spe- 
cies. Styela  clava.  or  clubbed  tunicate,  is  an  invading  species  found 
in  Prince  Edward  Island  in  the  late  1990"s.  It  is  a  sessile  filter 
feeder,  which  forms  dense  colonies  on  inussel  lines  causing  several 
serious  production  problems.  In  the  first  few  bays  found  to  contain 
this  organism,  the  mussel  farms  were  overwhelmed  by  this  in- 
vader. The  objective  of  this  experiment  was  to  determine  the  effect 
that  acetic  acid  treatments,  used  to  get  rid  of  the  tunicates,  has  on 
the  mussels  being  farmed.  A  field  trial  was  conducted  in  Novem- 
ber 2002  involving  '  :  inch  socked  juvenile  mussels.  The  trial 
involved  two  acetic  acid  treatments,  a  thirty  second  and  two- 
minute  dip  in  5'^'!-  acetic  acid.  The  treated  and  control  socks  were 
then  placed  systematically  on  a  longline  in  New  London  Bay, 
Prince  Edward  Island  from  north  to  south  in  the  order  two-minute 
acetic  acid  dip,  control,  thirty  second  acetic  acid  dip.  Seven  months 
later,  in  June  2003,  the  line  was  retrieved.  Studies  in  the  lab  con- 
sisted of  weighing  the  entire  sock,  two-foot  sections,  measuring 
500+  specimens  per  treatment  for  length,  performing  a  condition 
index  experiment  on  thirty  specimens  of  each  treatment,  and  al- 
lozyme  analysis  on  fifty  individuals  per  treatment  to  determine 
heterozygosity.  This  experiment  indicates  that  acetic  acid  can  be 
fatal  to  mussels  but  does  not  cause  serious  longterm  health  prob- 
lems. These  factors  should  be  taken  into  account  when  devising 
methods  and  dosages  for  the  anti-fouling  treatments. 

MINING  EST  DATABASE  FOR  SINGLE-NUCLEOTIDE 
POLYMORPHISMS  IN  THE  EASTERN  OYSTER  {CRAS- 
SOSTREA   VIRGINICA).  Jeong-ho  Lee  and  Ximing  Guo. 

Haskin  Shellfish  Research  Laboratory,  Rutgers  University. 

Single-nucleotide  polymorphisms  (SNPs)  are  important  re- 
sources in  genomic  analysis,  particularly  when  they  are  derived 
from  expressed  sequence  tags  (ESTs).  SNPs  derived  from  EST  are 
excellent  markers  for  genetic  mapping  because  of  their  represen- 
tation of  functional  genes  and  potential  for  high  throughput  geno- 
typing.  SNPs  can  be  developed  by  re-sequencing  or  by  mining 
existing  sequence  databases.  The  public  EST  databases  represent 
an  enormous  but  heterogeneous  repository  of  sequences,  including 
many  from  a  broad  selection  of  oyster  species  and  varieties.  The 
significant  redundancy  within  large  EST  collections  makes  them 
an  attractive  resource  for  rapid  identification  of  SNPs.  At  the 
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present  time,  only  a  limited  number  of  SNPs  are  available  in  the 
eastern  oyster  (Crassostrea  virginica).  In  this  study,  we  used  a 
bioinformatics  strategy  to  discover  SNPs  within  an  eastern  oyster 
EST  database.  A  collection  of  >9.0()0  eastern  oyster  ESTs  was 
downloaded  from  GenBank  and  assembled  into  602  contiguous 
sequences  (contigs).  The  contigs  were  then  visually  inspected  to 
identify  SNPs  with  high  minor  allele  frequencies  and  good  Hank- 
ing sequences.  A  total  of  206  candidate  SNPs  from  100  genes  were 
identified  and  characterized.  Polymorphism  mformation  content 
for  the  SNPs  ranged  from  0.1  I  to  0.50.  They  are  being  validated 
and  mapped  in  the  eastern  oyster. 

EFFFXTS  OF  THE  DINOFLAGELLATE  KARENIA  BRFA'IS 
ON  LARVAL  DEVELOPMENT  IN  THREE  SPECIES  OF 
BIVALVE  MOLLUSC  FROM  FLORIDA.  .lav  R.  Leverone  ', 
Norman  J.  Blake'  and  Sandra  E.  Shumway'.  'Mote  Marine 
Laboratory;  University  of  South  Florida.  "University  of  South 
Florida,  ""University  of  Connecticut!.  Grolon,  CT. 

The  effects  of  Karenia  brevis  (Wilson  clone)  on  larval  survival 
and  development  of  the  bay  scallop.  Argopccten  irradians.  north- 
ern quahog.  Menenaria  inercenaria.  and  eastern  oyster.  Crassos- 
trea i'irgiiiica.  were  studied  in  the  laboratory.  Larvae  were  exposed 
to  cultures  of  whole  and  lysed  cells,  with  mean  total  brevetoxin 
concentrations  of  53.8  and  68.9  p-g  •  L"',  respectively.  Survival  of 
early  (3-day-old)  larvae  was  generally  over  85%  for  all  shellfish 
species  at  A',  brevis  densities  of  100  cells  ■  mP'  or  less,  and  not 
significantly  different  between  whole  and  lysed  culture.  At  1.000 
cells  •  ml"',  survival  was  significantly  less  in  lysed  culture  than 
whole  culture  for  both  M.  inercenaria  and  C.  virginica.  Survival  of 
late  (7-day-oldl  larvae  in  all  three  species  was  not  significantly 
affected  by  K.  brevis  densities  of  1.000  cells  •  mP'  or  less.  At 
5.000  cells  •  ml"',  however,  survival  was  reduced  to  37,  26  and 
19%  for  A.  irradians.  M.  mercenaria  and  C.  virginica.  respec- 
tively. Development  of  C  virginica  and  M.  inercenaria  larvae  was 
protracted  at  K.  brevis  densities  of  1,000  cells  •  mP'  and  greater. 
These  results  suggest  that  blooms  of  K.  brevis.  and  particularly 
their  associated  brevetoxins,  may  have  detrimental  consequences 
for  Florida's  shellfisheries  by  disrupting  critical  larval  processes. 
Special  attention  should  be  paid  to  blooms  of  K.  brevis  where  these 
shellfish  naturally  occur  or  where  aquaculture  and  restoration  ac- 
tivities are  either  ongoing  or  planned. 

RESPONSE  OF  BAY  SCALLOP  POPULATIONS  TO  LAR- 
VAL RELEASES  AND  AN  UPDATE  ON  CURRENT  RES- 
TORATION ACTIVITIES  IN  PINE  ISLAND  SOUND.  FL. 
Jay  R.  Leverone'.  Stephen  P.  Geiger",  William  S.  Arnold"  and 
Jaime  M.  Greenavvalt'.  'Mote  Marine  Laboratory.  University  of 
South  Florida.  "Florida  Fish  and  Wildlife  Research  Institute, 
""Sanibel-Captiva  Conservation  Foundation. 

In  2003,  we  undertook  a  novel  restoration  approach  to  enhanc- 
ing bay  scallop  populations  in  Pine  Island  Sound,  Florida.  This 
approach  involved  releasing  competent,  late-stage  larvae  into  con- 


tainment booms,  which  isolated  the  water  column,  thereby  pre- 
venting the  larvae  from  excessive  dispersion.  Three  booms  were 
used  for  larval  releases  and  an  additional  boom  served  as  a  control 
(no  larvae  added).  Larval  settlement  and  juvenile  recruitment  were 
monitored  throughout  the  following  year.  Scallop  spat  recruited  to 
artificial  substrates  in  all  three  treatments.  Juvenile  scallops,  sur- 
veyed in  Feb  2004,  were  found  at  all  treatment  locations  while 
being  absent  from  the  control.  Adult  scallops,  surveyed  in  July 
2(HU.  were  two  orders  of  magnitude  greater  at  the  restoration  site 
than  the  resident  scallop  population  within  Pine  Island  Sound. 
Adult  scallops  were  again  surveyed  in  June  2005.  That  year,  the 
entire  survey  area  experienced  a  100- fold  increase  in  bay  scallops 
from  the  previous  year.  Pine  Island  Sound  had  the  highest  abun- 
dance of  bay  scallops  than  any  other  Florida  estuary  in  2005.  These 
results  demonstrate  that  contrt)lled  release  of  competent  larvae  is  a 
viable  method  for  ultimately  restoring  hay  scallop  populations  in 
Pine  Island  Sound.  This  fall,  our  restoration  efforts  expanded  to 
South  Pine  Island  Sound,  a  region  that  has  also  experienced  re- 
duced scallop  densities  over  the  past  several  decades.  We  will 
discuss  some  of  the  potential  problems  associated  with  restoration 
success  at  this  location,  including  freshwater  inputs  and  reduced 
salinity.  We  are  also  conducting  or  planning  larval  releases  in  three 
other  Florida  Gulf  Coast  esttiaries  (Sarasota  Bay.  Boca  Ciega  Bay 
and  St.  Andrews  Bav)  dtiriuL'  2005-2006. 


CHARACTERIZATION  OF  NRAMP  IN  PERKINSUS  MARI- 
NUS  AND  CRASSOSTREA  VIRGINICA.  Zhouer  Lin',  Jose 
A.  F.  Robledo'.  Gwendolyn  Mullen"  and  Gerardo  R.  Vasta'. 

'COMB.  UMBI,  University  of  Maryland.  Bahimore.  MD  21202. 
USA.  "Morgan  State  University  Graduate  School  Science  Educa- 
tion. 

Nramp  (natural  resistance-associated  macrophage  protein)  is  a 
divalent  cation  transporter  demonstrated  to  be  a  determinant  of 
resistance/susceptibility  to  intracellular  pathogens  by  preventing 
pathogens  from  acquiring  divalent  metals.  Reciprocally,  most 
parasites  have  developed  efficient  mechanisms  for  metal  acquisi- 
tion from  their  hosts.  After  characterizing  Nramp  in  the  oyster 
parasite.  Perkinsns  iiiariniis  {PinNrainpl).  we  identified  two  addi- 
tional Nramp  species  in  our  ongoing  Perkinus  genome  project 
(http://www.tigr.org/tdb/e2kl/pmg/.  Microbial  Genome  Initiative. 
NSF).  Neither  intron  boundaries  nor  intron  numbers  appear  to  be 
conserved:  7.  at  least  4.  and  13  introns  in  PmNrampl.  PinNrainpl, 
and  PinNranipS.  respectively.  PinNrainpl  and  PinNrainpl  are 
more  similar  between  them  than  with  respect  to  PinNrampJ,  so  far 
PinNrainpl  and  PmNrampi  appear  to  have  a  TATA-less  promoter 
and  the  three  PinNrainp  are  expressed  in  P.  marinus  cultured  tro- 
phozoites. We  have  found  several  polymorphic  sites  in  PmNrampl 
and  we  are  assessing  their  potential  contribution(s)  as  virulence 
factors  in  the  protozoan-oyster  interaction.  We  are  also  character- 
izing Crassostrea  virginica  Nramp  (CvNramp);  CvNramp  mes- 
sages were  identified  in  samples  from  heinocytes.  mantle,  gill. 
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muscle,  and  heart.  Functional  and  imniunolocalization  studies  of 
PmNramp  and  CvNranip  are  underway  (Supported  by  Grant  ICB- 
0321417.  NSF). 


HYBRIDIZATION  BETWEEN  TWO  GENERA  OF  CLAMS, 
SPISULA  SOLIDISSIMA  AND  MVUNI.A  lATERALIS,  AND 
EARLY  GROWTH  TRIALS.  Scott  Lindell.  Bethany  Walton, 
Janice  Simmons  and  Steven  Roberts.  Marine  Biological  Labo- 
ratory. Woods  Hole.  MA. 

The  Atlantic  surfclam  (Spisiila  solidissiina)  and  the  coot  clam 
(Mtiliitia  lateralis)  occupy  different  habitat  niches  along  the  east- 
ern North  American  seaboard.  The  Atlantic  surfclam  supports  a 
multi-million  dollar  fishery  and  has  been  the  subject  of  pilot-scale 
commercial  aquaculture.  Among  the  interesting  properties  of  the 
coot  clam  that  have  made  it  useful  to  biologists  are  its  ease  of 
culture,  short  generation  time,  and  high  reproductive  rate.  Despite 
their  apparent  geographic  and  reproductive  isolation  we  have 
cross-bred  these  two  species  in  the  lab.  Larvae  of  coot  clams  and 
both  hybrids  iSpistila  eggs  x  Mulinia  sperm  and  Miiliiiia  eggs  x 
Spisala  sperm)  metamorphosed  at  10  days  at  20''C  and  were  then 
reared  on  set  screens  and  in  sand  substrate.  Results  of  the  first  four 
months  of  growth  of  the  hybrids  and  A7.  lateralis  will  be  presented 
here.  We  also  present  information  about  genetic  markers  for  dis- 
tinguishing hybrids  from  their  parents.  The  results  have  implica- 
tions for  reassessing  the  taxonomy  of  mactrid  clam  species,  and 
may  hold  promise  for  a  new  at|uaculture  candidate. 


ECONOMIC  CONSIDERATIONS  REGARDING  THE  RES- 
TORATION OF  CHESAPEAKE  BAY  OYSTER  POPULA- 
TIONS USING  NATIVE  OR  NON-NATIVE  SPECIES.  Doug- 
las Lipton,  Tom  Murray,  and  James  Kirkley 

The  stated  goal  of  the  Environmental  Impact  Statement  related 
to  Crassoslrea  ariakensis  introduction  in  the  Chesapeake  Bay  is  to 
restore  the  population  to  a  level  that  could  sustain  a  fishery  equiva- 
lent to  average  landings  from  1920-1970.  Given  the  changing 
market  for  oysters  on  both  the  supply  and  demand  side,  it  is  un- 
likely that  a  fishery  of  this  size,  about  4.9  million  bushels  per  year, 
is  economically  feasible.  We  suggest  that  a  fishery  is  more  likely 
sustainable  at  about  2.6  million  bushels.  In  addition  to  the  com- 
mercial oyster  fishery  there  are  a  variety  of  other  costs  and  benefits 
related  to  a  restored  oyster  population.  The  benefits  of  a  restored 
oyster  population,  given  cunent  knowledge,  appear  to  be  similar 
whether  they  are  based  on  the  native  C.  virginica  or  the  introduced 
C.  ariakensis.  Thus,  the  major  differences  between  the  competing 
options  of  allowing  or  not  allowing  an  introdtiction  of  a  reproduc- 
ing population  of  C.  ariakensis  appears  to  be  a  risk-time  trade-off 
The  paper  discusses  the  components  of  this  risk-time  trade-off  in 
terms  of  market  and  non-niarkel  benefits  and  costs. 


DOES  PERKINSUS  MARINUS  SECRETE  EICOSANOIDS? 
Eric  D,  Lund,  Fu-Lin  E.  Chu  and  Ellen  Harvey.  Virginia  Insti- 
tute of  Marine  Science.  College  of  William  and  Mary.  Gloucester 
Point.  VA  23062. 

Perkinsiis  marimis,  a  protozoan  parasite  of  the  Eastern  oyster. 
Crassostrea  virginica,  causes  high  mortalities  in  its  host  along  the 
Atlantic  and  Gulf  coasts  of  North  America.  Several  virulence  fac- 
tors of  P.  marimts  have  been  identified,  but  the  mechanisms 
whereby  P.  mariuus  overwhelms  the  host  immune  response  remain 
poorly  understood.  One  class  of  virulence  factors  that  has  been 
identified  in  several  protozoan  parasites  of  mammals  is 
eicosanoids.  oxygenated  metabolites  of  fatty  acids.  Previously  we 
have  demonstrated  that  P.  marimis  synthesizes  a  wide  array  of 
saturated,  monounsaturated  and  polyunsaturated  fatty  acids,  in- 
cluding arachidonic  acid,  a  precursor  to  several  eicosanoids  in- 
cluding prostaglandins  D,,  E-,  and  F,,,.  To  determine  if  P.  marinas 
produces  eicosanoids  in  vitro  meronts  were  cultured  in  a  defined, 
lipid-free  medium  supplemented  with  cholesterol  and  screened  for 
eicosanoids.  GC/MS  analysis  of  a  derivatized  extract  of  4  x  lO*"  P. 
marinas  meront  cells  revealed  a  peak  with  a  spectrum  similar  to 
that  of  derivatized  prostaglandin  D-,  (PG  D^).  but  no  other  deriva- 
tized eicosanoids  were  detected.  Subsequent  enzyme  immunoassay 
(EIA)  analyses  of  medium  from  P.  marinas  meront  cultures  (5-7 
X  10^  cells/ml)  confirmed  the  presence  of  PG  D^  at  concentrations 
between  40  and  140  pg/ml.  These  levels  are  comparable  to  those 
reported  in  the  literature  for  Trypanosoma  and  Plasmodium  spe- 
cies. The  function  of  PG  D-,  secreted  by  P.  marinas  is  not  cuirently 
known.  However,  prostaglandins  synthesized  by  protozoan  para- 
sites of  mammals  have  been  shown  to  be  immunosuppressive.  This 
study  was  supported  by  a  grant  from  the  Metabolic  Biochemistry, 
MCB  Division  (MCB-031  lOS).  National  Science  Foundation. 


ENERGY  AND  PROTEIN  REQUIREMENTS  FOR  MAIN- 
TENANCE AND  GROWTH  IN  THE  SEA  URCHIN  iPARA- 
CENTROTUS  LIVIDLS).  Ingrid  Lupatsch,  Esther  Golonibek 
and  Muki  Shpigel,  National  Center  for  Manculture  Eilat  Israel. 

A  novel  approach  to  determining  the  protein  and  energy  re- 
quirements in  sea  urchins  is  described  here  quantifying  the  require- 
ments for  energy  and  protein  as  the  sum  of  the  daily  requirements 
for  maintenance  and  growth.  Two  growth  trials  of  each  91  and  95 
days  were  performed  at  average  temperatures  of  22°C  using  sea 
urchins  of  6.8  g  and  12.4  g,  respectively.  The  digestibility  of  the 
formulated  diet  was  determined  beforehand  to  contain  190  mg 
digestible  protein  and  14.4  kJ  digestible  energy  per  g  feed.  The 
requirement  of  digestible  energy  and  protein  for  maintenance  and 
growth  were  determined  by  feeding  Paracentrotas  lividns  increas- 
ing levels,  starting  at  zero  and  going  up  to  apparent  maximum  feed 
intake.  Total  energy  and  protein  gain  in  the  urchins  were  measured 
by  comparative  slaughter  technique.  Protein  content  of  whole  live 
animals  ranged  from  3.7%  initially  up  to  6.0*  at  the  maximum 
feeding  level  corresponding  to  a  gonadosomalic  index  (wet/wet)  ol 
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3.0  to  25.0  respectively.  The  relationship  between  digestible  en- 
ergy intake  and  energy  gain  was  linear  and  the  resulting  slope 
describes  the  partial  efficiency  by  the  sea  urchin  for  energy  depo- 
sition. The  digestible  energy  requirement  for  maintenance  was 
calculated  to  be  32.8  J/g  urchin  /  day  and  for  digestible  protein 
0.56  mg/g  urchin  /day.  The  partial  efficiency  of  utilization  lor 
growth  was  0.25  and  0.39  for  digestible  energy  and  digestible 
protein  respectively.  Using  these  values  together  with  a  suitable 
growth  prediction  allow  optimi/ation  of  feeds  to  contain  the  proper 
energy  to  protein  ratio  lor  P.  liviiliis. 


QUANTIFICATION  OF  QUAHOG  PARASITE  UNKNOWN 
(QPX)  IN  ENVIRONMENTAL  SAMPLES.  M.  Maille  Ly- 
ons', Steven  Roberts".  Chris  Dungan'.  Roxanna  Smolowitz'' 
and  J.  Evan  Ward'.  'University  of  Connecticut.  1080  Shennecos- 
sett  A\'e.  Groton.  CT.  "Marine  Biological  Laboratory.  Woods 
Hole,  MA.  'Maryland  Department  of  Natural  Resources. 

Quahog  Parasite  X  (QPX)  is  a  pathogen  of  the  bivalve  mollusc. 
Mercenaria  inercenaria.  (northern  quahog  or  hard  clam).  The  ob- 
jective of  this  study  was  to  develop  and  validate  a  quantitative 
polymerase  chain  reaction  (qPCR)  assay  that  is  sensitive  and  spe- 
cific for  detection  of  the  QPX  parasite  in  experimental  and  envi- 
ronmental samples.  Unique  aspects  of  this  qPCR  assay  develop- 
ment include  quantifying  the  serial  dilutions  of  QPX  cells  before 
DNA  extraction  to  calibrate  standard  curves  to  cell  counts  and  the 
targeting  of  a  novel  potassium  channel  gene  for  amplification. 
Sensitivity  was  evaluated  with  serial  dilutions  of  cultured  cells  to 
determine  the  lowest  concentration  of  DNA  that  remained  detect- 
able in  the  presence  and  absence  of  potential  inhibitory  environ- 
mental compounds.  Based  on  our  results,  the  qPCR  assay  can 
effectively  quantify  QPX  within  the  range  of  one  to  several  thou- 
sand organisms.  Specificity  was  assessed  by  testing  29  thraus- 
tochytrid-like  protist  strains  isolated  from  oysters  {Cras.'^o.strea  vir- 
ginica,  Crasso.'itrea  ariakensis).  softshell  clams  {Mya  arenarin)  or 
quahogs  (M.  mercenaria)  from  Virginia.  Chesapeake  Bay.  China, 
or  Oregon.  This  technique  will  provide  a  valuable  tool  for  char- 
acterizing QPX  abundances  in  coastal  environments  and  for  im- 
proving QPX  disease  diagnoses  in  clams. 


of  commercial  harvesting,  rapid  coastal  development,  and  disease 
epidemics  {Pcrl<insiis  luarinus  and  Haplosporidiiiiii  nclsoni).  Spat 
abundance  is  not  the  limiting  factor  (settlement  rates  up  to  204.700 
nr );  rather  it  is  the  availability  of  cultch.  Southeastern  estuaries  are 
dominated  by  muddy  substrates  with  oyster  reefs  forming  the  only 
hard  substrate.  The  insufficient  return  of  shell  has  been  detrimental 
to  sustaining  oyster  populations.  The  purpose  of  this  study  was  to 
determine  an  optimal  cultch  material  and  design  for  oyster  resto- 
ration in  this  en\'ironment.  Fresh  oyster  shell,  old  washed  oyster 
shell,  and  whelk  shell  were  separately  placed  into  crab  traps  and 
plastic  mesh  bags.  Spat  collection  sticks  (PVC  lubes  embedded 
with  calcium  carbonate  chips)  were  aixanged  in  densities  of  81  m" 
and  25  nr.  Treatments  were  placed  in  the  Duplin  River.  Sapelo 
Island  in  April  2004.  Oyster  reef  acreage  in  this  area  decreased 
from  8.9  ha  in  1 89 1  to  4.3  ha  by  2000.  Mean  annual  oyster  grow th 
and  mortality  rates  were  assessed  for  each  treatment  after  a  one- 
year  period.  The  collection  sticks  in  the  81  ni"  treatment  performed 
best  (mean  annual  growth  rate:  77.09  mm/year,  mortality:  3.467  ± 
1.423  9r).  Structures  with  higher  vertical  placement  reduce  com- 
plications associated  with  high  siltation  rates  and  may  provide 
areater  surface  area  for  larval  attachment. 


AGE-SPECIFIC  MORTALITY  RATES  AND  CAUSES  OF 
MORTALITY  IN  NATURAL  OYSTER,  CRASSOSTREA 
VIRGINKA,  POPULATIONS.  Roger  Mann.  Melissa  South- 
worth,  Juliana  M.  Harding  and  Ryan  Carnegie.  Virginia  Insti- 
tute of  Marine  Science. 

There  are  very  few  estimates  of  natural  mortality  rates  in  natu- 
ral populations  of  oysters,  Cras.'iostrea  virginica.  (as  opposed  to 
abundant  estimates  from  culture  and  tray  type  experiments).  We 
offer  two  methods  to  estimate  natural  mortality  rates  overextended 
periods  and  multiple  reefs  systems  for  populations  in  the  James 
River,  VA  under  varying  disease  challenges.  We  con\ert  size  spe- 
cific live  and  box  data  to  age  specific  demographics,  and  then 
generate  estimates  of  age  specific  mortality  from  either  box  ratio 
(#box  /  (#box  -I-  #live))  or  inverse  survivor  ratios  (Live(t)  -  Live 
(t  -I-  1  )/Live  (t)).  These  are  presented  and  compared  with  respect  to 
oyster  population  density,  prevalence  and  intensity  data  for  Perk- 
insiis  marinus.  and  river  flow  data  as  a  surrogate  for  salinity. 


EVALUATION  OF  ARTIFICIAL  REEF  DESIGN  FOR  OYS- 
TER HABITAT  RESTORATION  IN  GEORGIA.  Justin  Man- 
ley'.  Randal  L.  Walker',  Alan  Power',  Dorset  Hurley", 
Mathew  Gilligan'  and  Joseph  P.  Richardson'.  'University  of 
Georgia  Marine  Extension  Service,  20  Ocean  Science  Circle,  Sa- 
vannah, GA  31405,  "Sapelo  Island  National  Estuarine  Research 
Reserve,  'Savannah  State  University. 

The  eastern  oyster.  Crasso.strea  virginica.  is  a  common  estua- 
rine species  along  the  eastern  seaboard  of  the  United  States  and 
forms  dense  intertidal  fringing  reefs  in  coastal  Georgia.  Oyster  reef 
acreage  has  decreased  in  Georgia  over  the  last  century  as  a  result 


YOU  CANNOT  GET  THERE  FROM  HERE.  CAN  YOU?  AN 
EXAMINATION  OF  THE  TIME  COURSE  AND  IMPACT 
OF  OYSTER  RESTORATION  IN  CHESAPEAKE  BAY. 
Roger  Mann,  Juliana  M.  Harding  and  Melissa  Southworth. 

Virginia  Institute  of  Marine  Science. 

While  restoration  of  the  oyster  resource  of  the  Chesapeake  Bay 
is  supported  by  extensive  research  and  "on  the  ground"  efforts 
there  has  been  a  reluctance  to  estimate  a  realistic  time  course  for 
achieving  both  restoration  goals  and  eventual  magnitude  of  im- 
pacts on  ecological  processes,  water  quality  and  support  of  com- 
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mercial  fisheries  (noting  that  these  may  ncit  be  equivalent).  Fun- 
damental aspects  of  oyster  biology  dictate  that  such  estimates  will 
have  similar  limitations  no  matter  what  species  (singular  or  plural, 
native  or  non-native)  is  considered.  We  tiescribe  the  current  state 
of  knowledge  of  stock-recruit  relationships,  annual  replacement 
ratios,  growth  rates,  age-specific  mortality  rates  in  relation  to  den- 
sity and  disease  pressure,  and  available  habitat  to  provide  upper 
and  lower  estimates  of  time  to  stable  terminal  can-ying  capacity 
(with  implications  for  ecological  services  and  water  quality)  and 
potential  harvest  for  commercial  purposes. 

CONDITION  INDICES  OF  THE  EASTERN  OYSTER  AND 
REEF  CHARACTERIZATION  AS  RELATED  TO  WATER 
QUALITY  IN  THREE  TIDAL  CREEKS.  Anne  L.  Markwith, 
Martin  H.  Posey  and  Troj  D.  Alphin.  UNC-Wilmington.  Center 
for  Marine  Science.  5600  Marvin  K.  Moss  Lane.  Wilmington.  NC 
28409. 

The  eastern  oyster  iCrassostrca  virsiinica)  is  an  ecologically 
and  commercially  important  species,  providing  a  series  of  ecosys- 
tem functions  (erosion  control,  filtration,  habitat  nutrient  cycling). 
This  study  focuses  on  the  dynamic  interaction  between  oysters  and 
water  quality.  Through  filtration  and  increased  sedimentation  oys- 
ters have  been  shown  to  reduce  particulate  load  in  the  water  col- 
umn. However,  oyster  condition  and  health  are  also  closely  linked 
to  water  quality  conditions,  especially  total  suspended  solids  (TSS) 
and  sedimentation  rates.  We  expect  to  see  a  correlation  between 
the  general  background  water  quality,  general  oyster  reef  charac- 
teristics (density,  percent  cover,  size  demography,  and  rugosity) 
and  measures  of  oyster  condition,  such  as  soft  tissue  dry  weight, 
volume,  and  shell  characteristics.  Data  was  collected  during  two 
sampling  periods  in  three  tidal  creeks  in  southeast  North  Carolina 
that  vary  in  background  water  quality  characteristics.  Sampling 
occuiTed  during  summer  (July/August)  2005  and  during  winter 
(December  2005/January  2006).  All  sampling  was  conducted  in 
the  middle  section  of  the  creeks,  where  tidal  regime  and  salinity 
were  similar  among  sites.  Condition  index  was  perforined  on  fif- 
teen randomly  selected  oysters  in  two  different  size  ranges  per 
creek  using  Hopkins"  formula:  C.I.  =  (weight  of  dry  tissue)!  100)/ 
(internal  shell  voluir)e).  Water  quality  data  and  information  on 
watershed  development  was  provided  by  a  long  term  monitoring 
project.  It  was  hypothesized  that  the  healthier  oysters  would  be 
found  in  the  creeks  with  the  historically  better  water  quality  levels. 
Preliiuinary  analysis  of  the  data  from  the  creeks  however  does  not 
support  the  hypothesis. 

CONDITION  INDEX  OF  SURFCLAMS  (SPISVLA  SOLIDIS- 
SIMA )  IN  THE  MID-ATLANTIC  BICHT.  Rebecca  J.  Marzec, 
Yungkul  Kim  and  Eric  N.  Powell.  Haskin  Shellfish  Research 
Laboratory.  Rutgers  University. 

Scientists  from  the  Haskin  Shellfish  Research  Laboratory  and 
National  Marine  Fisheries  Service-Northeast  Fisheries  Science 
Center  conducted  a  survey  of  surf  clam  {Spisiila  soliilissinui) 


stocks  in  an  area  troiii  northern  New  Jersey  to  southern  Virginia 
during  June  and  July  of  2004  in  order  to  evaluate  the  progress  of 
mortality,  apparently  related  to  warming  of  the  Mid-Atlantic 
Bight.  One  component  of  the  survey  was  the  measurement  of 
condition  index  at  104  locations  from  Delmarva  to  Long  Island. 
The  program  followed  a  pilot  study  in  2002  that  suggested  that  surt' 
clam  mortality  off  Delmarva  was  likely  caused  by  warmer  tem- 
peratures decreasing  feeding  and  subsequently  leading  to  starva- 
tion. All  sampling  was  conducted  aboard  the  f/V  Lisa  Kim.  a 
commercial  clammer.  Condition  index  was  highest  inshore,  with 
the  exception  of  a  few  of  the  most  inshore  stations,  and  lowest  at 
the  offshore  edge  of  the  clam's  range.  An  estimate  of  meat  weight 
for  a  standard  1 20-mm  clam,  from  site-specific  length-weight  re- 
gressions, revealed  that  the  animals  near  the  center  of  the  inshore- 
offshore  distribution  had  a  greater  weight  for  a  given  length  than 
those  living  at  the  edges  of  the  clam's  range,  probably  due  to  the 
influence  of  temperature  on  feeding  and  growth.  Low  condition  in 
the  extreme  inshore  locations  suggests  that  warmer  temperatures 
continue  to  negatively  affect  surf  clam  nutrition  and  indicate  the 
continued  susceptibility  of  clams  along  the  southern  and  inshore 
boundary  to  warming  in  the  Mid-Atlantic  Bight. 


FOULING  CONTROL  FOR  OFF-BOTTOM  OYSTER  CUL- 
TURE USING  THE  AD.IUSTABLE  LONGLINE  SYSTEM. 
Vanessa  Maxwell  and  John  Supan.  Louisiana  Sea  Grant  Devel- 
opment Program.  Sea  Grant  Bldg..  Louisiana  State  University. 
Baton  Rouge.  LA  70803. 

The  Eastern  oyster.  Crassosrrea  virginica.  is  an  important  com- 
mercial species  in  Louisiana.  The  production  of  oysters  from  Loui- 
siana has  decreased  due  to  predation.  habitat  destruction,  disease, 
and  the  moratorium  on  leases.  Off-bottom  culture  may  be  a  fea- 
sible alternative  to  increase  production,  but  fouling  organisms, 
such  as  barnacles  and  bryozoans.  can  obstnict  mesh  openings, 
reducing  growth  and  survival,  and  increasing  maintenance.  The 
Adjustable  Longline  System  (ALS).  commercially  used  in  Austra- 
lia, allows  the  oysters  to  be  held  at  various  depths  to  control  culture 
conditions.  This  study  used  the  ALS  to  detennine  a  method  of 
controlling  biofouling  by  measuring  1 )  growth.  2)  survival,  and  3) 
fouling.  At  the  Sea  Grant  Grand  Isle  Oyster  Hatchery,  the  ALS 
was  used  to  test  4  different  treatments:  a)  weekly  aerial  drying:  b) 
a  monthly  brine  dip:  c)  daily  exposure  at  low  tide;  and.  d)  a  no 
treatment  control.  Shell  height  was  measured  monthly.  Fouling 
was  measured  monthly  by  counting  organisms  on  ceramic  tiles 
held  on  longline  cable  alongside  oyster  bags.  Total  louhng  on  the 
oysters  was  measured  by  volume  at  harvest.  Oysters  reached  the 
legal  market  size  of  76  mm  using  the  ALS  within  1 2  months. 
Weekly  aerial  drying  had  less  fouling  than  the  either  the  control  or 
brine  dip  treatments.  The  low-tide  treatment  had  the  least  fouling, 
but  the  slowest  growth  rate.  The  efficient  treatment  was  weekly 
aerial  drying. 
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DERMO  DISEASE  IN  STANDARD  AND  DISEASE- 
TOLERANT  STRAINS  OF  THE  OYSTER  (CRASSOSTREA 
VIRGINICA)  IN  THE  PATUXENT  RIVER.  MD.  Carol  B.  Mc- 
Collough',  Christopher  F.  Diingan'   and  George  R.  Ahhe'. 

'Maryland  DNR.  Fisheries  Ser\ice.  Ccioperalive  Oxford  Labora- 
tory. 904  S.  Morris  Street.  Oxford.  MD  216.54.  "Morgan  State 
University.  St.  Leonard.  MD  2068,'i. 

Disease-tolerant  strains  of  the  eastern  oyster  may  be  of  xaliie  in 
population  restoration  efforts  if  they  outperform  the  standard  strain 
in  survival  and  growth.  Dermo  disease  measures  in  two  disease- 
tolerant  strains.  DEBY  and  CROSBreed,  were  compared  to  those 
in  standard  oysters  deployed  along  a  salinity  gradient  in  the  Patux- 
ent  River.  In  September  2003  tolerant  strains  were  deployed  at  a 
size  of  3-4  mm;  standards  were  deployed  at  16  mm.  Whole  body 
burden  dermo  disease  assays  were  conducted  monthly  from  the 
time  of  deployment.  Salinities  were  depressed  in  2003  due  to 
above  average  freshwater  inflows.  During  2004  and  2005.  flows  in 
the  Patuxent  River  returned  to  normal  ranges.  Perkinstis  sp.  infec- 
tions were  detected  in  all  strains  at  all  sites  during  2004.  Typical 
seasonal  patterns  in  prevalence  developed  during  both  2004  and 
2005.  Mean  sample  body  bmdens  from  all  strains  rarely  exceeded 
30  parasites/gm  tissue  wet  weight,  and  were  typically  less  than 
one.  except  at  the  downriver  site  in  September  2005  where  body 
burdens  in  standards  and  DEBYs  reached  and  exceeded  10"  para- 
sites/g.  DEBYs  exhibited  delayed  or  depressed  prevalence  peaks 
compared  to  CROSBreeds  and  standards  at  all  sites  during  the 
second  year;  however,  prevalences  in  this  strain  were  not  consis- 
tently lower  than  both  the  others,  except  at  the  mid-ri\'er  site.  At 
this  time,  strong  differences  in  disease  progression  between  strains 
are  not  apparent,  but  may  develop  during  the  third  year  as  these 
experimental  oysters  endure  further  disease  pressure  as  they  grow 
to  market  size. 


RESEARCH  PROGRESS  ON  WHITE  ABALONE  (MALI- 
OTIS  SORENSENI).  Thomas  B.  McCoriiikk,  Channel  Islands 
Marine  Resource  Institute. 

White  abalone  (Haliotis  .soren.seni).  a  large  gastropod  mollusc 
in  the  family  Haliotidae.  was  once  found  in  rocky  subtidal  ocean 
waters  off  the  west  coast  of  North  America  from  Point  Conception 
in  California,  south  to  Punta  Abreojos.  Baja  California.  Mexico. 
Long  recruitment  intervals,  site  fidelity,  fishing,  poaching,  disease, 
and  habitat  change  have  contributed  to  its  decline.  Surveys  of 
historic  habitat  in  the  1990s  indicated  that  population  densities  had 
dropped  to  less  than  0.1'*-  of  the  estimated  pre-exploilation  popu- 
lation size.  A  status  review  led  to  a  2001  listing  of  the  white 
abalone  as  the  first  endangered  marine  invertebrate  under  the  En- 
dangered Species  Act  of  1976  (66  FR  290531.  A  cooperative  pro- 
gram of  research  is  now  providing  information  many  aspects  of 
white  abalone  bioloav.  Larce-scale  cultisation  of  hatchery-raised 


white  abalone  is  providing  an  opportunity  to  study  all  life  stages  of 
this  mvertebrate.  This  presentation  will  provide  a  summary  of 
research  on  age  at  first  sexual  matiualion.  optimal  cultivation  tem- 
perature, density,  and  diet.  Behavioral  studies  suggest  that  white 
abalone  are  capable  of  rafting  on  macroalgae.  and  may  have  far 
greater  dispersal  capabilities  than  previously  thought. 


USE  OF  A  BIOENERGETICS  MODEL  TO  INVESTIGATE 
THE  HABITAT  USE  AND  BEHAVIOR  OF  A  NONINDIG- 
ENOUS  CRAB,  C.ARCINVS  MAEN.\S.  P.  Sean  McDonald'. 
Kirstin  K.  Holsnian'.  David  A.  Beauchamp'.  Brett  R.  Duni- 
bauld"  and  David  A.  Armstrong'.  'University  of  Washington, 
SAFS.  -USDA.  Agricultural  Research  Service. 

We  developed  an  indi\idual-based  bioenergetics  model  to  in- 
vestigate habitat  use  and  migration  behavior  of  non-indigenous 
European  green  crab  (Carcinns  ntaeiias)  in  Willapa  Bay.  Wash- 
ington. USA.  The  model  was  parameterized  using  existing  studies 
and  applied  to  four  scenarios  of  habitat  use  and  behavior  during  a 
214-day  simulation  period  (April-October),  including  crabs  occu- 
pying ( 1 )  sublittoral  habitat.  (2)  sublittoral  habitat  but  undertaking 
intertidal  migrations  (3)  mid-littoral  habitat,  and  (4)  high  littoral 
habitat.  Monthly  trapping  was  done  along  an  intertidal  gradient  to 
determine  the  distribution  of  crabs  for  the  same  time  interval  as  the 
simulation  period,  and  we  compared  model  results  to  the  observed 
pattern.  Model  estimates  suggest  no  intrinsic  energetic  incentive 
for  crabs  to  occupy  littoral  habitats  since  metabolic  costs  were 
~60f  higher  for  these  individuals  than  their  sublittoral  counterparts. 
Crabs  in  the  littoral  simulations  were  also  less  efficient  at  convert- 
ing consumed  energy  mto  growth  than  sublittoral  crabs,  yet  trap- 
ping revealed  abundant  C.  niaenas  in  mid-littoral  habitats  of  Wil- 
lapa Bay  and  no  evidence  of  resident  sublittoral  populations.  The 
discrepancy  intimates  the  significance  of  interspecific  interactions 
that  are  not  incorporated  into  the  model  but  nonetheless  increase 
metabolic  demand.  Agonistic  encounters  with  native  Dungeness 
crabs  {Cancer  nui.i^ister)  may  be  chief  among  these  added  costs, 
and  C.  maenas  may  largely  avoid  interactions  by  remaining  in 
littoral  habitats  neglected  by  native  crabs.  We  suggest  that  C. 
niaenas  in  Willapa  Bay  occupy  tidal  elevations  that  minimize  en- 
counters, and  thus  metabolic  costs,  while  simultaneously  maximiz- 
ing submersion  time  and  foraging  opportunities. 


DISTRIBUTION  AND  QUANTIFICATION  OF  MULTI- 
XENOBIOTIC  RESISTANCE  PROTEINS  IN  THE  SEA  UR- 
CHIN. UTECHINUS  ANAMESUS.  Nature  A.  McGinn  and 

Gary  N.  Cherr.  University  of  California-Davis.  Bodega  Marine 
Laboratory.  P.O.  Box  247,  Bodega  Bay,  CA  94923. 

Multixenobiotic  resistance  (MXR)  is  an  efflux  mechanism  that 
uses  transport  proteins  to  remove  foreign  chemicals  and  waste 
products  from  cells.  A  taxonomically  diverse  group  of  marine 
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organisms  express  MXR  transport  proteins  and  in  many  larval 
forms,  MXR  appears  to  be  a  first  line  of  defense  against  natural 
toxins  and  containinants.  Research  has  shown  that  marine  species 
express  transport  proteins  similar  to  mammalian  P-glycoprotein 
(P-gp)  and  multi-drug  resistance-associated  proteins  (MRPs). 
MXR  proteins  are  fotind  in  nmlluscan  gills  where  MXR  also  ap- 
pears to  play  a  protective  role.  However,  few  studies  have  exam- 
ined other  adult  tissues  in  marine  species  for  expression  of  MXR 
proteins.  In  mammals,  homologous  multidrug  resistance  (MDR) 
proteins  occur  in  tissues  with  important  protecti\e  functions  in- 
cluding the  blood  brain  banier  and  placenta.  In  this  study,  we  are 
using  the  sea  urchin.  Lxlcchiniis  aminiesKS.  to  investigate  the  ex- 
pression and  potential  function  of  M.XR  transport  proteins  in  an 
adult  model  marine  organism.  Preliminary  Western  blot  analysis 
with  a  monoclonal  antibody  indicates  expression  of  P-gp  in  adult 
sea  urchin  tissues  including  gonads  and  coelomocytes.  We  are 
surveying  adult  tissues  including  gonads,  gut.  tube  feet,  and  co- 
elomocytes as  well  as  major  developmental  stages  for  expression 
of  P-gp  and  MRPs.  Study  of  the  larval  stages  will  help  elucidate 
potential  transitions  in  expression  and  function  of  the  M,XR  pro- 
teins from  developing  to  adult  sea  urchins.  Results  from  Western 
blot  analysis  and  immunohistochemistry  with  custom  sea  urchin 
antibodies  will  be  presented.  Protein  expression  data  can  serve  as 
a  baseline  for  future  toxicological  research  with  sea  urchins. 


THE  EFFECTS  OF  AMMONIA  ON  THE  DEVELOPMENT, 
SURVIVAL  AND  METAMORPHIC  SUCCESS  OF  STROM- 
BUS  GIGAS  VELIGERS.  Melissa  Mcintyre'.  Megan  Davis" 
and  Amber  Shawl".  'Florida  Institute  of  Technology,  Melbourne, 
PL.  'Harbor  Branch  Oceanographic  Instittition.  Ft.  Pierce,  FL. 

The  Florida  Keys  queen  concli  population  was  a  vital  fishery, 
but  heavy  fishing  pressure  forced  the  closure  of  the  commercial 
fishery  in  1976.  Since  the  closure,  the  recovery  of  the  population 
has  been  minimal  due  to  low  recruitment  of  veligers.  The  queen 
conch  larval  stage  lasts  two  to  six  weeks  and  during  this  time 
veliger  survival  may  be  affected  by  contaminants.  Amnn)nia  enters 
the  water  through  sewage  leaching  and  agricultural  runoff.  Am- 
monia is  toxic  to  coral  planulae,  but  toxicity  of  NH,  to  queen 
conch  larvae  has  not  been  established.  This  study  examined  the 
effects  of  NH,  on  new  hatch,  five  days  old,  10  days  old,  and 
competent  veligers.  The  treatments  tested  were  artificial  seawater; 
natural  seawater;  and  1,  10.  100  and  1000  p,M  of  ammonia.  De- 
velopment, mortality  and  an  LC^,,  was  determined  for  each  larval 
stage.  Newly  hatched  veligers  exposed  to  ammonia  had  a  l.'S-.-!0% 
increase  in  mortality  over  the  control  after  96  hours.  Five  day  old 
veligers  had  100%  mortality  in  the  NH,  treatments  at  96  hours  and 
an  LC^ii  of  0.8  p,M.  Ten  day  old  and  competent  veligers  were 
robust  and  able  to  withstand  exposure  to  lesels  bekiw   1000  [xM. 


with  Lean's  of  429  and  516  p.M.  respectively.  Metamoiphosis  was 
observed  in  all  treatments,  excluding  1000  p-M;  with  natural  sea- 
water having  the  greatest  metamoiphic  success.  This  study  reveals 
that  exposure  to  NH,  can  compromise  the  development,  survival, 
and  metamorphic  success  of  Stroiithus  i^igcis.  The  findings  of  this 
study  will  assist  in  understanding  the  riile  ammonia  has  on  recruit- 
ment of  veligers  in  the  Florida  Keys. 


COMPARISON  OF  CRASSOSTREA  ARIAKENSIS  AND  C. 
VIRGINICA  IN  THE  DISCHARGE  AREA  OF  A  NUCLEAR 
POWER  PLANT  IN  CENTRAL  CHESAPEAKE  BAY.  Rich- 
ard I.  McLean'  and  George  R.  .Abbe'.  'Maryland  Department  of 
Natural  Resources,  "Morgan  State  University. 

The  potential  for  introduction  of  the  non-native  Crassostrea 
iiruikciisis  into  Chesapeake  Bay  prompted  a  five  month  compari- 
son study  with  C.  viri^inicd  conducted  near  the  Calvert  Clitts 
Nuclear  Power  Plant  in  Maryland,  with  the  primary  goal  being  a 
comparison  of  uptake  rates  of  radionuclides  released  by  the  plant. 
The  study  began  with  approximately  200  market  si/e  tripkiid  C. 
ariakeiifiis  ( l-yr  old)  and  200  diploid  C.  viiginica  (3-yr  old)  held 
in  secure  stainless  steel  cages  0.3  m  off  bottom.  Half  were  de- 
ployed trom  .luly  to  September  2004.  and  half  from  July  to  De- 
cember. Although  quantities  of  radionuclides  released  by  the 
CCNPP  were  insufficient  to  yield  detectable  concentrations  in  ei- 
ther species,  other  data  were  obtained.  From  July  to  December,  C. 
ciriakensis  increased  its  initial  shell  length  by  nearly  20'7f  com- 
pared to  99f  for  C.  virginica.  Although  mean  shell  sizes  of  both 
species  were  similar,  meat  weights  and  condition  indices  for  C. 
ariakensis  were  significantly  greater  (p  <  0.001)  than  for  C.  vii- 
ginica. C.  ariakensis  had  lower  overall  mortality  even  though  nine 
were  lost  to  blue  crab  predation  during  the  first  exposure  period. 
After  five  months  of  exposure,  prevalence  of  Dermo  disease  in  C. 
virginica  was  65%  with  a  relative  intensity  of  1.50  on  a  0-7  scale; 
C.  ariakensis  showed  no  sign  of  infection.  Although  the  non-native 
C.  ariakensis  may  have  much  to  offer  with  high  meat  yield  and 
disease  resistance,  rapid  growth  of  triploids  results  in  very  thin 
shells,  which  may  make  them  more  susceptible  to  blue  crab  pre- 
dation than  the  thicker-shelled  C.  virginica. 


GENOMIC  ANALYSIS  OF  GROWTH  IN  LARVAE  OF 
CRASSOSTREA  GIGAS.  Eli  Meyer,  Dennis  Hedgecock  and 
Donal  T.  Manahan.  University  of  Southern  California.  Los  An- 
geles. CA. 

Molecular  biological  analysis  has  provided  important  insights 
into  the  processes  of  animal  development.  However,  data  on  the 
molecular  biological  bases  of  growth  are  more  scant.  In  particular, 
the  molecular  biological  bases  of  hybrid  vigor  have  long  remained 
unresolved  despite  nearly  a  century  of  research  and  eiuirmous 
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economic  importance.  We  approached  this  question  by  comparing 
global  gene  expression  patterns  in  slow-  and  fast-growing  larval 
families  of  the  Pacific  oyster,  Crassostrea  gigas.  These  different 
families  of  larvae  were  produced  through  factorial  crosses  between 
inbred  lines.  A  total  of  4.5  million  cDNAs  were  cloned  from 
6-day-old  larvae  and  analyzed  by  "Massively  Parallel  Signature 
Sequencing"  (Solexa,  Inc.).  This  analysis  resulted  in  quantitative 
expression  profiles  and  partial  sequence  data  for  each  of  52,825 
unique  cDNAs  present.  Of  these,  a  small  subset  of  188  genes  was 
found  to  be  differentially  expressed  in  fast-growing  hybrid  larvae. 
By  comparison  with  GenBank.  5 1  of  these  cloned  genes  showed 
significant  similarity  with  DNA  sequences  for  which  a  function  is 
known;  23  of  which  represent  ribosomal  proteins.  We  found  that 
40%  of  these  ribosomal  proteins  were  up-regulated  and  the  other 
60%  down-regulated  in  fast-growing  larvae.  These  data  demon- 
strate the  feasibility  of  functional  genomic  approaches  and  reveal 
that  regulation  of  protein  synthesis  machinery  is  invohcd  m  the 
molecular  mechanisms  responsible  for  hybrid  vigor.  This  approach 
has  resulted  in  the  generation  of  a  set  of  gene  probes  and  possible 
"markers "  that  w  ill  likely  prove  useful  as  early  predictors  of  rapid 
growth  potential  in  oysters. 


THE  USE  OF  MOLECULAR  MARKERS  TO  ASSESS  NA- 
TIVE OYSTER  RESTORATION  EFFORTS.  Coren  A.  Mil- 
bury  and  Patrick  M.  Gaffney.  University  of  Delaware,  College  of 
Mamie  Studies.  Lewes.  DE  19958. 

Restoration  efforts  are  becoming  essential  in  managing  many 
of  our  ecological  resources.  Monitoring  the  efficacy  of  these  pro- 
grams is  essential  for  evaluating  their  cost-effectiveness  and  test- 
ing alternative  restoration  techniques.  A  majority  of  oyster  resto- 
ration efforts  use  hatchery-produced  strains  derived  from  a  native 
stock;  however,  identifying  seed  derived  from  the  native  popula- 
tion is  difficult  and  requires  a  high  degree  of  specificity  and  ac- 
curacy. Recent  advances  in  genetic  techniques  provide  high- 
throughput  cost-effective  methods  for  discriminating  outplanted 
seed  and  their  progeny  from  natives.  Our  approach  is  based  on 
shifts  in  mitochondrial  haplotype  frequencies  occuixing  during  the 
course  of  hatchery  propagation.  Typical  natural  populations  of 
oysters  possess  a  single  major  haplotype  and  an  abundance  of  rare 
haplotypes.  As  a  result  of  population  bottlenecks  during  propaga- 
tion, hatchery  seed  will  often  exhibit  elevated  frequencies  of  one  or 
more  haplotypes  that  are  rare  in  the  source  population,  allowing 
discrimination  between  hatchery  seed  and  natives.  Using  high- 
throughput  screening  techniques,  we  have  identified  mitochondrial 
single  nucleotide  polymorphisms  (mtSNPs)  that  distinguish  hatch- 
ery seed  planted  in  the  Chesapeake  Bay.  These  markers  will  be 
used  to  determine  if  outplanted  oysters  survi\'ed  and  contributed  to 
local  recruitment.  Even  when  enhancement  stocks  are  derived 
from  local  broodstocks.  high-throughput  molecular  genotyping 
techniques  can  allow  effective  monitoring  of  enhancement  efforts. 


DIGESTIVE  ENZYME  ACTIVITY  OVER  ONTOGENY  IN 
BAY  SCALLOPS,  ARGOPECTEN  IRRADIANS,  AND  SEA 
SCALLOPS.  PLACOPECTEN  MAGELLANICUS.  Lisa  M. 
Milke,  V.  Monica  Bricelj  and  Neil  W.  Ross.  National  Research 
Council.  Institute  for  Marine  Biosciences,  1411  Oxford  St..  Hali- 
fax, NS,  B3H  321  Canada. 

Although  stage-  and  species-specific  differences  in  dietary  re- 
quirements have  been  demonstrated  for  bivalves,  the  mechanisms 
responsible  for  differential  diet  performance  remain  largely  unex- 
plained. While  biochemical  composition  is  central  to  assessing  the 
nutritional  value  of  a  diet,  an  animal's  digestive  and  assimilation 
capacity  are  equally  important.  Digestive  capacity  of  sea  and  bay 
scallops  may  differ  I )  over  ontogeny  associated  with  morphologi- 
cal changes,  and  2)  between  species,  resulting  from  adaptation  to 
different  environments  and  food  supply.  To  address  this,  scallop 
postlarvae  [initial  shell  height  (SH)  -250  |j.m]  were  reared  on  a 
mixed  algal  diet  consisting  of  one  diatom  and  one  flagellate  until 
4-5  mm  SH.  and  were  sampled  at  intervals  coinciding  with  major 
morphological  changes.  Colorimetric  assays  were  conducted  to 
measure  the  specific  activity  of  carbohydrases  (laminarinase,  cel- 
lulase  and  alpha-amylase),  proteases  (azocasein  and  cathepsin  B) 
and  lipase  (esterase)  in  scallop  tissues.  While  preliminary  results 
show  no  pattern  in  protease  or  lipase  activity  either  between  spe- 
cies or  over  development,  clear  differences  in  carbohydrase  activi- 
ties were  observed.  Sea  scallops  exhibited  higher  laminarinase 
activity,  but  lower  levels  of  alpha-amylase  and  cellulase  than  bay 
scallops,  with  the  most  pronounced  changes  in  enzymatic  activity 
occuning  prior  to  attaining  -1.2  mm  SH.  However,  laminarinase 
activity  was  significantly  higher  than  activities  of  either  alpha- 
amylase  or  cellulase  in  both  scallop  species.  Our  findings  have 
implications  for  developing  targeted  diets  for  commercial  hatch- 
eries and  increasing  our  understanding  of  bivalve-seston  interac- 
tions in  the  field. 


NATIVE  FLORIDA  CRUSTACEAN  PREDATORS'  PREF- 
ERENCES REGARDING  THE  NON-INDIGENOUS  GREEN 
MUSSEL,  PERNA  VIRIDIS.  Emily  Mitchem'.  Jonathan  S.  Fa- 
jans"  and  Shirley  M.  Baker'.  'University  of  Florida,  "Florida 
Institute  of  Oceanography. 

The  green  mussel,  Peina  viridis.  a  native  of  the  Indo-Pacific, 
was  first  reported  in  Tampa  Bay  in  1999  (Benson  et  al.  2001; 
Ingrao  et  al.  2001).  In  order  to  gain  a  better  view  of  what  this 
invasion  might  mean  for  Florida's  waters  and  its  native  species, 
this  experiment  posed  the  following  two-fold  question:  ( I )  Will 
native  crustacean  predators  prey  on  P.  viriclis?  and  (2)  Will  these 
predators  prefer  native  bivalves  over  P.  viridis'!  Due  to  the  high 
commercial  value  of  Panuliriis  argns.  the  Caribbean  spiny  lobster, 
and  CalHncctcs  sapidiis.  the  blue  crab,  these  crustaceans  m:!dc 
suitable  predate)!'  subjects.  The  eastern  oyster,  Crassostrea  vir- 
ginica.  and  hard  clam.  Mcrcenaria  mercenaria.  were  chosen  as 
competing  prey  because  theses  bivalves  are  commercially  impor- 
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tant  within  Florida.  Crustaceans  and  bivalves  were  placed  in  a 
recirculating  system  with  eight  624  liter  tanks.  Filtration  systems 
included  a  protein  skimmer  and  tluidized  bed,  wet-dry  filter,  and 
ultraviolet  sterilization.  Trials  ran  for  fourteen  days.  P.  argus.  con- 
sumed one  C.  virginica.  and  seventeen  M.  ineivenaria.  C.  sapidus, 
consumed  fifteen  P.  viridis.  seven  C.  virginica.  and  seven  M. 
mercenaria.  A  one-way  analysis  of  variance  was  used  to  analyze 
data.  A  p-value  less  than  0.05  was  considered  statistically  signifi- 
cant. For  the  P.  argus  experiment,  p  =  0.0219,  showing  that  P. 
argus  data  were  significant.  After  this,  a  Tukey  Test  was  per- 
formed. C.  sapidus  data  were  not  statistically  significant  because  p 
=  0.2067.  although  C.  sapidus  consumed  twice  as  many  P.  viridis 
than  either  M.  mercenaria  or  C.  virginica. 


hands  and  equipment  at  farms  and  display  facilities,  but  the 
amount  of  freshwater  required  to  kill  sabellids  and  their  larvae  was 
not  well  defined.  We  found  that  sabellid  transmission  occuired 
from  infested  abalone  shells  that  had  been  immersed  in  freshwater 
for  up  to  eight  hours.  Additionally,  motile  sabellid  larvae  survived 
up  to  32  seconds  of  immersion  in  freshwater.  We  produced  an 
informational  video  to  provide  facility  staff  with  recommended 
practices  to  achieve  eradication  and  minimize  chances  of  reinfes- 
tation.  Supported  in  part  by  the  University  of  California  Integrated 
Pest  Management  Program  and  the  Marine  Region,  California  De- 
pailment  of  Fish  and  Game. 


MULTIPLE  AXES  OF  VARIATION  IN  NATURAL  POPU- 
LATIONS: A  COLLISION  OF  MORPHOLOGY.  GENET- 
ICS. AND  TAXONOMY.  Karen  E.  Mock',  ,Ier  Pin  Chong'. 
Jayne  Brim-Box"  and  Jeanette  Howard"  .  'Utah  State  Univer- 
sity. "Confederated  Tribes  of  the  Umatilla  Indian  Reservation. 

Appropriate  classification  of  taxa  is  essential  for  the  effective 
research  and  management  of  natural  populations.  This  task  is  dif- 
ficult, however,  because  variation  in  natural  populations  occurs 
along  several  different,  and  often  incongruent.  axes.  The  difficulty 
is  confounded  by  disagreement  among  taxonomists  regarding  ap- 
propriate species  definitions.  Using  a  recent  example  of  genetic 
differentiation  among  Anodonta  populations  in  the  Columbia 
River  basin,  these  issues  will  be  explored  as  they  apply  to  fresh- 
water mussels. 


SABELLID  POLYCHAETE  INFESTATIONS  OF  FARMED 
CALIFORNIA  ABALONE.  James  D.  Moore',  Christy  I.  Ju- 
hasz"  and  Thea  T.  Robbins'.  'California  Department  of  Fish  and 
Game.  P.O.  Box  247.  Bodega  Bay.  CA  94923.  "UC  Davis.  Bodega 
Marine  Laboratory. 

The  South  African  sabellid  polychaete,  Terchrasahella  hetero- 
uncinata,  lives  in  shells  of  abalone.  Accidentally  introduced  to 
California  during  the  1980s,  it  was  spread  via  abalone  shipments  to 
abalone  culture  and  display  facilities  throughout  the  state.  Eradi- 
cation efforts  have  been  largely  successful  although  concern  re- 
mains about  whether  it  has  become  established  in  intertidal  gas- 
tropod populations  adjacent  to  previously-infested  facilities.  We 
found  that  sabellid  transmission  can  occur  among  native  turban 
snails  Tegula  fwiebralis.  corroborating  the  potential  risk  of  sabel- 
lid infestations  in  native,  non-haliotid  gastropod  populations.  Nev- 
ertheless, a  state-wide  survey  of  turban  snails  and  limpets  at  21 
exposed  or  potentially  exposed  locations  found  no  sabellids.  sug- 
gesting that  the  pest  has  not  become  established  in  California. 
Freshwater  treatment  is  commonly  used  to  sanitize  holding  units. 


COMPARISON  OF  BACTERIA  UPTAKE  AND  DEPURA- 
TION BETWEEN  CRASSOSTREA  ARlARENSfS  AND 
CRASSOSIRI-A  VIRGINICA.  James  A.  Morris  Jr.'.  Tanya  J. 
Bean".  Rachel  T.  Noble'  and  Patricia  K.  Fowler".  'Center  for 
Coastal  Fisheries  and  Habitat  Research.  National  Centers  for 
Coastal  Ocean  Science.  NCAA.  Beaufort.  NC  28516.  "North 
Carolina  Department  of  Environment  and  Natural  Resources.  Di- 
vision of  Environmental  Health  Shellfish  Sanitation  and  Recre- 
ational Water  Qualify  Section.  Morehead  City.  NC  28557.  'Uni- 
versity of  North  Carolina.  Institute  of  Marine  Sciences.  Morehead 
City.  NC  28557. 

Considerations  to  introdtice  the  Suminoe.  or  Asian  oyster. 
Crassoslrea  ariakensis.  along  the  East  Coast  have  raised  many 
questions  regarding  ecology,  economics,  and  human  health.  To 
date,  research  has  focu.sed  primarily  on  the  ecological  and  socio- 
economic implications  of  this  initiative,  yet  few  studies  have  as- 
sessed its  potential  impact  on  public  health.  Our  work  compares 
the  rates  of  bioaccumulation  and  depuration  of  indicator  organisms 
(such  as  E.  coli)  and  Viltrio  sp.  between  C.  virginica  and  C.  ari- 
akensis in  the  laboratory.  Preliminary  results  suggest  that  the  rates 
of  bioaccumulation  of  E.  coli  in  C.  ariakensis  were  significantly 
lower  than  those  for  C.  virginica  and  that  depuration  was  variable 
between  the  two  species.  This  research  provides  coastal  managers 
with  insight  into  C.  ariakensis  response  to  bacteria,  an  important 
consideration  for  determining  appropriate  management  strategies 
for  this  species.  Further  field-based  studies  will  be  necessary  to 
elucidate  the  mechanisms  responsible  for  the  differences  in  rates  of 
bioaccumulation  and  depuration. 


SEANEST— A  COMMERCIAL  SYSTEM  FOR  LARGE 
SCALE  CULTURE  OF  BENTHIC  SPECIES.  Vidar 
Mortensen.  Praktisk  Teknologi  AS.  Norway. 

Sea  based  culture  of  benthic  invertebrates  is  very  labour  inten- 
sive. This  is  especially  true  for  species  like  sea  urchin,  which 
require  frequent  feeding.  In  addition,  traditional  equipment  like 
oyster  trays  fails  to  accommodate  the  biological  demands  of  sea 
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urchins.  The  SeaNe.st  system  has  been  developed  to  solve  these 
problems,  and  to  provide  the  farmer  with  a  modem  workplace. 
Time  consuming  physical  labour  is  avoided  through  automatic 
handling  of  the  holding  boxes,  and  the  operator  has  an  ergonomi- 
cally  good  position  while  running  the  system.  The  system  is  de- 
signed to  meet  the  biological  requirements  of  sea  urchins,  with 
respect  to  surface  area,  water  exchange,  waste  removal  and  short 
time  of  air  exposure.  Further  developments  towards  automatic 
feeding,  cleaning  and  tracking  of  holding  boxes  will  provide  ad- 
ditional benefits  for  the  farmer.  The  systems  main  concepts  and 
technical  features  will  be  presented.  Prototypes  of  the  system  are 
in  use  at  a  commercial  sea  urchin  farm  in  Norway.  The  experiences 
from  this  farm  will  be  discussed  both  with  regards  to  sea  urchin 
farming  in  general,  and  the  function  of  the  SeaNest  system  in 
particular.  (The  SeaNest  system  is  patented,  with  further  patents 
pending). 


OBSERVATIONS  OF  ASIAN  PERKINSUS  SPECIES  AND 
PERKLVSUS  MARINUS  IN  THE  SUMINOE  OYSTER, 
CRASSOSTREA  ARIAKENSIS.  Jessica  A.  Moss  and  Kiniberly 

S.  Reece.  VIMS.  The  College  of  William  and  Mary.  P.O.  Box 
1346.  Gloucester  Point.  VA  23062. 

The  decline  of  Cnissostrea  virgiiiica  populations  has  led  to  an 
interest  in  using  the  non-native  oyster  species.  Crassostrea  ciriiik- 
en.'iis.  for  aquaculture  development,  fishery  resource  enhancement 
and  habitat  restoration  in  the  Chesapeake  Bay  region.  Previous 
field  studies  comparing  the  performance  of  C.  ariakensis  and  C. 
viri>ii\ica.  in  the  region  suggested  that  the  non-native  oyster  was 
substantially  more  tolerant  of  the  endemic  protozoan  parasite.  Pcr- 
kinsus  maiiiiHS.  We  conducted  a  disease  survey  of  C.  aricikeiisis  in 
China,  Japan  and  Korea  using  molecular  diagnostics.  PCR-based 
assays  revealed  two  Perkiiisiis  species  in  Asian  Suminoe  oyster 
populations  that  cm'rently  are  not  found  in  US  waters;  Pcrkin^iis 
olseni  and.  based  on  DNA  sequence  data,  an  undescribed  Peikiii- 
siis  species.  We  will  report  on  progress  towards  molecular  char- 
acterization of  this  undescribed  Perkiiisiis  species.  Quarantine  pro- 
tocols for  C.  aritikc'n\is  brought  to  the  US  from  Asia  should  limit 
introduction  of  exotic  pathogens,  however,  it  is  important  to  un- 
derstand the  impact  that  Asian  C.  arinkensis  pathogens  could  have 
on  local  bivalve  species  in  case  of  accidental  introduction  via  the 
host  or  through  an  indirect  source  such  as  ballast  water,  in  w  hich 
case  the  non-native  oyster  could  act  as  a  pathogen  reservoir.  We 
will  report  results  of  challenge  experiments  being  conducted  with 
Asian  C.  ariakeiisis  pathogens  to  examine  the  impacts  on  the  local 
Chesapeake  Bay  bivalve  species.  C.  \/ri;iniiii  and  Mcnciuiriii 
mercenaha.  as  well  as  on  C.  ariakensis.  During  these  experiments, 
we  unexpectedly  observed  the  acquisition  of  moderate  and  heavy 
intensity  infections  of  P.  nniriiuis  in  C.  ariakensis  oysters  being 
maintained  in  the  laboratory. 


GENOMIC  EVIDENCE  FOR  DIVERGENT  SELECTION  IN 
EASTERN  OYSTER  POPULATIONS  ACROSS  AN  ECO- 
TONE.  Maria  Murray  and  Matthew  P.  Hare.  University  of 

Maryland. 

The  eastern  oyster.  Crassostrea  virf;inica.  is  broadly  distributed 
along  the  western  North  Atlantic  coastline.  Inside  this  range,  a 
steep  latitudinal  temperature  gradient  and  a  transition  in  species 
composition  from  temperate  to  subtropical  communities  generate 
an  ecotone  along  eastern  Florida.  Despite  evidence  for  homogeniz- 
ing gene  flow  within  large  continental  regions,  presumably  medi- 
ated by  a  three-week  planktonic  larval  stage,  oyster  populations 
display  a  sharp  genetic  dine  in  eastern  Florida.  We  are  interested 
in  discovering  the  abiotic  and  biotic  mechanisms  by  which  a  high 
gene  flow  species  maintains  genetic  diversity  along  the  ecotone. 
Population  genomics  approaches  offer  effective  ways  to  statisti- 
cally test  for  genetic  evidence  of  divergent  selection  in  this  non- 
model  species.  We  report  genomic  evidence  for  the  role  of  selec- 
tion across  the  ecotone  using  2L'i  amplified  fragment  length  poly- 
morphism loci  sampled  from  two  populations  experiencing  the 
environmental  extremes.  Simulations  of  neutral  population  diver- 
gence provided  a  statistical  framework  for  testing  whether  differ- 
entiation at  some  loci  is  greater  than  expected  by  genetic  drift.  For 
a  small  portion  (2-7%)  of  loci,  allele  frequency  differentiation  was 
high  enough  across  the  ecotone  to  reject  the  neutral  drift  model  (p 
<  0.01).  Corroborating  this  inference  with  additional  population 
sampling,  several  of  the  nonneutral  AFLP  loci  show  clinal  varia- 
tion concordant  with  previously  described  loci.  Also,  one  AFLP 
locus  was  converted  to  a  codominant  marker  and  still  shows  a 
significantly  nonneutral  pattern  of  differentiation.  Thus,  we  infer 
that  divergent  selection  along  the  Atlantic  Florida  ecotone  helps 
maintain  genetic  differences  between  oyster  populations  in  the 
Atlantic  and  Gulf  of  Mexico. 


EASTERN  OYSTER  AND  HARD  CLAM  CULTURE  FOR 
THE  REDUCTION  OF  RAS  EFFLUENT  NUTRIENT  COM- 
POSITION. Amanda  Myers,  Wade  Watanabe  and  Ami  E.  Wil- 
bur. University  of  North  Carolina.  Wilmington.  720.5  Wrightsville 
Ave..  Wilmington.  NC  28403. 

Closed  recirculating  aquaculture  systems  (RAS)  are  a  techno- 
logical innovation  that  reduces  the  amount  of  water  needed  for 
culture  by  treating  and  reusing  >909'r  of  the  total  water  volume 
daily.  Such  systems  consequently  produce  substantially  smaller 
volumes  of  effluent,  hut  this  smaller  volume  is  substantially  more 
enriched  in  nutrients  than  effluent  from  nov\-through  or  open  sys- 
tems. For  RAS  to  emerge  as  a  viable  culture  strategy,  an  economi- 
cal and  efficient  method  must  be  developed  to  reduce  effluent 
nutrients  concentrations  before  this  effluent  is  discharged.  As  part 
of  a  larger  project  evaluating  biofilter  effects  on  RAS  effluent 
nutrient  composition,  this  study  focused  on  the  effect  of  bivalve 
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culture  on  the  composition  of  etTluent  from  a  southern  flounder 
RAS.  This  system  produces  1270L/day  of  enriched  effluent,  with 
nutrient  and  suspended  solids  concentrations  20-lOOx  that  of  am- 
bient levels.  This  effluent  was  introduced  with  seawater  to  an 
upweller  system  stocked  with  bivalves  at  two  densities  for  4—6 
weeks.  Oysters  {Crassostrea  virginica.  (average  shell  height  = 
63.38  ±  0.86)  and  clams  (Mercenaria  mercenaria,  average  shell 
height  =  16.65  ±  0.48)  were  used  in  separate  experiments.  Efflu- 
ent nutrient  composition  (total  nitrogen,  total  phosphorus,  and  total 
suspended  solids)  was  analyzed  from  samples  (collected  twice 
weekly)  taken  upstream  and  downstream  of  each  upweller.  Bivalve 
growth  was  quantified  by  measurement  of  shell  height  at  the  start 
and  end  of  each  trial.  Analysis  of  preliminary  data  suggests  that 
both  oysters  and  clams  e.\hibited  growth  over  the  course  of  the 
e.xperiments.  Water  samples  are  currently  being  processed  to  de- 
termine the  impact  of  bisalve  activity  on  effluent  nutrient  compo- 
sition. 


mine  what  data  needs  to  be  collected  for  improving  the  estimates 
of  the  most  influential  parameters. 


STATUS  AND  TRENDS  OF  BLACK  ABALONE  {HALIOTIS 
CHACHERODII):  A  PRELIMINARY  APPROACH  TO  MOD- 
ELING POPULATION  VIABILITY.  Melissa  Neuman'.  John 
Butler',  Brian  Tissot^  and  Daniel  Goodman'.  'National  Marine 
Fisheries  Service.  "Washington  State  University  Vancouver. 
^Montana  State  University. 

Black  abalone.  Haliotis  cracherodii.  was  added  to  the  National 
Marine  Fisheries  Service  (NMFS)  species  of  concern  list  in  1999 
because  of  documented  large  declines,  known  threats  and  uncer- 
tainty regarding  the  future  course  of  those  threats.  Although  efforts 
have  been  made  to  protect  surviving  populations  in  California. 
USA  through  closure  of  the  commercial  fishery  in  1993.  the  spe- 
cies continues  to  decline  and  a  >90%  reduction  in  abundance  has 
been  observed  throughout  >50%  of  the  species  range  since  the  late 
1980s.  Heavy  fishing  pressure  and  disease  have  contributed  to  the 
observed  decline.  Expanding  coastal  development  may  increase 
human  traffic  in  the  intertidal  and  may  intensify  enforcement  prob- 
lems. Pollution,  warming  temperatures,  and  biological  interactions 
with  competitors/predators  may  also  threaten  remaining  popula- 
tions. NMFS  must  determine  whether  the  rate  and  extent  of  black 
abalone  population  decline  and  the  severity  of  risk  are  high  enough 
to  warrant  a  listing  under  the  United  Stated  Endangered  Species 
Act.  In  order  to  do  this,  a  variety  of  tools  are  employed  using  the 
best  available  data  to  predict  the  probability  distribution  of  long- 
term  population  trends.  A  population  viability  model  is  one  tool 
that  is  being  developed  to  assess  species  vulnerability  through  the 
analysis  of  the  interplay  of  specific  demographic  parameters  over 
a  spatial  array  of  habitat  suitability  and  other  possible  forcing 
factors.  Our  scientific  challenge  is  to  identify  important  gaps  in  our 
understanding  of  this  species'  ecology  that  will  allow  us  to  deter- 


THE  INFLUENCE  OF  EASTERN  OYSTERS  ON  ECO- 
LOGICAL PROCESSES  IN  CHESAPEAKE  BAY:  IN- 
SIGHTS FROM  RECENT  MODELING  STUDIES.  R.  I.  E. 
Newell.  Horn  Point  Laboratory.  University  of  Maryland. 

Results  from  mathematical  models  will  be  reviewed  to  examine 
how  changes  in  eastern  oyster  abundance  may  affect  benthic- 
pelagic  coupling  in  Chesapeake  Bay.  All  models  indicate  that  at 
current  abundances  of  ~l  adult  oyster  m~"  on  historical  oyster 
bottom,  oysters  exert  negligible  influence  on  water  quality.  At 
abundances  of  -10  oysters  m'.  equivalent  to  the  goal  of  the 
Chesapeake  Bay  Agreement  of  a  10-fold  increase  by  2010.  models 
indicate  that  during  warmer  months  oysters  grazing  on  phy- 
toplankton  reduce  turbidity  to  a  level  that  significantly  increases 
light  availability  for  benthic  plants.  In  cooler  months,  including 
during  the  spring  phytoplankton  bloom,  oysters  do  not  feed  suffi- 
ciently actively  to  exert  top-down  grazer  control.  Biodeposition 
leads  to  appreciable  removal  of  nitrogen  through  denitrification 
and  burial.  Resulting  reduced  phytoplankton  biomass  decreases 
microbial  degradation  of  carbon  beneath  the  pycnocline  and  in- 
creases oxygen  concentration  in  bottom  water.  At  -100  oysters 
m~".  which  is  the  estimated  pre-colonial  density,  models  indicate 
that  oysters  can  exert  a  profound  influence  on  water  quality.  Even 
though  such  ecosystem  services  are  extremely  valuable,  the  chal- 
lenge is  how  to  restore  oysters  in  the  face  of  relentless  harvest 
pressure,  disease  epizootics,  and  the  siltation  of  the  cultch  essential 
for  larval  settlement.  Closure  of  the  public  fishery  and  the  devel- 
opment of  oyster  aquaculture  would  help  increase  oyster  abun- 
dances. An  absence  of  leadership  is  preventing  these  necessary 
changes  from  occurring:  indeed,  management  decisions  often  ex- 
acerbate the  problem,  such  as  the  recent  opening  of  Maryland 
oyster  bars  to  the  once  illegal  practice  of  oyster  dredging. 


CHANGES  IN  SHELL  STRENGTH  OF  CRASSOSTREA 
VIRGINICA  AND  CRASSOSTREA  ARIAKENSIS  IN  RE- 
SPONSE TO  CRAB  PREDATORS  FROM  CHESAPEAKE 
BAY.  Roger  I.  E.  Newell.  Victor  S.  Kennedy  and  Kristi  S. 

Shaw.  Horn  Point  Laboratory,  UMCES. 

If  r.  ariakensis  were  to  be  introduced  to  Chesapeake  Bay  it  is 
unknown  if  its  abundance  would  be  controlled  by  the  same  preda- 
tors that  affect  C.  virginica  populations.  In  replicated  laboratory 
studies,  we  compared  the  relative  susceptibility  of  juvenile  dip- 
loids (shell  height  <25  mm)  of  both  oyster  species  to  five  species 
of  potential  crab  predators.  We  tested  two  species  of  mesohaline 
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mnd  crab.  Rhithropanopeiis  harrisii  (carapace  width  6-16  mnij 
and  EiinpaiuipcKs  clcnii.ssus  |6-18  mmj).  two  species  of  polyha- 
line  mud  crab  Pamipcus  hcrhstii  |9-29  mm]  and  nxspanopeiis  sayi 
|8-20  mm),  and  the  eurshaline  blue  crab.  Callinccti's  sapidiis  |.3.S- 
6.S  mm|.  We  found  that  all  four  species  of  mud  crab  and  the  blue 
crab  significantly  IP  <  0.05)  preferentiall\  consumed  C.  ariakciisis 
compared  to  C.  virgiiiiva.  We  hypothesized  that  this  differential 
predation  may  stem  from  differences  in  shell  strength  between  the 
two  species  of  oysters.  Using  an  Instron  load  compression  instru- 
ment we  found  that  the  strength  of  the  upper  valve  of  C,  ariakensis 
was  -509?  lower  than  for  comparably  sized  C.  viriiiiuca.  Oysters 
of  both  species  grown  for  .34  d  in  the  presence  of  (but  protected 
from)  blue  crabs  exhibited  different  responses.  C.  ariakensis  grew 
denser  shells  (total  weight/shell  area)  that  approxmiately  doubled 
their  compression  strength  compared  to  same  species  control  oys- 
ters. The  shell  strength  of  C.  viri^iiiica  also  approximately  doubled, 
but  these  stronger  shells  had  a  significantly  lower  density  than 
their  controls.  We  conclude  that  both  species  of  oysters  respond 
morphologically  to  the  presence  of  predators,  although  the  re- 
sponse differs  markedly  between  species. 


DEVELOPMENT  OF  LANDSCAPE  MODELS  FOR  PRO- 
TECTION AND  RESTORATION  OF  FRESHWATER  MUS- 
SELS IN  LARGE  RIVERS.  Teresa  J.  Newton',  Michelle  R. 
Bartsch',  Jennie  S.  Sauer'.  Jeff  J.  Steuer'  and  Steve  J.  Zigler". 

'USGS.  Upper  Midwest  En\ironmental  Sciences  Center.  26.^0 
Fanta  Reed  Road.  La  Crosse.  WI  54603.  "USOS.  WI  District  Of- 
fice. 8505  Research  Way.  Madison.  WI  53562. 

We  assessed  whether  the  spatial  distribution  of  mussels  could 
be  predicted  from  ph\sical.  hydraulic,  and  biologic  variables  in  a 
large  tloodplain  river.  Analyses  of  data  from  mussel  beds  at  small 
(0.4  km)  and  moderate  (6  km)  spatial  scales  indicated  that  com- 
puted hydraulic  variables  (e.g..  shear  stress,  Froude  number)  were 
more  predictive  than  simple,  measured  variables  (e.g..  depth,  ve- 
locity, substrate  particle  size).  Similarly,  classification  tree  models 
of  mussel  presence-absence  in  a  38-km  reach  of  the  river,  which 
had  a  prediction  success  of  -75%.  were  largely  driven  by  shear 
stress  and  substrate  stability,  but  interactions  with  simple  physical 
variables  (e.g.,  slope)  were  also  important.  Moreover.  dLscharge- 
specific  models  suggested  that  episodic  events  such  as  droughts 
and  floods  were  more  important  in  structuring  mussel  distributions 
than  conditions  during  average  flows.  Because  mussel  species  dif- 
fer in  shell  features  that  may  influence  displacement  during  high 
discharge  events,  we  evaluated  if  sculptured,  thick-shelled  species 
occupied  areas  with  higher  hydraulic  stresses,  compared  to  non- 
sculptured,  thin-shelled  species.  Classification  tree  models  pre- 
dicted the  presence  of  all  mussels,  regardless  of  shell  morphology. 
in  areas  with  low  to  moderate  hydraulic  stresses  under  low  and 
hich  flow  conditions.  Overall,  our  studies  sucsest  that  mussels  are 


inlluenced  by  a  complex  interaction  of  biotic  and  abiotic  factors 
acting  at  various  spatial  scales,  but  that  certain  hydraulic  variables 
can  improve  our  ability  to  predict  their  spatial  distribution  in  large 
rivers. 


UNIONID  FEEDING  STRATEGIES.  S.  J.  Nichols,  U.  S  Geo- 
logical Survey.  1451  Green  Rd..  Ann  Arbor.  Ml.  48105. 

The  continued  decline  of  many  unionid  communities  through- 
out North  America  has  been  attributed  to  many  factors  ranging 
from  pollution  to  exotic  species.  However,  one  main  factor,  food 
supplies,  is  rarely  discussed.  This  raises  a  question:  are  populations 
declining  in  some  locations  because  critical  food  supplies  are  no 
longer  present?  A  review  of  the  cunent  research  on  unionid  feed- 
ing highlights  our  limited  knowledge  about  dietary  requirements. 
Feeding  studies  on  wild  populations  have  been  limited  because  of 
the  difficulties  in  separating  assimilation  from  ingestion  in  filter- 
feeding  organisms.  Recent  technological  advances  such  as  stable 
isotopes  and  C'^  enrichment  have  provided  some  information  on 
food  selectivity  and  have  shown  that  unionids  feed  on  a  wide  range 
of  items  including  algae,  dissolved  organic  molecules  and  bacteria. 
But  these  studies  have  not  detected  any  food  resource  partitioning 
between  sympatric  genera  or  species.  All  species,  regardless  of 
shell  length,  type  of  gill  cirri,  siphon  structure,  or  physical  location 
in  the  substrate,  appear  to  feed  on  particles  <29  microns  and  can 
obtain  food  from  either  planktonic  or  benthic  sources.  However, 
such  apparent  omnivory  does  not  translate  into  easily-maintained 
adults  under  captive  conditions.  Without  access  to  natural  food 
supplies,  adult  unionids  rarely  thrive.  Dietary  supplements  such  as 
used  for  marine  bivalves  do  not  support  adult  survival,  though 
larvae  can  be  reared  using  marine  algae.  Apparent  omnivory  is 
obviously  misleading  regarding  actual  dietary  needs.  In-depth  sur- 
veys of  potential  food  resources  in  waters  with  healthy  unionid 
populations  are  critically  needed  to  understand  the  relationship 
between  food  resources,  unionid  feeding  strategies,  and  long-term 
survival. 


PHYSIOLOCnCAL  BASES  OF  GENETICALLY  DETER- 
MINED VARIATION  IN  GROWTH  OF  BIVALVE  LARVAE 
(CRASSOSTREA  GIGAS).  Douglas  A.  Pace'.  Adam  G. 
Marsh'.  Patrick  Leong',  Allison  Green'.  Dennis  Hedgecock' 
and  Donal  T.  Manahan\  'AHF-210,  Department  of  Biological 
Science,  University  of  Southern  California,  Los  Angeles,  CA. 
90089,  -University  of  Delaware.  'University  of  Southern  Califor- 
nia. 

Variation  in  growth  rates  has  been  well  documented  in  larval 
stages  of  bivalve  molluscs.  The  endogenous  processes  that  might 
contribute  to  individual-based  variations  in  growth  rates  are  not 
well  understood.  In  this  studv.  we  used  inbred  lines  of  the  Pacific 


760      Abstracts.  2006  Annual  Meetins.  March  26-30.  2006 


Niitioiitil  Slu'llfisheries  Associutimi.  Monterey.  Ciilifuniiii 


oyster,  Crasso.'itrea  iiigas.  in  a  series  of  factorial  crosses  to  pro- 
duce families  of  larvae  with  different  growth  rates  that  were  ge- 
netically set.  even  under  identical  environmental  conditions  of 
food  and  temperature.  Growth  rates  of  these  larval  families  varied 
over  a  5-fold  range,  from  3.4  to  17.6  p.m  day"'.  A  suite  of  inte- 
grated measurements  were  applied  to  study  growth  variation  in 
larvae,  including:  size,  biochemical  compositions,  rates  of  acqui- 
sition of  both  dissolved  and  particulate  nutrients,  absorption  effi- 
ciencies, metabolic  rates,  and  enzyme  activities.  Fast-growing  lar- 
vae had  similar  size-specific  metabolic  rates  and  capacities  to 
slow-growing  larvae,  but  the  fast-growing  larvae  had  significantly 
higher  size-specific  feeding  rates.  Also  evident  was  the  complex 
regulation  of  enzymatic  activities  responsible  for  ion  transport  (a 
metabolically  expensive  process  in  animals).  Our  results  show  that 
while  feeding  rates  were  important  in  explaining  a  portion  of  the 
growth  differences,  the  regulation  and  internal  allocation  of  meta- 
bolic energy  played  a  large  role  in  genetically-set  growth  rate 
variation.  The  larvae  studied  here  clearly  exhibited  the  phenom- 
enon of  hybrid  vigor  ("heterosis").  Our  results  will  be  discussed  in 
the  context  of  understanding  the  physiological  bases  of  growth 
heterosis. 


induce  spawning.  These  data  suggest  that  larval  production  else- 
where must  be  responsible  for  this  invasion. 


INVASION  OF  CRASSOSTREA  GIGAS  IN  MARINE  RE- 
SERVES: LOCAL  REPRODUCTION  OR  DISPERSAL 
FROM  ELSEWHERE?  Dianna  K.  Padilla'  and  Terrie 
Klinger".  'Stony  Brook  University,  "University  of  Washington. 

The  Pacific  oyster,  Crassostrea  gif^as.  has  been  an  important 
aquaculture  species  in  the  Pacific  Northwest  for  >75  years.  Be- 
cause this  species  requires  waters  19-20°C  for  spawning,  it  has 
been  considered  a  safe  introduction,  without  the  possibility  of 
escape  due  to  local  reproduction  limits.  However,  C.  gigas  has 
been  invading  rocky  shores  in  the  San  Juan  Archipelago,  Wash- 
ington for  almost  a  decade,  and  is  more  abundant  within  than 
outside  marine  reserves.  This  recent  invasion  could  be  due  to:  I ) 
changes  in  temperature  such  that  spawning  can  be  induced,  2) 
thermal  loading  during  low  tide  (mid-day)  that  allows  oysters  to 
spawn  even  though  the  water  is  cold,  3)  evolution  for  spawning  at 
lower  temperatures,  or  4)  spawning  or  larval  release  elsewhere  and 
dispersal  into  marine  reserves  and  adjacent  shores.  We  tested 
among  these  hypotheses  by  monitoring  local  temperatures  and 
experiments  to  determine  if  oysters  collected  from  the  field  will 
spawn  when  held  at  ambient  water  temperatures  or  at  ambient 
water  temperatures  when  exposed  to  a  tidal  cycle.  We  also  tested 
whether  larvae  produced  by  local  C.  gigas  were  capable  of  devel- 
opment in  the  cold  waters  typical  of  the  San  Juans.  These  oysters 
do  not  appear  able  to  spawn  at  temperatures  <I7-I8°C.  and  larval 
development  even  at  I3°C  is  slowed  >3  times  from  development 
at  20°C.  Even  in  quiet  bays,  temperatures  are  not  warm  enough  to 


EVALUATION  OF  THE  ANTIMALARIAL  DRUG  QUI- 
NINE AS  A  POTENTIAL  CHEMOTHERAPEUTIC  AGENT 
FOR  THE  EASTERN  OYSTER  PARASITE,  P.  MARINUS. 
Christina  Panlvo,  Asvvani  Volety,  Vincent  Encomio  and  Jose 
Barreto.  Florida  Gulf  Coast  University.  10501  FGCU  Blvd  South. 
Ft.  Myers,  FL  33965. 

Currently  no  anti-protozoal  drug  therapy  exists  in  aquaculture 
to  effectively  treat  or  prevent  Perkiiisiis  iiuiriiiiis  infections  of  the 
eastern  oyster.  Development  of  a  chemotherapeutant  specific  for 
treating  oysters  infected  with  P.  mariuiis  or  preventing  disease 
may  be  an  additional  measure  to  avert  physiological  strain  on 
aquaculture  brood  stock  before  spawning.  Given  the  taxononiic 
proximity  of  P.  iiuiriitiis  to  Apicomplexans  such  as  the  malarial 
parasite.  Plasiuocliiiiii  spp.  the  antimalarial  drug  Quinine  was 
.screened  for  drug  sensitivity  of  cultured  P.  niarinus.  Fiillowing  an 
acute  challenge  with  varying  concentrations  of  Quinine  HCl.  the 
viability  of  one  strain  of  cultured  meronts  isolated  from  Laguna 
Madre.  Texas  oysters  was  determined  using  a  dye  reduction 
method.  After  a  three  hour  exposure,  the  highest  concentration 
tested,  50  (j.g/ml,  had  the  most  significant  effect  (p  =  0.000)  on 
parasite  viability.  Following  assay  optimization,  six  geographi- 
cally distinct  P.  marinus  isolates  (ranging  from  Connecticut.  New 
Jersey.  Maryland.  Virginia.  Louisiana,  and  Texas)  were  exposed  to 
5()|j.g/ml  Quinine  HCl  to  evaluate  differences  in  susceptibility.  The 
viability  of  all  isolates  significantly  decreased  after  Quinine  expo- 
sure. The  Maryland  and  Virginia  strains  appeared  to  be  more  sus- 
ceptible to  treatment  than  the  other  isolates.  Bearing  in  mind  that 
hemocytes  are  integral  component  of  the  host  innate  immune  sys- 
tem, the  effect  of  Quinine  on  hemocyte  viability  was  determined 
using  a  Neutral  Red  assay.  The  resulting  information  indicated  the 
importance  of  examining  the  use  of  Quinine  in  mitigating  P.  mari- 
nus infections  under  //;  vivo  conditions. 


ESTABLISHING  BASELINES  FOR  RECOVERY  OF  OYS- 
TER (CRASSOSTREA  VIRGINICA)  POPULATIONS  IN 
SOUTHEAST  FLORIDA.  Melanie  L.  Parker  and  William  S. 
Arnold.  Fish  &  Wildlife  Research  Institute.  100  Eighth  Ave.  SE, 
St.  Petersburg.  FL  33701. 

Oysters  occur  in  nearly  all  estuarine  and  nearshore  waters  along 
the  Florida  coast.  Many  of  these  waters  have  experienced  altered 
patterns  of  water  delivery  and  quality  as  a  result  of  water  man- 
agement practices  related  to  the  St.  John's  River  and  Kissimmee 
River  basins.  Lake  Okeechobee  and  the  Everelades.  Alterations  in 
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freshwater  flow  have  reduced  or  eliminated  many  oyster  reefs  and 
impacted  both  the  timing  and  extent  of  oyster  reproduction.  The 
Comprehensive  Everglades  Restoration  Program  (CHRP)  is  being 
implemented  as  a  means  of  reinitiating  natural  freshwater  flow  to 
coastal  waters  in  south  Florida.  Because  of  its  wide  distribution 
and  essential  habitat  value,  the  eastern  oyster  is  included  in  this 
program  as  a  target  species  for  monitoring  and  restoration. 
Changes  in  oyster  distribution  and  abundance,  reproductive  devel- 
opment, disease  incidence,  and  juvenile  recruitment  and  growth 
are  being  monitored  at  several  sites  along  the  southeast  coast  ot 
Florida  including  the  St.  Lucie  estuary,  Loxahatchee  River.  Lake 
Worth  Lagoon  and  Biscayne  Bay.  Oyster  populations  in  Tampa 
Bay,  Mosquito  Lagoon  and  Sebastian  River  are  also  being  moni- 
tored as  a  background  for  comparison  because  these  are  outlier 
populations  not  affected  by  CHRP  water  management  practices.  In 
.lanuarv  200,'i.  study  sites  were  established  within  each  estuary  and 
monthly  sampling  of  recruitment,  reproductive  development  and 
disea.se  incidence  was  initiated.  Adult  surveys  were  also  conducted 
at  each  study  site  to  determine  oyster  distribution  and  abiuidance. 
Preliminary  results  indicate  that  the  pattern  of  degradation  of  oys- 
ter populations  anu)ng  estuaries  is  rather  chaotic  while  Ihc  pattern 
within  an  estuary  is  more  predictable. 


IMPACTS  OF  THE  TOXIC  DINOFLAGELLATE  ALEXAN- 
DRWM  MOMIATUM  ON  THREE  ECOLOGICALLY  IM- 
PORTANT SHELLFISH  SPECIES.  Susan  E.  Pate'.  JoAnn 
M.  Burkholder'  and  Sandra  E.  Shumway".  'North  Carolina 
State  University.  ^Lhiiversity  of  Connecticut.  Groton.  CT. 

Little  is  known  regarding  interactions  between  shellfish  and 
Atexandrium  monilatum.  a  toxigenic  dinoflagellate  species  that 
forms  blooms  mostly  in  the  Gulf  of  Mexico.  Toxic  A.  monilatum 
has  been  linked  to  fish  and  invertebrate  kills,  and  produces  endo- 
toxins with  hemolytic  and  neurotoxic  properties.  We  experimen- 
tally assessed  responses  of  three  ecologically  important  shellfish 
species  to  A.  monilaiiim  (toxic  strain  AMO.^.  NOAA  National 
Ocean  Service.  Charleston.  SC).  In  the  first  set  of  experiments, 
grazing  studies  were  conducted  with  adult  and  juvenile  eastern 
oysters  [Crassostrea  virginica).  northern  quahogs  (Mercenaria 
mercenaria).  and  green  mussels  (Perna  viridis).  which  inhabit  ar- 
eas where  A.  monilatum  blooms  occur.  Clearance  rates  of  each 
shellfish  species  were  depressed  when  exposed  to  toxic  A.  moni- 
latum (bloom  density  of  -530  cells/niL)  alone  or  with  nontoxic 
Instant  Algae''  Pavlova,  in  comparison  to  clearance  rates  of  con- 
trol animals  that  were  fed  a  nontoxic  dinoflagellate  of  similar  size, 
Alc.xandriiim  taniaren.se  (nontoxic  clone  CCMPII5)  and  benign 
cryptophyte  algae.  Exposure  to  A.  monilatum  also  significantly 
decreased  shellfish  valve  gape.  In  the  second  set  of  experiments, 
bioassays  were  conducted  to  test  survival  of  larval  shellfish  (M. 
mercenaria.  C.  virginica)  exposed  to  A.  monilatum  as  whole,  un- 
constrained cells,  cells  held  in  dialysis  tubing,  or  sonicated  cells. 
Sonicated  A.  monilatum  caused  a  significant  decrease  in  larval 


survival,  in  comparison  to  survival  of  the  control  larvae  that  were 
tested  with  nontoxic  A.  tamarense.  Overall,  these  data  indicate  that 
A.  monilatum  blooms  can  adversely  affect  shellfish  survival  by 
reducing  clearance  rate  and  valve  gape,  affecting  food  intake,  and 
inducing  larval  mortality. 

OBSERVATIONS  ON  THE  REPRODUCTIVE  BIOLOGY 
OF  THE  HAIRY  CRAB  HAPALOGASTER  MERTENSII,  ON 
KODIAK  ISLAND,  ALASKA.  Susan  A.  Payne,  Jan  A.  Haaga 
and  Bradley  Stevens.  AFSC  NOAA  Fisheries.  Kodiak  Fisheries 
Research  Center.  301  Research  Ct..  Kodiak.  AK  99615. 

The  reproductive  biology  of  female  Hapalogasier  mertensii.  an 
intertidal  lithodid  crab,  from  Kodiak  Island,  Alaska  was  observed 
in  both  the  laborator\'  and  field  from  2000-2004.  Larval  release,  in 
2(X)I.  2003.  and  2004.  occurred  from  February-June  in  the  labo- 
ratory, and  was  not  signiticantly  different  between  years.  Hatch 
duration  m  the  individual  crabs  varied  significantly  between  years 
and  pairwise  comparisons  showed  the  following  significant  ditter- 
ences  between  years:  2001  (32.38  ±  3.37  days)  >  2003  (22.62  ± 
2.08  days)  >  2004  (6.50  ±  3.37  days).  The  average  number  of 
larvae  released  was  214.73  ±  37.66  in  2001  and  137.38  +  23.24  in 
2003.  and  was  not  significantly  different.  Molting,  mating,  and  the 
extrusion  of  a  new  clutch  of  eggs  are  not  contiguous  as  in  other 
lithodid  crabs,  but  occur  over  a  period  of  two  to  five  months. 
Laboratory  observations  show  that  molting  occurs  twice  in  some 
females  between  hatching  and  extrusion.  Possible  mating  behavior 
was  observed  twice,  and  occurred  after  the  first  molt,  but  was  not 
associated  with  the  molt  or  extrusion  of  new  eggs.  Egg  extrusion 
in  the  lab  was  only  observed  in  2003  and  occurred  between  10 
August  and  10  November,  and  in  the  field  in  2002  as  early  as  July. 
Ovary  incubation  between  the  crabs  was  significantly  different 
ranging  from  187  to  244  days  (224.67  ±  8.4288,  P  =  0.00).  Lab 
conditions  appeared  to  mimic  field  observations  for  the  timing  of 
larval  release  and  egg  extrusion  despite  prolonged  captivity  of  lab 
animals. 

TRIPLOID  CRASSOSTREA  ARIAKENSIS  AND  CRASSOS- 
TREA  VIRGIN IC A  GROWN  AT  FOUR  SITES  IN  CHESA- 
PEAKE BAY.  Kennedy  Pay nter',  Donald  Meritt",  Stan  Alien'. 
Jake  Goodwin'  and  Marcy  Chen'.  'University  of  Maryland. 
"University  of  Maryland  Center  for  Environmental  Science.  Vir- 
ginia Institute  of  Marine  Science. 

Triploid  suminoe  oysters,  Cras.so.slrea  ariakensis.  and  triploid 
eastern  oysters,  Crassostrea  virginica,  were  produced  nearly  si- 
multaneously in  the  hatchery  and  deployed  in  cages  at  four  sites  in 
Chesapeake  Bay  in  April  2004.  The  four  sites  represented  the 
broad  range  of  salinities  present  in  the  Bay.  The  'high'  salinity  site 
was  in  the  York  River  near  the  Virginia  Institute  of  Marine  Science 
(VIMS;  mean  salinity  19  psu).  The  Patuxent  River  site  had  a  mean 
salinity  of  1 1  psu  and  the  Choptank  River  site  of  9  psu.  The  'low' 
salinitv  site  in  the  Severn  River  had  a  mean  salinity  of  6  psu. 
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Growth  of  both  species  was  positively  correlated  with  salinity.  As 
of  September  2004.  no  significant  differences  in  size  or  disease 
prevalence  existed  between  species  at  any  site.  Dermo.  the  disease 
caused  by  Perkinsus  mariniis.  was  detected  in  both  species  in  July 
but  only  at  the  York  River  site.  However,  C.  ariakensis  grew  more 
later  in  the  year  than  did  C.  virgiuica  and  appeared  to  begin  grow- 
ing earlier  in  the  following  spring.  Thus.  C.  ariakensis  became 
significantly  larger  by  June  2005.  During  the  summer  of  2005,  C. 
virginica  at  the  Choptank  and  York  River  sites  grew  more  slowly 
than  C.  ariakensis.  presumably  due  to  P.  marinus  infections.  Mean 
shell  height  of  C.  ariakensis  at  the  York  River  site  in  October  2005 
(deployed  19  months)  was  140  mm  compared  to  105  mm  in  C. 
virginica.  Physiological  differences  between  the  species  appar- 
ently allow  C.  ariakensis  to  grow  more  actively  at  lower  tempera- 
tures. 

USING  PCR  TO  DETERMINE  THE  ACCURACY  OF  MOR- 
PHOLOGICAL IDENTIFICATION  OF  MERCENARIA 
MERCENARIA  LARVAE.  Laurie  Perlno,  Dianna  Padilla  and 
Michael  Doall.  Stony  Brook  University.  Stony  Brook,  NY. 

Identification  of  bivalve  larvae  in  the  field  is  an  important 
aspect  of  fisheries  management,  restoration  efforts  and  early  warn- 
ings of  invasive  species.  Traditional  methods  of  identifying  bi- 
valve larvae  are  based  on  morphological  characteristics  of  the 
larval  shell.  Problems  occur  when  using  this  method  because  the 
larvae  of  many  different  species  are  very  similar  in  shape  and  size, 
especially  during  the  smaller  D-stage.  Newer  molecular  methods, 
including  multiplex  PCR.  have  been  developed  to  aid  in  larval 
identification.  The  study  presented  here  discusses  the  accuracy  of 
morphological  identification  and  provides  error  rates  for  misiden- 
tified  larvae  by  using  PCR  to  identify  individual  field  collected 
larvae  to  species.  For  larvae  suspected  to  be  Mercenaria  merce- 
naria.  the  rate  of  obtaining  a  false  negative  (identifying  a  larva  as 
another  species  when  it  is  actually  M.  mercenaria]  was  very  low; 
however  the  rate  of  obtaining  a  false  positive  (identifying  a  larva 
as  M.  mercenaria  when  it  is  actually  another  species)  was  quite 
high.  These  error  rates  suggest  that  morphological  characteristics 
are  helpful  in  determining  those  larvae  that  are  not  the  target 
species,  but  may  lead  to  overestimations  of  densities  of  the  target 
species  due  to  overlaps  in  size  and  shape  of  different  species. 

ENRICHED  ARTEMIA  NAUPLII  AS  DIET  FOR  RED 
(PARALITHODES  CAMTSCHATICUS)  AND  BLUE  {P. 
PLATYPUS)  KING  CRAB  LARVAE  IN  THE  LABORA- 
TORY. Sara  Persselin,  NCAA  Fisheries,  Kodiak  Fisheries  Re- 
search Center.  301  Research  Ct..  Kodiak.  AK  99615. 

Newly-hatched  unenriched  .Arteinia  nauplii  are  often  the  pri- 
mary diet  in  culluring  red  [Paralilhotlcs  cafntschaticus)  and  blue 
(P.  platypus)  king  crab  larvae  in  the  laboratory.  Although  this  diet 
allows  survival  to  the  first  juvenile  crab  stage  (CI ).  rates  are  sub- 
optimal.  This  work  reports  on  studies  over  the  last  two  years 


investigating  whether  diets  of  enriched  Anemia  nauplii  improve 
survival  of  red  (RKC)  and  blue  (BKC)  king  crab  larvae.  In  2003, 
RKC  larvae  were  fed  one  of  seven  diets:  (1)  newly-hatched  unen- 
riched/Arfem/fl,  (1-5)  Anemia  nauplii  enriched  with  the  microalga 
Rhodomonas  salina.  hochrysis  sp.,  Thala.ssiosira  nordenskioeldii. 
or  T.  aestivalis,  or  (6-1)  Anemia  nauplii  enriched  with  a  commer- 
cial enrichment  product.  I.socluysis  paste  or  Algamac  3050.  The 
treatment  that  resulted  in  the  highest  survival  to  the  non-feeding 
glaucothoe  stage  was  T.  nordenskioeldii  (73%)  and  the  treatment 
that  resulted  in  the  highest  survival  to  CI  was  Isochiy.ris  paste 
(63%).  Lowest  survival  to  both  stages  occurred  in  the  newly- 
hatched  nauplii  treatments  (42%  and  30%).  Based  on  these  results, 
BKC  larvae  were  fed  one  of  four  diets  in  2004:  1 )  Anemia  nauplii 
enriched  with  the  diatom  T.  nordenskioeldii.  2)  .\rteniia  nauplii 
enriched  with  frozen  Isocluysis  paste,  3 1  newly-hatched  unen- 
riched Anemia  with  T.  nordenskioeldii  added  to  the  culture  water 
and  4)  no  food.  The  treatment  that  resulted  in  the  highest  survival 
through  CI  was  newly-hatched  Anemia  with  T.  nordenskioeldii 
added  to  the  culture  water  (91.7%).  This  diet  is  superior  to  either 
enriched  Anemia  nauplii  or  unenriched  newly-hatched  Anemia  for 
king  crab  larvae  cultured  in  the  laboratory. 


SITE-SPECIFIC  GROWTH  RATES  OF  ATLANTIC  SURF 
CLAMS,  SPISULA  SOLIDISSIMA.  FROM  THE  MIDDLE 
ATLANTIC  BIGHT.  Adriana  Picariello,  Roger  Mann  and 
Juliana  M.  Harding.  The  Virginia  Institute  of  Marine  Science. 
P.O.  Box  1346.  Gloucester  Point,  VA  23062. 

In  recent  years,  the  general  distribution  of  the  Atlantic  Surf- 
clam.  Spisula  solidissima.  along  the  east  coast  of  the  USA  has 
undergone  a  dramatic  shift  both  northward  and  into  deeper  water. 
This  observation  is  based  on  20  years  of  NOAA/NMFS/NEFSC 
stock  assessments,  with  sampling  from  1999  to  the  present  indi- 
cating that  this  distribution  shift  has  occurred.  We  examined  surf- 
clam  growth  from  different  locations  along  the  current  distribution. 
These  locations  included  animals  from  both  the  southern  and 
northern  areas  within  the  distribution  as  well  as  both  inshore  and 
offshore  locations  within  these  areas.  Samples  included  a  size 
range  of  animals  32  mm  to  180  mm  in  shell  length.  Surfclam  ages 
were  determined  by  counting  growth  bands  in  the  chondrophore. 
We  present  and  compare  estimates  of  age  structure  and  growth  from 
surt'  clam  populations  along  a  latitudinal  and  bathymetric  gradient. 
Fitted  growth  cur\es  were  compared  across  and  within  sites. 


TEMPORAL  EXPRESSION  OF  GENETIC  LOAD  IN  TWO 
FAMILIES  OF  THE  PACIFIC  OYSTER  CRASSOSTREA  GI- 
GAS.  Louis  Plough,  University  of  Southern  California. 

Discovery  of  a  large  number  of  deleterious  recessive  mutations 
(genetic  load)  in  the  Pacific  oyster  (Launey  &  Hedgecock  2001, 
Genetics  159:255)  explains  distorted  segregation  ratios,  seen 
widely  in  bivalves,  and  supports  the  dominance  theory  of  heterosis 
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and  inbreeding  depression,  for  which  there  is  substantial  evidence. 
Ho\ve\er.  the  fine  scale  mapping  location  and  temporal  e.xpression 
of  these  deleterious  alleles  has  not  been  well  characterized.  Pre- 
\  ious  experiments  to  map  genetic  load  in  the  Pacific  oyster  had 
relativelv  poor  genomic  coverage  and  analyzed  only  two  time 
points.  We  are  attempting  more  complete  genome  coverage,  based 
on  a  consensus  microsatellite  linkage  map.  evaluating  over  90 
markers  and  sampling  larvae  e\ery  day  for  thirty  days  post  fertil- 
ization. Using  inbred  lines  from  wild  populations  and  classical 
crossbreeding  experiments,  we  are  anal\/ing  segregation  ratios  for 
.SO  informative  microsatellite  DNA  markers  in  larvae  at  30  days 
post  fertilization  from  an  F,  and  F,  hybrid  family.  We  look  for 
deviations  from  expected  Mendelian  inheritance  ratios,  ow  ing  pre- 
sumably to  selection  against  identical-by-descent  homozygotes 
linked  to  nearby  markers,  and  apply  a  linked  selection  model  to 
estimate  the  number  of  lethal  genes  in  the  wild  founders.  We  see. 
for  example,  one  distortion  on  linkage  group  9.  where  microsat- 
ellite iicdCgil89  has  onl\  three  homozygous  genotypes  of  an  ex- 
pected 18  (N  =  66).  We  are  then  following  the  distorted  markers 
back  in  time  to  determine  when  the  deleterious  alleles  to  which 
they  are  linked  were  first  expressed  in  development. 


MEASURING  SUCCESS  IN  OYSTER  REEF  RESTORA- 
TION: APPLICATION  OF  STANDARDIZED  MEASURES 
AND  TESTS  OF  APPROACHES.  Martin  H.  Posey'.  Troy  D. 
Alphin^,  Loren  Coen\  Keith  Walters'"  and  Dara  Wilber^.  'De- 
partment of  Biology  and  Marine  Biology.  UNC-Wilmington. 
"Center  for  Marine  Science.  UNC-Wilmington.  ''Marine  Re- 
sources Research  Institute.  SCDNR.  ^Department  of  Marine  Sci- 
ence. Coastal  Carolina  University.  ''Grice  Marine  Program.  Col- 
lege of  Charleston. 

Oysters  along  the  Atlantic  and  Gulf  coasts  of  North  America 
have  supported  a  historically  imponant  commercially  fishery.  Oys- 
ters are  also  increasingly  recognized  as  key  components  of  coastal 
ecosystems,  providing  habitat  for  transient  and  resident  fauna,  af- 
fecting particulate  concentrations  in  overlying  waters,  reducing 
wave  energy  along  sensitive  shorelines  and  influencing  local  bio- 
geochemical  cycling.  With  a  decline  in  oysters  along  much  of  the 
Atlantic  coast,  there  is  increased  attention  to  restoring  reefs 
through  shell  planting  efforts.  However,  the  lack  of  long-term 
monitoring  using  standardized  methodologies  that  target  both 
population  and  ecosystem  functions  has  been  an  impediment  to 
assessing  the  success  of  many  restoration  projects.  In  2004.  re- 
searchers at  a  SeaGrant-sponsored  workshop  proposed  a  set  of 
sampling  criteria  and  methodologies  to  provide  standardized  popu- 
lation and  ecosystem  measures  for  assessing  the  success  of  oyster 
restoration  projects.  We  are  applying  these  standardized  measures 
to  a  series  of  restored  reefs  of  varying  ages  along  the  central  and 
southeast  North  Carolina  coast.  This  includes  comparison  of  se- 
lected habitat  and  population  functions  to  reference  reefs  as  well  as 
examining  the  influence  of  seeding  (placing  hatchery  oysters  on 


the  reef  at  the  time  of  creation),  varying  tidal  position  (intertidal  to 
shallow  subtidal).  and  landscape  attributes,  such  as  shell  depth  and 
proximity  of  adjacent  habitat  types,  in  reef  establishment.  This 
project  will  provide  a  comparison  among  different  restoration  de- 
signs as  well  as  providing  information  on  habitat  function  in  a 
standardized  lorm  that  can  be  compared  anu)ng  studies. 

UNDERSTANDING  CRASSOSTREA  GIGAS  POPULATION 
VARL\BILITY  USING  A  GENETICS-BASED  MODEL.  Eric  N. 
Powell',  .John  M.  Klinck'.  Dennis  Hedgecoek'  mid  Eileen  E.  Hof- 
mann".  'Haskin  .Shellfish  Reseiirch  Laboiatoiy;  Rutgers.  The  State 
University  of  New  Jersey.  6959  Miller  Ave.,  Port  Norris,  NJ  08349. 
"Old  Dominion  University.  'University  of  Southern  California. 

Survival  and  recruitment  of  marine  bivalve  larvae  represent  the 
interplay  of  environmental,  biological,  and  physiological  pro- 
cesses. However,  the  genetic  characteristics  of  individual  members 
of  a  population  provide  an  overlay  that  determines  the  overall 
population  response  to  exogenous  and  endogenous  forces.  This 
study  describes  the  tlrst  genetically-based  model  developed  for  a 
marine  bivalve  species.  Crassostrea  .^/ga.s.  that  can  be  coupled  to 
more  traditional  models  describing  animal  growth  and  develop- 
ment. E.xplicit  inclusion  of  genetic  structure  allows  a  mechanistic 
understanding  of  variability  in  growth,  survival,  and  recruitment. 
The  individual-based  genetics  model  simulates  generational 
changes  in  population  genotype  as  a  function  of  the  number  of 
parents  and  their  genotypes.  Each  individual  has  10  pairs  of  chro- 
mosomes, with  multiple  genes  per  chromosome  and  up  to  four 
alleles  per  gene.  Some  genes  affect  fitness  by  varying  the  chance 
of  mortality;  among  these  are  homozygous  recessives  that  are  al- 
ways lethal.  The  model  structure  allows  genetic  mutation  and  re- 
combination, tracks  male  and  female  individuals  by  means  of  a  sex 
gene,  and  permits  the  effective  number  of  broodstock  to  be  a  small 
percentage  of  the  total  adult  population.  Multi-generational  simu- 
lations show  the  disappearance  of  alleles,  a  decrease  in  heterozy- 
gosity, and  a  low  effective  population  number,  when  only  a  few 
parents  produce  successful  progeny  and  maintain  the  population 
yearlv.  Predicted  sex  ratios  match  observations,  including  the  shift 
from  male  to  female  dominance  with  increasing  size.  Homozygous 
recessive  genes  develop  in  the  population  through  mutation  and 
slowly  accumulate  until  common  enough  to  affect  population  dy- 
namics, which  then  restrains  further  increases. 

COPPER  IS  AN  ESSENTIAL  NUTRIENT  AND  POTEN- 
TIAL TOXICANT  IN  THE  DIET  OF  THE  SEA  URCHIN 
{LYTECHINUS  VARIEGATL'S).  Mickie  L.  Powell',  W.  T. 
Jones'.  V.  K.  Gibbs',  H.  S.  Hammer',  J.  M.  Lawrence"  and 
A.  L.  Lawrence'.  'University  of  Alabama  at  Birmingham.  Bir- 
mingham. AL.  "University  of  South  Florida.  'Texas  A&M  Uni- 
versity Sy.stem. 

Due  to  worldwide  overfishing,  scientists  are  currently  devel- 
oping stock  enhancement  and  aquaculture  techniques  for  sea  ur- 
chins. Successful  culture  of  sea  urchins  requires  a  formulated  feed 
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that  fulfills  all  nutritional  requirements.  Copper  is  an  essential 
micronutrient  in  the  diets  of  most  animals.  It  is  a  component  of 
many  enzymes  involved  in  energy  production  and  in  the  protection 
of  cells  from  free  radicals.  Excessive  levels  in  the  diet  can  be  toxic. 
Small  (ca.  13  g  wet  weight)  L  variegatus  were  fed  formulated 
feeds  with  low.  medium,  or  high  levels  of  copper  for  12  weeks 
(calculated  at  6,  47  and  16(1  ppm;  levels  based  on  established 
dietary  levels  for  other  marine  invertebrates,  supplemented  as 
CUSO4).  Under  these  experimental  conditions,  wet  weights  of  in- 
dividuals fed  a  medium  level  o\'  copper  were  slightly  higher  (43.2 
±  1.2;  P  =  0.069)  than  those  fed  low  and  high  levels  (39.9  ±  1.2. 
and  40.3  ±  1.7  a  wet  weight,  respectively).  Gonad  and  gut  wet 
weights  were  significantly  lower  (P  <  0.003)  in  the  high  copper 
diet  (6.9  ±  2.5.  7.0  ±  3.6  and  5.0  ±  1 .6  g  gonad  wet  weight  and  0.97 
±  0.04.  1.1  ±  0.06  and  0.83  ±  0.04  g  gut  wet  weight  for  low. 
medium  and  high  le\els.  respectively).  However,  in  the  absence  of 
copper  supplementation  survivorship  decreased  to  87.5'7f  on  the 
low  copper  feed.  These  data  suggest  that  dietary  copper  is  essential 
for  normal  physiological  function,  but  can  be  toxic  at  high  levels. 


samples  in  Prince  William  Sound,  and  prompt  intervention  and 
temperature  control  was  affective  in  preventing  Vp  illness  from 
culture  Pacific  oysters. 


VIBRIO  PARAHAEMOLYTICVS  IN  .4LASKA:  AN  AG- 
GRESSIVE RESPONSE  TO  A  POTENTIAL  CRISIS.  Ray- 
mond RaLonde,  Alaska  Sea  Grant  Program.  University  of  Alaska. 
Anchorage.  AK  99501. 

Oyster  farmers  in  Prince  William  Sound,  during  the  summer  of 
2004.  were  devastated  by  an  outbreak  of  human  illness  caused 
Vibrio  paraluiemolyticiis  (Vp).  With  63  confirmed  cases,  the  out- 
break was  the  second  largest  recorded  in  the  United  States  history. 

The  United  States  Food  and  Drug  Administration  (FDA)  is 
concerned  about  the  Prince  William  Sound  outbreak.  The  first 
serious  problem  is  that  the  06:K18  serotype,  while  similar  to  an 
isolate  from  the  state  of  Washington,  is  extremely  virulent,  causing 
illness  in  concentrations  as  low  as  3.5  bacteria  per  gram.  In  addi- 
tion, over  76%  of  the  environmental  samples,  tested  positive  for 
pathogenic  Vp.  while  the  worldwide  historical  averages  less  than 
1%.  Both  of  these  factors  indicate  an  unprecedented  event  that  may 
have  nationwide  implications  in  further  development  of  seafood 
safety  standards. 

As  a  follow-up  to  the  2004  outbreak,  a  statewide  investigation 
involving  the  industry.  Alaska  Department  of  Environmental  Con- 
servation, FDA  Gulf  Coast  Shellfish  Laboratory,  and  the  Univer- 
sity of  Alaska  Sea  Grant  Program  was  implemented  during  the 
summer  of  2005.  The  objectives  of  the  study  were  to  determine  the 
extent  of  Vp  in  environmental  samples  in  Prince  William  Sound, 
determine  if  Vp  was  present  at  oyster  farms  outside  of  Prince 
William  Sound,  and  to  test  changes  in  aquaculture  practices  as 
preventative  measures  against  Vp  accumulation.  Preliminary  re- 
sults indicate  that  Vp  is  broadly  distributed  in  einironmental 


MICROSATELLITE  ASSESSMENT  OF  GENE  FLOW  IN 
.AMBLEMA  PLIC.ATA  IN  THE  OUACHITA  HIGHLANDS 
OF  SOUTHEASTERN  OKLAHOMA.  Kathleen  Reagan'  and 
Caryn  Vaughn".  'University  of  Oklahoma.  Oklahoma  Biological 
Survey.  "University  of  Oklahoma.  Director-Oklahoma  Biological 
Survey. 

Appreciation  of  genetic  diversity  in  unionids  is  essential  to 
their  preservation.  Understanding  how  habitat  perturbations,  par- 
ticularly those  that  fragment  populations,  affect  this  genetic  diver- 
sity will  provide  information  for  better  management  of  their  natu- 
ral habitats.  We  are  examining  genetic  diversity  and  relatedness 
within  a  common  mussel  species,  Aniblcina  plicata.  from  three 
rivers  in  the  Ouachita  Highlands  of  southeastern  Oklahoma  that 
are  fragmented  to  varying  degrees,  due  to  impoundments.  We 
sampled  A.  plicata  tissue  from  ten  sites  across  the  Little  (N  =  8), 
Glover  (N  =  1 )  and  MT.  Fork  (N  =  1 )  Rivers.  At  each  of  these 
sites,  mussels  were  sampled  from  15.  randomly  placed.  0.25  m" 
quadrats.  Tissue  samples  consisting  of  20-40  |jLg  of  mantle  tissue 
were  clipped  from  a  minimum  of  30  individuals  per  site.  A  sub- 
sample  of  mussel  individuals  was  taken  from  each  site  for  shell 
thin-sectioning  to  determine  age.  Microsatellite  markers  will  be 
used  to  examine  both  genetic  diversity  and  relatedness  of  A.  pli- 
cata within  and  between  sites.  This  will  enable  us  to  determine  the 
impacts  of  impoundments  on  gene  flow. 


MOLECULAR  MARKERS  FOR  POPULATION  STUDIES, 
SELECTIVE  BREEDING  AND  PARENTAGE  ASSIGN- 
MENTS IN  THE  HARD  CLAM  (MERCENARIA  MERCE- 
NARIA).  Kimberly  S.  Reece'.  Gail  P.  Scott'.  Ryan  B.  Carne- 
gie', Lisa  Ragone  Calvo",  Eugene  M.  Burreson'  and  Mark  D. 
Camara\  'VIMS,  The  College  of  William  and  Mary,  P.O.  Box 
1346,  Gloucester  Point.  VA  23062.  "Haskin  Shellfish  Research 
Laboratory.  Rutgers  University,  'USDA,  ARS,  OSU,  Hatfield  Ma- 
rine Science  Center. 

The  hard  clam  [Mercciiaria  mercenaria)  industry  has  been 
heavily  impacted  by  Quahog  Parasite  Unknown  (QPX),  which  had 
caused  substantial  mortality  in  cultured  clams  at  some  sites  along 
the  eastern  seaboard  of  the  USA.  Selective  breeding  of  clams  for 
traits  such  as  disease  resistance,  enhanced  growth  rate  and  low 
salinity  tolerance  might  provide  stocks  that  significantly  improve 
harvest  viclds  in  particular  regions.  Stocks  derived  from  geo- 
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graphically  distinct  wild  broodstock  demonstrate  differential  sus- 
ceptibility to  QPX.  suggesting  a  genetic  basis  for  disease  resis- 
tance. Side-by-side  field  experiments  ha\e  shown  significantly 
higher  QPX  prevalence  in  stocks  from  Florida  and  South  Carolina 
compared  to  that  observed  in  northern  stocks  (\'.\.  NJ.  MA).  Un- 
fortunately, genetic  improvement  efforts  in  bivalves  are  hampered 
by  difficulties  inherent  in  maintaining  individually  reared  families 
in  order  to  address  genetic  questions,  and  in  developing  elite  ge- 
netic stocks  without  severe  inbreeding  depression.  Molecular  ge- 
netic markers  can  be  used  to  assign  individuals  to  families  follow- 
ing field  grow -out  challenges  and  to  facilitate  maintenance  of  ge- 
netic diversity  in  stocks.  For  disease  selection  challenges,  families 
can  be  mi.xed  in  the  field  and  multi-locus  genotypes  can  be  used  to 
assign  individual  progeny  to  parents  or  to  reconstruct  sibling  re- 
lationships retrospectively.  Individuals  used  for  subsequent  gen- 
eration spawns  can  be  selected  based  on  genetic  profiles  to  maxi- 
mize diversity  and  genetic  profiles  of  populations  and  stocks  allow 
examination  of  genetic  differentiation.  We  have  developed  both 
microsatellite  and  single  nucleotide  polymorphism  (SNP)  markers 
for  M.  iiwnt'iniria  and  are  testing  them  for  the  ability  to  do  par- 
entage assignments  and  stock  differentiation. 


GENETIC  CONSIDERATIONS  IN  BROODSTOCK  SELEC- 
TION FOR  OYSTER  REEF  RESTORATION.  Kimberly  S. 
Reece',  Jens  Carlsson',  Jan  F.  Cordes',  Ryan  B.  Carnegie'  and 
Mark  D.  Camara'.  'VIMS.  The  College  of  William  and  Mary. 
P.O.  Box  1346,  Gloucester  Point.  VA  23062.  "USDA.  ARS,  OSU. 
Hatfield  Marine  Science  Center. 

Diseases  caused  by  the  parasites.  Peil^insiis  inaiiniis  and  Hap- 
losporidium  nelsoni.  contributed  to  decline  of  native  Crassostrea 
virginica  populations  in  the  eastern  USA,  and  slowed  their  recov- 
ery. Recently,  oyster  restoration  strategies  have  focused  on  im- 
proving tolerance  to  these  parasites  by  planting  selectively  bred 
strains  in  Chesapeake  Bay.  Enhanced  parasite  tolerance  in  domes- 
ticated stocks  might  translate  to  increased  chances  of  survival  and 
reproductive  success  relative  to  wild  populations.  In  addition,  dis- 
ease resistance  genes  from  selected  strains  might  introgress  into 
wild  populations  through  interbreeding.  Genetic  variation,  how- 
ever, is  typically  greatly  reduced  in  hatchery  lines  compared  to 
natural  populations  and  depending  on  genotypic  profiles,  as  well  as 
relative  census  and  effective  population  sizes,  interbreeding  with 
planted  hatchery  strains  could  reduce  diversity  in  wild  populations. 
Oyster  populations  in  the  Bay  might  become  genetically  less  re- 
silient in  the  face  of  future  disease  or  environmental  challenges. 
Understanding  the  genetic  mechanisms  of  disease  resistance  and 
interactions  between  deployed  hatchery  stocks  and  wild  popula- 
tions is  key  to  assessing  the  impact,  positive  or  negative,  of  such 
oyster  restoration  strategies.  Many  hatchery  stocks  being  used  for 
restoration  in  Chesapeake  Bay  have  unique  genetic  profiles  dis- 


tinguishing them  from  local  wild  populations.  We  are  using  mo- 
lecular markers  to  evaluate  the  breeding  success  of  deployed  oys- 
ters and  conduclmg  surveys  to  examine  the  impact  of  disease  on 
various  populations  and  selected  stocks.  Genotypic  data  enables  us 
to  assign  individuals  to  either  local  native  populations,  deployed 
oyster  strains  or  putative  hybrid  groups,  and  disease  data  provides 
information  on  relative  disease  tolerances  of  the  different  groups. 


REPRODUCTIVE  CYCLE  OF  THE  RAZOR  CLAM  SOLEN 
MARGINATUS  (PULTENEY  1799)  IN  SPAIN.  A  COM- 
PARATIVE STUDY  IN  THREE  DIFFERENT  PLACES.  A. 

Reniacha-Trivino,  University  of  Rhode  Island,  Department  of 
Fisheries,  Animal  and  Veterinary  Sciences,  20A  Woodward  Hall, 
Rl  02881. 

The  reproductive  cycle  of  the  razor  clam.  Solen  marginatiis. 
(Pulteney  1799)  is  studied  in  three  different  places  of  Spain 
through  time.  Sampling  was  performed  in  the  natural  beds  of:  Eo 
Estuary  (NW  Spain)  in  1994-95.  Santander  Bay  (N  Spain)  in 
1998-99  and  Tenon  Estuary  (SW  Spain)  in  1999.  In  Eo.  Santander 
and  Terron.  respectively:  phase  0  (resting  stage)  occurred  in  July- 
August.  September-October  and  August-September,  phase  1 
(early  gametogenesis)  happened  in;  August-October,  October- 
December  and  September-November,  phase  II  (late  gametogen- 
esis) was  developed  in  November-April,  January-May  and  De- 
cember-April and  phase  III  (reproduction)  took  place  in:  May- 
June.  June-August  and  May-July.  Two  new  approaches  oriented 
to  the  fast  monitoring  of  the  gametogenic  cycle  of  the  species 
based  on  sequential  mean  drained  soft  parts  weights  obtained  by 
simulation  and  on  the  macroscopic  observation  of  the  gonad  are 


presented. 


QUANTIFICATION  OF  PERKINSUS  MARINUS  IN  THE 
EASTERN  OYSTER  CRASSOSTREA  VIRGINICA  USING 
MODERN  STEREOLOGICAL  TECHNIQUES.  Antonio 
Remacha-Triviiio',  Dodi  Borsay-Horowitz-.  Christopher  Dun- 
gan\  Ximo  (iual-Arnau^.  Javier  Gomez-Leon'  and  Marta 
Gomez-Chiarri'.  'University  of  Rhode  Island,  20A  Woodward 
Hall.  Kingston,  USA,  "US  EPA,  Atlantic  Ecology  Division, 
'Maryland  DNR,  Cooperative  Oxford  Laboratory,  ""Universitat 
Jaume  I,  Castello,  Spain. 

Dermo  disease,  caused  by  the  protozoan  parasites  PeMnsiis 
spp..  is  responsible  for  high  mortalities  of  bivalve  molluscs  world- 
wide. In  order  to  improve  the  knowledge  of  the  pathogenesis  of 
Dermo,  accurate  techniques  to  estimate  the  number  of  parasites  in 
tissue  sections  are  required.  This  study  is  aimed  to  quantify  the 
number  and  tissue  distribution  of  different  stages  of  P.  mariniis  in 
a  natural  population  of  Crassostrea  virf>iniia  from  Wickford 
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(Rhode  Island.  US)  by  the  application  of  modem  stereology  and 
immunohistochemistry.  Mean  total  number  ol  trophozoites  in  eight 
oysters  collected  in  July  2005.  of  mean  shell  length  (mean  ±  SD) 
of  101.2  ±  5.2  mm.  were  (mean  ±  SE)  1  1.80  ±  3.91  million  and 
11.55  ±  3.88  million  for  the  optical  disector  and  optical  fraction- 
ator  methods  respectively.  The  mean  empirical  error  between  both 
stereological  approaches  was  3.8  ±  1.09r.  Trophozoites  were  de- 
tected intracellularly  in  the  following  tissues:  intestine  (30.1%), 
Leydig  tissue  (21.39<-).  hemocytes  (14.9%).  digestive  gland 
(11.4%),  gills  (6.1%f),  connective  tissues  (except  Leydig  and 
mantle)  (5.7%).  gonads  (4.1%).  palps  (2.2%).  muscle  (1.9%), 
mantle  connective  (0.8%).  pericardium  (0.7%),  mantle  epithelium 
(0.1%),  and  heart  (0.1%).  The  remaining  0.6%  of  trophozoites 
were  found  extracellularly  throughout  different  tissues.  Percent- 
ages of  trophozoite  stages  were  (mean  ±  SE):  large,  log-phase 
trophonts  (/.  e.  signet-rings):  97.0  ±  1.2%:  meronts:  2.0  ±  0.9%; 
clusters  of  small,  log-phase  trophonts  (/.  e.  merozoites):  1.0  ± 
0.5%.  These  techniques  could  be  useful  to  tollow  parasite  distri- 
bution and  progression  in  experimental  infections,  and  further  ex- 
plore mechanisms  of  dermo  pathogenesis. 


capsid  maturation  tip  the  balance  of  evidence  in  favour  of  a  com- 
mon origin. 


HERPES  VIRUSES  INFECTING  BIVALVES:  A  REVIEW. 
T.  Renault,  IFREMER,  La  Termbiade.  France. 

Particles  morphologically  similar  to  herpes  viruses  were  first 
detected  in  an  invertebrate  (the  Eastern  oyster,  Crassostrea  vir- 
ginica)  in  1972.  Herpes-like  viruses  have  since  been  identified  in 
various  marine  bivalve  species  throughout  the  world,  including  the 
Pacific  oyster.  Crasso.strea  gi.i;as.  the  European  flat  oyster.  Ostrea 
edidis.  the  Antipodean  flat  oyster.  Ostrea  angasi.  the  Chilean  oys- 
ter, Tiostrea  clulcnsis.  the  carpet  shell  clam.  Riiditapes  decussatiis. 
the  Manila  clam,  Riiditapes  plulippinanini  and  the  great  scallop, 
Pecten  niaxiniiis.  Infections  are  often  associated  with  sporadic  epi- 
sodes of  high  mortality  among  larvae  and  juveniles.  PCR-based 
diagnostic  methods  have  facilitated  epidemiological  investigations 
showing  that  healthy  adult  animals  can  harbour  the  \  iral  genome. 
Transmission  experiments  have  demonstrated  the  pathogenicity  of 
the  virus,  and  indicated  that  a  single  species  is  probably  respon- 
sible for  all  the  infections  observed.  The  virus  isolated  from  in- 
fected C.  gigas  larvae  has  been  formally  classified  as  a  member  of 
the  Herpesviridae  under  the  name  ostreid  herpesvirus  1  (OsHV- 1 ). 
Characterization  of  the  genome  yielded  an  estimated  size  of  207 
kbp.  The  capsid  morphology  and  genome  sequence  of  OsHV-1 
have  been  studied  in  order  to  assess  its  phylogenetic  status  in 
relation  to  vertebrate  herpes  viruses.  The  conserved  gene  that 
comes  closest  to  being  herpes  virus-specific  encodes  the  putative 
ATPase  subunit  of  the  terniinase,  an  enzyme  complex  involved  in 
packaging  viral  DNA  into  preformed  capsids.  Moreover,  similari- 
ties between  the  two  groups  in  capsid  structure  and  mechanisms  of 


OYSTER  HERPES  VIRUS  1  (OSHV-1)  INDUCED  GENES  IN 
THE  PACIFIC  OYSTER  [CRASSOSTREA  GIGAS).  T.  Renault. 
N.  Faury,  V.  Barbosa-Soloniieu.  K.  Moreau.  C.  Brunetlere,  D. 
Saulnier  and  J.-F.  Pepin.  IFREMER,  La  Tremblade,  France. 

Since  1972,  several  herpes-like  virus  infections  have  been  re- 
ported among  different  bivalve  species  around  the  world.  Viral 
detection  was  often  associated  with  high  mortality  rates  in  spat  and 
larvae  of  bivalves,  including  Pacific  oyster  (Crassostrea  gigas). 
The  genome  characterization  of  the  virus  infecting  C.  gigas  al- 
lowed it  to  be  included  in  the  Herpesviridae  family  as  an  unas- 
signed  member  and  named  Oyster  Herpes  virus  I  (OsHV- 1 ).  The 
specific  objective  of  the  present  study  was  to  search  for  OsHV-1- 
indticed  genes  expressed  in  adult  C.  gigas  oysters.  The  suppression 
substractive  hybridisation  (SSH)  technique  has  been  used.  Oyster 
haemocytes  in  contact  with  infected  and  non-infected  ground  lar- 
vae were  used  to  extract  RNA.  Briefly,  cDNA  was  obtained  from 
l(j.g  of  each  hemocyte  RNA  (control  and  after  virus  contact)  using 
the  SMART  PCR  cDNA  Synthesis  Kit  (Clontech),  which  allowed 
the  full-length  amplification  of  cDNA  from  inRNA  transcripts.  A 
SSH  assay  was  then  performed  using  the  PCR-Select  cDNA  Sub- 
traction Kit  (Clontech).  The  forward-subtracted  sample  (genes 
present  or  up-regulated  in  presence  of  the  virus)  was  then  used  in 
PCR  to  amplify  the  differentially  expressed  sequences.  Cloned 
PCR  products  were  sequenced  using  a  3100  Avant  Genetic  analy- 
ser ABI  prism  (Applied  Biosystem).  BlastX  analysis  of  the  se- 
quenced differentially  regulated  clones  resulted  in  unique  homo- 
logues  being  identified  of  which  some  have  never  been  reported 
previously  in  any  bivalve  species.  One  of  the  promising  candidates 
corresponds  to  a  homolog  with  glypican  6  precursor  genes.  Glypi- 
can  6  is  a  cell  surface  proteoglycan  bearing  heparan  sulfate.  Hepa- 
ran sulfate  proteoglycans  serve  as  cellular  receptors  for  herpes 
viruses. 


ECOLOGICAL  SERVICES  RENDERED  BY  CULTURED 
EASTERN  OYSTERS.  Robert  B.  Rheault.  Moonstone  Oysters, 
1121  Mooresfield  Rd..  Wakefield  Rl  02879. 

It  has  been  shown  that  wild  and  cultured  oysters  prov  ide  many 
ecological  services  that  benefit  both  the  environment  and  wild 
oyster  stocks.  (Shumway  et  al.  2003,  Newell  2004,  2002)  The 
services  rendered  by  commercial  oyster  aquaculture  include:  re- 
moval of  nutrients  (both  by  harvest  and  enhanced  bacterial  deni- 
trification);  improving  water  clarity  and  water  quality  by  enhanc- 
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ing  sedimentation;  adding  larvae  to  the  wild:  sequestering  tons  of 
carbon  and  creating  a  structurally  diverse  habitat  for  other  maruie 
organisms. 

When  an  oyster  is  harvested  approximately  0.52  g  N  and  0.16 
g  P  are  physically  and  permanently  removed  from  the  marine 
environment.  The  combined  harvest  of  approximately  700  million 
cultured  Eastern  Oysters  removes  357  metric  tons  of  nitrogen  and 
1  10  metric  tons  of  phosphorus  from  the  marine  environment  an- 
nually. Additional  nitrogen  is  renioxed  by  denitrification  associ- 
ated with  these  farms.  These  oysters  sequestered  51,559  metric 
tons  of  carbon  in  their  shell  and  released  an  estimated  1.7  x  1()E15 
larvae  into  the  wild.  Cultured  oysters  clear  an  estimated  94  million 
cu  meters  of  water  daily,  while  thousands  of  acres  of  oyster  culture 
grounds  provide  a  habitat  for  billions  of  diverse  marine  organisms. 

These  factors  were  considered  in  light  of  the  recent  effort  to  list 
the  Eastern  oyster  as  an  endangered  species.  Unavoidable  damage 
to  the  oyster  culture  industry  would  have  severe  negative  impacts 
on  wild  populations  and  coastal  water  quality  as  well. 


ASSESSMENT  OF  THREE  STAINS  INTERNALLY  MARK- 
ING MOLLUSC  SHELLS  OF  CONCHOLEPAS  CONCHOLE- 
PAS  AND  MESODESMA  DONACIUM.  Jose  M.  Riascos  V, 
Nury  Guzman".  Jiirgen  Laudien',  Olaf  Heilinayer  and  Mar- 
celo  Oliva'.  'Universidad  de  Antofagasta.  Irnestigaciones  Ocean- 
ologicas,  "Institut  de  Recherche  pour  le  Developpement.  Bondy 
Cedex,  PR,  ^Alfred- Wegener  Institute  for  Polar  and  Marine  Re- 
search. 

Different  stains  have  been  used  to  internally  mark  the  calcified 
structures  of  mollusc  shells  and  thereafter  for  the  validation  of 
growth  estimates.  As  an  interspecific  variation  in  marking  success 
is  known,  an  assessment  of  suitability  is  necessary.  The  potential 
of  Calcein,  Alizarin  red  and  Strontiuni-chloride-hexahydrate 
(SCH)  was  investigated  for  the  gastropod.  Ciincliolepas  coiicliole- 
pcis,  and  the  surfclam,  Mesodesnui  donnciiim.  two  molluscs  of 
commercial  importance  in  Chile.  Wild  specimens  collected  off 
Antofagasta.  Northern  Chile,  were  marked  using  two  concentra- 
tions of  each  stain  and  two  immersion  periods  as  well  as  a  control. 
After  immersion,  animals  were  reared  for  20  days  to  allow  growth. 
Mortality,  body  condition  and  growth  were  measured  to  assess  the 
effects  of  treatments.  For  the  detection  of  the  incorporated  marks, 
individuals  were  culled  and  shell  sections  analyzed  under  a  fluo- 
rescence microscope  (Calcein,  Alizarin)  and  a  scanning  electron 
microscope  (SCH),  respectively.  The  treatments  did  not  show  sig- 
nificant effects  on  mortality  and  body  condition.  However,  the 
growth  rate  of  C.  caiicholepas  was  significantly  different  (P  < 
0.05)  among  stains  (SCH  <  Alizarin  <  Calcein).  Calcein  markings 
were  successful  in  all  treatments  (50  and  100  mg  1-1.  3  and  6  hrs.) 
whereas  Alizarin  only  yielded  comparable  results  with  100  mg  1-1 
and  6  hrs.  SCH  just  produced  faint  marks,  even  at  fiigh  concen- 
trations. Markings  in  C.  concholepas  were  clearer  compared  to  M. 


lUmacium.  which  can  be  attributed  to  the  gastropod's  fast  growth 
rale  (0.43  \x.m  d- 1 ).  Calcein  was  assumed  to  be  the  best  marker  and 
did  not  considerably  affect  the  viability  of  the  species  studied. 


INTERACTIONS  BETWEEN  THE  SURFCLAM  [ME- 
SODESMA DONACIUM)  AND  THE  COMMENSAL  POLY- 
CHAETA  iPOLYDORA  BIOCCIPITAUS)  IN  NORTHERN 
CHILE.  Jose  M.  Riascos  V.'.  Olaf  Hellniayer",  Marcelo  Oliva' 
and  Jiirgen  Laudien~.  'Universidad  de  Antofagasta,  Investiga- 
ciones  Oceanologicas,  "Alfred-Wegener  Institute  for  Polar  and 
Marine  Research.  'Universidad  de  Antofagasta.  Investigaciones 
Oceanologicas. 

Although  the  surfclam.  Mesodesma  donachim.  is  one  of  the 
most  important  species  for  shellfisheries  in  Chile  and  the  infesta- 
tion by  the  symbiotic  polychaete.  Pohdoni  hidccipituUs.  reaches 
31.4%.  nothing  is  known  about  this  species  association.  Monthly 
samples  from  Honiitos  (Northern  Chile)  were  collected  to  deter- 
mine the  shell  length  (anterior-posterior)  when  commensalism  first 
occurs,  and  its  effect  on  the  body  condition  index  (BCI  =  dry 
tissue  mass/internal  cavity  volume  x  100).  The  temporal  pattern  of 
the  symbiosis  was  studied  by  measuring  the  thickness  of  the  blis- 
ters walls  formed  in  the  bivalve  shell  as  an  estimation  of  duration 
of  the  association.  In  addition,  a  laboratory  experiment  was  per- 
formed to  assess  if  the  commensal  relationship  affects  the  growth 
rate  of  the  host.  Preliminary  results  indicate  that  the  symbiosis  can 
only  be  found  in  clams  larger  than  33.3  mm.  As  M.  doiuiciitm 
undergoes  a  migration  from  the  intertidal  (juveniles)  to  the  lower 
subtidal  (post-ju\eniles  and  adults)  during  its  life  cycle,  it  appears 
that  the  symbiosis  only  occurs  during  a  later  ontogenetic  stage 
when  individuals  inhabit  the  subtidal  level.  BCI  was  significantly 
different  (P  <  0.05)  between  hosting  and  non-hosting  clams.  Al- 
though the  internal  shell  cavity  was  smaller  in  hosting  clams,  thus 
affecting  considerably  the  BCI.  the  proportion  of  dry  tissue  mass 
was  not  significantly  different.  This  suggests  that  M.  donacium  is 
well  adapted  to  the  commensal.  Thickness  of  blister  walls  showed 
differences  (t-test.  P  <  0.05)  between  months:  thinner  blister  walls 
were  found  in  May.  June  and  July,  suggesting  a  seasonal  pattern  of 
the  commensalism. 


GENETIC  STRUCTURE  OF  OYSTER  REEFS  ALONG  THE 
ALABAMA  GULF  COAST.  Gillian  Richard  and  Charles 
Brockhouse.  University  of  South  Alabama.  307  N.  University 
Blvd..  LSCB  Rm  124.  Mobile,  AL  36688. 

The  oyster  bed  productivity  in  areas,  such  as  Mobile  Bay.  has 
abruptly  declined  in  recent  years  despite  the  absence  of  fishing 
pressures.  These  declines  have  negatively  affected  the  commercial 
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and  recreational  fisheries  in  Alabama  and  may  have  also  influ- 
enced the  Bay's  natural  ecosystem  in  unknown  ways.  In  an  attempt 
to  increase  oyster  stocks  in  Mobile  Bay,  a  restoration  program  has 
been  initiated.  To  effectively  manage  an  oyster  reef  restoration 
project  an  understanding  of  the  genetic  structure  of  the  oyster 
population(s)  and  hence,  the  extent  of  local  larval  transport  and 
genetic  exchange  among  the  oyster  reefs  in  the  natural  environ- 
ment is  of  considerable  practical  importance.  This  study  has  es- 
tablished a  genetic  map  of  the  region  by  investigating  the  genetic 
variation  and  differentiation  among  five  oyster  reefs  spanning  the 
Alabama  gulf  coast.  The  results  indicated  high  levels  of  genetic 
diversity  within  sampled  reefs  and  Fsy  revealed  little  genetic  dif- 
ferentiation among  the  samples.  An  estimator  of  gene  flow  indi- 
cated that  the  main  commercial  oyster  reef.  Cedar  Point  Reef,  is 
the  primary  source  of  recruits  for  the  area. 


CFD  ANALYSIS  OF  SHELLFISH  AQUACULTURE  GEAR 
USED  IN  INTER-TIDAL  AND  SUB-TIDAL  LOCATIONS. 
John  Richard.son',  Carter  Newell",  Dror  Angel \  Tessa 
Getchis^,  Andy  Suhrbier\  Jonathan   Davis''  and  Daniel 

Cheney^.  'Blue  Hill  Hydraulics  Incorporated.  "Great  Eastern 
Mussel  Farms,  'Massachusetts  Institute  of  Technology,  "'Connecti- 
cut Sea  Grant  Extension  Program.  "^Pacific  Shellfish  Institute. 
*Tayler  Resources  Baywater.  Inc..  ^Pacific  Shellfish  Institute. 

An  environmental  and  technical  assessment  of  alternative 
methods  used  to  cultivate  bivalve  shellfish  was  completed  as  part 
of  the  National  Marine  Aquaculture  Initiative  (NMAI).  Included  in 
the  list  of  study  sites  were  locations  in  Washington  State  and 
Connecticut  where  aquaculture  is  being  carried  out  in  inter-tidal 
and  sub-tidal  waters  using  bag-on-bottom,  bag-on-rack,  net- 
protected  or  cage  culture  methods.  To  evaluate  the  effectiveness  of 
these  methods  used  for  shellfish  aquaculture  and  to  better  under- 
stand their  effect  on  the  local  environment,  experimental  and  nu- 
merical studies  of  culture  unit  hydrodynamics  were  completed. 
These  studies  involved  the  acquisition  of  near-field  velocity  mea- 
surements, dye  studies,  and  construction  of  three-dimensional  nu- 
merical models  based  on  computational  fluid  dynamics  (CFD) 
techniques.  Of  particular  interest  are  the  use  of  fractional  volume 
techniques  to  model  nets  and  bags,  and  the  use  of  a  kinetics  algo- 
rithm to  calculate  phytoplankton  consumption  within  the  culture 
units.  These  techniques  allow  the  practitioner  to  accurately  simu- 
late three-dimensional  flows  through  the  different  types  of  culture 
units  and  to  estimate  food  availability  within  the  culture  units.  The 
results  of  the  modeling  were  used  to  help  provide  explanation  of 
the  field  data  sets,  to  identify  "holes""  in  the  data  sets,  and  to 
compare  the  performance  of  the  different  shellfish  aquaculture 
practices.  The  methods  developed  for  this  study  can  also  be  used 
as  an  aid  to  evaluate  siting  concerns  and  to  customize  gear  de- 
signed to  work  optimally  at  specific  locations. 


LINKAGES  BETWEEN  CELLULAR  BIOMARKER  RE- 
SPONSES AND  REPRODUCTIVE  SUCCESS.  Amy  H.  Ring- 
wood',  Charles  J.  Keppler",  Jennifer  Hoguet'  and  Michel 
Gielazyn"*.  'University  of  North  Carolina.  Charlotte.  Department 
of  Biology,  9201  University  Blvd..  Charlotte.  NC  2822.3,  -Marine 
Resources  Research  Institute.  SCDNR.  SC.  'College  of  Charles- 
ton. "'University  of  South  Carolina. 

An  important  issue  for  cellular  bioniarker  assessments  is 
whether  they  are  related  to  higher  level  responses  (e.g.  are  there 
linkages  between  cellular  and  organismal  responses  that  could 
translate  into  population  level  effects?).  The  purpose  of  these  stud- 
ies was  to  evaluate  if  there  were  relationships  between  lysosomal 
destabilization  or  glutathione  concentrations  and  gamete  viability 
of  oysters.  Crassostrea  virf^inica.  Oysters  were  collected  from  ref- 
erence and  polluted  field  sites  during  the  peak  spawning  period 
(May-June).  Hepatopancreas  (e.g.  digestive  gland)  tissues  were 
dissected  and  a  portion  was  used  immediately  for  lysosomal  de- 
stabilization  assays  (based  on  neutral  red  retention),  and  glutathi- 
one concentrations  were  also  determined  for  both  hepatopancreas 
and  gonadal  tissues.  Eggs  and  sperm  from  the  same  adults  were 
also  used  to  conduct  embryo  development  assays  with  reference 
seawater  collected  from  a  clean  site,  site  water,  and  also  a  range  of 
Cd  concentrations  (the  Cd  exposures  were  used  to  determine  if 
there  were  differences  in  susceptibility  to  pollutants).  Baseline 
embryo  development  success  (e.g.  percent  normal  development 
when  the  assays  were  conducted  with  reference  seawater  or  site 
water)  was  related  to  lysosomal  destabilization.  but  not  glutathione 
status.  However,  the  susceptibility  of  embryos  to  metal  exposures 
was  related  to  glutathione  status,  i.e.  sensitivity  to  Cd  exposures 
increased  with  decrsasing  glutathione  levels.  These  studies  support 
the  hypotheses  thai  there  are  linkages  between  these  cellular  bio- 
marker  responses  ;  nd  embryo  development  success  and  suscepti- 
bility to  pollutant  stress.  These  kinds  of  effects  on  reproductive 
success  could  lead  to  subtle  but  significant  long-term  effects  on 
recruitment  and  viability  of  oyster  populations. 


OXYTETRACYCLINE  TREATMENT  OF  WITHERING 
SYNDROME  IN  RED  ABALONE  {HALIOTIS  RVFESCENS). 
Thea  T.  Robbins',  Eric  Rosenblum-,  Ronald  Tjeerdenia", 
James  D.  Moore'  and  Carolyn  S.  Friedman'.  'California  De- 
partment of  Fish  and  Game,  "Department  of  Environmental  Toxi- 
cology, University  of  California.  Davis,  'University  of  Washing- 
ton. 

Since  the  mid  1980's  the  disease  withering  syndrome  (WS)  has 
severely  impacted  wild  and  cultured  California  abalone  {Haliotis 
spp.).  The  causative  agent  of  WS  "Candidatus  Xenoliaiiotis  cali- 
forniensis"  infects  gastrointestinal  epithelia.  The  broad-spectrum 
antibiotic  oxytetracycline  (OTC)  has  been  shown  to  control  infec- 


Niilioiiiil  Shcllfislieries  Association.  Monterey.  Cdlifoniiii 


Ahstnicis.  2006  Annual  Meeting.  March  26-30.  2006      769 


tions  in  cultured  and  broodstock  abalone  as  a  tlierapeutant  in  medi- 
cated teed.  We  examined  the  efficacy  and  pharmacol\inelics  (if 
OTC  in  inlccted  red  abalone.  Haliotis  nifesceits.  medicated  with 
an  artificial  diet  containing  I.SSVr  active  OTC  at  a  rate  of  103.4 
nig/kg  abalone  for  10,  20  or  30  days  at  I3.4°C.  The  medication 
was  97%  effective  in  clearing  RLP  infections  in  the  10  day  treat- 
ment and  lOO'/f  in  the  20  and  30  day  treatments.  Significant  dif- 
ferences were  observed  in  pievalence  (p  <  0.0001 )  and  intensity  of 
infection  in  post-esophagus  (p  <  0.0001 )  and  digestive  gland  (p  < 
0.05)  of  treated  abalone  compared  to  untreated  abalone.  Survival 
was  not  appreciably  different  aiuong  treatments  due  to  a  thermal 
refuge  from  disease  expression  at  low  temperature;  however  dur- 
ing a  sequential  study  at  an  elevated  temperature  of  I7.3°C,  un- 
medicated  abalone  suffered  higher  losses  and  developed  clinical 
WS  at  a  higher  rate  than  medicated  animals.  Depletion  dynamics 
in  abalone  tissues  showed  animals  medicated  for  10  days  accumu- 
lated significantly  less  OTC  than  those  medicated  for  20  or  30 
days  with  significantly  lower  OTC  levels  present  in  foot  muscle 
samples  relative  to  digestive  gland  samples  (P  <  0.001).  In  con- 
trast, at  17.3°C  abalone  only  accumulated  half  as  much  OTC  as 
those  at  I3.4°C  suggesting  that  both  temperature  and  duration  of 
medication  are  important  regulators  of  OTC  pharmacokinetics  in 
abalone. 


OVERVIEW  AND  APPLICATION  OF  BAY  SCALLOP  GE- 
NOMIC RESOURCES.  Steven  Roberts,  Marine  Biological 
Laboratory,  7  MBC  Street,  Woods  Hole.  MA  02343. 

The  bav  scallop  iArt;opecteii  irniiliciiis)  is  a  commercially  im- 
portant bivalve  mollusc  that  supports  culturally  significant  recre- 
ational fisheries  along  the  East  Coast  of  the  United  States.  The  bay 
scallop  is  also  an  excellent  scientific  model  to  study  visual  signal 
transduction,  early  development,  and  muscle  physiology.  Further- 
more, like  other  bivalves,  scallops  are  essential  components  in 
maintaining  sustainable  marine  environments.  In  order  to  provide 
basic  molecular  tools  to  study  scallop  biology  several  approaches 
have  been  taken  including  differential  display,  degenerative  primer 
based  RT-PCR  and  small-scale  expressed  sequence  tag  projects. 
Several  gene  products  from  these  combined  efforts  have  been  fur- 
ther characterized  using  comparative  analysis  of  gene  expression, 
in  silica  procedures,  and  recombinant  protein  systems.  Expressed 
sequence  tag  derived  genetic  markers  have  been  developed  and 
used  to  evaluate  stock  enhancement.  An  overview  of  the  molecular 
techniques  employed  will  be  presented  including  suggestions  on 
how  to  develop  similar  efforts.  Experimental  results  will  be  pre- 
sented on  transcripts  associated  with  scallop  early  development 
and  growth.  This  research  was  supported  by  the  United  States 
Department  of  Agriculture  (grant  #2003-35206-12834)  and  the 
Countv  of  Barnstable  Massachusetts. 


CHARACTERIZATION  OF  DIFFERENTIALLY  EX- 
PRESSED GENES  FROM  QPX:  INSIGHT  INTO  POSSIBLE 
VIRULENCE  MECHANISMS.  Steven  Roberts,  Roxanna 

Smolowitz  and  Cbristina  Romano.  Marine  Biological  Labora- 
tory. 7  MBL  Street.  Woods  Hole.  MA  02543. 

Quahog  Parasite  Unknown  (QPX)  is  a  protist.  genetically  iden- 
tified as  belonging  to  the  family  Thraustochydriidae  in  the  phylum 
Labyrinthulomycota  (slime  mold).  It  proliferates  by  endosporula- 
tion  and  has  been  identified  as  a  significant  cause  of  hard  clam 
mortality  in  the  Northeast  United  States.  QPX  causes  significant 
disease  and  mortality  in  both  cultured  and  wild  clam  populations  in 
the  region.  In  order  to  begin  to  understand  what  genes  are  present 
in  the  extracellular  proteins  of  QPX  mucus  and  are  associated  with 
QPX  virulence:  we  have  started  to  characterize  genes  that  are 
expressed  in  QPX  under  different  conditions.  In  one  experiment 
focused  on  temperature  influences  on  gene  regulation,  QPX  cul- 
tures were  grown  at  lO'C  and  21°C  for  10  days.  Following  incu- 
bations, total  RNA  was  extracted  from  cultures  and  several  differ- 
entially expressed  genes  were  identified  using  a  differential  dis- 
play polymerase  chain  reaction  technique  (GencFishing  DEC 
System — Seegenc).  To  our  knowledge,  these  are  all  novel  gene 
homologs  in  QPX  as  only  rDNA  sequences  have  been  previously 
characterized.  One  of  the  genes  upregulated  at  IO"C  is  a  potassium 
channel  protein,  based  on  DNA  sequence  homology.  Similar  pro- 
teins have  been  shown  to  be  important  for  other  pathogens  as  they 
can  inhibit  phagocytosis.  Additional  transcripts  and  comparative 
gene  expression  analysis  in  QPX  strains  inider  different  environ- 
mental conditions  will  be  presented.  The  long  term  goal  of  this 
research  is  to  provide  resource  managers  with  basic  information  on 
QPX  biology  that  could  be  used  to  facilitate  hard  clam  aquaculture 
and  protect  wild  populations. 


IMPLICATIONS  OF  HIGH-RESOLUTION  GEOPHYSI- 
CAL TECHNIQUE:S  in  oyster  habitat  IDENTIFICA- 
TION: CAPE  FEAR  RIVER,  NORTH  CAROLINA.  Kassy 
Rodriquez,  Nancy  Grindlay.  Lewis  Abranis,  Trov  Alphin  and 
Steven  Artabane.  University  of  North  Carolina  Wilmington. 

Eastern  oysters  (Crassastrea  virginica)  are  filter  feeding  organ- 
isms that  settle  in  dense  aggregates  and  positively  impact  water 
quality  by  providing  a  series  of  ecosystem  functions,  which  in- 
clude habitat  for  other  organisms,  filtration,  and  habitat  stability. 
The  United  States  Army  Corps  of  Engineers  created  dredge  spoil 
islands  throughout  the  lower  20  km  of  North  Carolina's  Cape  Fear 
River  as  a  result  of  channel  dredging.  These  activities  have  altered 
water  flow  and  increased  siltation,  reducing  the  amount  of  hard 
substrate  available  for  oyster  spat  settlement  and  growth.  Cur- 
rentlv,  small  amounts  of  hard  substrate  remain  in  the  lower  river 
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and  routinely  experience  high  overspat  events,  followed  by  high 
mortality  from  a  combination  of  competition  and  high  sedimenta- 
tion. Sidescan  sonar  and  sub-bottom  profiling  systems  were  used 
to  map  four  areas  within  a  15  km  long  section  of  the  lower  Cape 
Fear  River  to  locate  living  and  buried  oyster  reefs.  The  southern- 
most area  contains  living  oysters,  while  the  northernmost  areas  are 
along  dredge  spoil  islands  and  are  devoid  of  living  populations, 
despite  the  presence  of  Indian  middens,  which  may  suggest  a 
localized  historic  occurrence  of  oysters  and  the  potential  for  buried 
oyster  reefs.  Potential  buried  reef  locations  have  been  identified  for 
ground-verification.  Hypothesizing  that  oysters  should  be  able  to 
grow  where  they  once  thrived,  these  data  will  be  used  to  guide 
placement  of  oyster  cultch.  If  these  sites  prove  suitable  for  new 
oyster  cultivation,  this  geophysical  technique  has  important  impli- 
cations for  the  success  of  future  oyster  restoration  projects  in 
southeastern  North  Carolina. 


RECRUITMENT  AND  SUCCESSION  VARIABILITY  IN 
OYSTER  FOULING  COMMUNITIES  IN  BAHIA  SAN 
QUINTIN,  BAJA  CALIFORNIA.  MEXICO.  Laura  F.  Rod- 
riguez. University  of  California,  Davis.  Section  of  Evolution  and 
Ecology.  Davis,  CA  95616. 

Bahia  San  Quintin  is  a  shallow  bay  on  the  Pacific  coast  of  the 
Baja  California  peninsula,  Mexico.  Historically  dominated  by  soft 
sediment  systems,  the  bay  cunently  supports  a  locally  important 
oyster  aquaculture  industry.  In  this  system,  iiysters  {Crassostrea 
gigas)  are  cultivated  on  ropes  and  remain  suspended  in  the  water 
column  for  about  one  year,  until  they  attain  market  size.  These 
sy.stems  provide  a  significant  amount  of  available  substrate  for  the 
development  of  diverse  fouling  communities,  which  are  dominated 
by  ascidians,  sponges,  bryozoans,  and  hydrozoans.  These  fouling 
communities  harbor  non-indigenous  species,  one  of  which  is  the 
Australian  ascidian,  Microcosmits  sqiiamiger.  This  ascidian  can 
attain  pest-like  densities,  completely  covering  oyster  ropes  and 
likely  limiting  the  amount  of  food  and  dissolved  oxygen  accessible 
to  the  oysters.  Oyster  farmers  view  fouling  communities  as  a  nui- 
sance that  both  harm  their  oyster  crop  and  increase  their  handling 
time  in  cleaning  and  packaging  oysters.  To  investigate  the  impact 
of  these  fouling  communities  on  the  oyster  crop  I  have  been  taking 
monthly  recruitment  and  community  succession  samples  at  three 
sites  within  Bahia  San  Quintin  for  the  past  two  years  (2004-2005). 
I  used  oyster  shells  as  substrate  panels  to  look  at  the  abundance 
and  prevalence  of  fouling  organisms  after  I,  2,  3,  6,  and  12  month 
soaking  periods.  Results  from  this  study  establish  recruitment  pat- 
terns and  variability,  and  community  development  and  succession 
trends  following  recruitment.  These  results,  coupled  with  seasonal 
and  water  temperature  information,  will  help  develop  manageinent 
options  to  mitigate  impacts  of  detrimental  fouling  species. 


OCEAN  TEMPERATURE.  FOOD  ABUNDANCE  AND  DIS- 
EASE: CONTRIBUTORS  TO  REPRODUCTIVE  FAILURE 
IN  RED  ABALONE.  Laura  K.  Rogers'  '.  Richard  F.  Dondan- 
ville'.  L.  Ignacio  Vilchis'',  Mia  J.  Tegner"*'.  Beverly  Braid'. 
James  D.  Moore''",  and  Paul  K.  Dayton''.  'California  Depart- 
ment of  Fish  and  Game.  ''U.C.  Bodega  Marine  Laboratory.  2099 
Westside  Rd.,  Bodega  Bay.  CA  94923.  '5342  Winding  View  Trail. 
Santa  Rosa,  CA  95404,  ^Scripps  Institution  of  Oceanography,  Uni- 
versity of  California  San  Diego,  La  Jolla,  CA  92093,  'Deceased. 
Changes  in  ocean  climate  can  have  dramatic,  non-linear  im- 
pacts on  the  population  dynamics  of  marine  invertebrate  popula- 
tions. We  investigated  the  impacts  of  water  temperature  and  other 
factors  on  reproduction  in  red  abalone  (Haliotis  rufescens)  (1) 
from  the  wild,  (2)  from  laboratory  experiments  varying  water  tem- 
perature and  kelp  rations,  and  (3)  disease  exposure.  We  examined 
body  morphology,  gonad  and  digestive  gland  indices,  and  histol- 
ogy sections  of  gonad  tissue  to  determine  fecundity.  All  wild  aha- 
lone  had  mature  gametes  and  females  averaged  more  than  2  mil- 
lion mature  eggs.  Males  had  total  reproductive  failure,  with  no 
sperin  in  their  testes,  at  temperatures  of  16°C  and  warmer  suggest- 
ing a  fixed  upper  thermal  limit.  Females  continued  to  produce 
mature  eggs  at  warm  temperatures,  but  were  sensitive  to  reductions 
in  food  quantity.  No  gametes  were  found  in  diseased  abalone  of 
either  sex  once  their  foot  muscle  started  to  shrink  from  disease. 
Diseased  abalone  could  be  distinguished  from  starved  abalone  by 
their  abnormal  gonad  structure.  Starved  abalone  had  normal  gonad 
structure,  with  some  gametes,  but  dramatically  reduced  gonad 
(25%  of  wild)  and  digestive  gland  (45%  of  wild)  indices.  The 
temperature-mediated  effects  on  reproduction  of  individual  red 
abalone  described  here,  combined  with  temperature's  known  im- 
pacts on  abalone  growth,  kelp  abundance  and  expression  of  dis- 
ease, clearly  demonstrate  temperature's  population  level  conse- 
quences. We  suggest  that  temperature  be  explicitly  incorporated 
into  red  abalone  recovery  and  management  planning  since  water 
temperature  plays  a  large  role  in  male  fecundity  and  since  ocean 
temperatures  are  predicted  to  rise  in  the  future. 


OYSTER  RESTORATION  IN  AN  URBAN  LANDSCAPE: 
CHARACTERIZATION  OF  A  BASIN-WIDE  OYSTER 
POPULATION  IN  THE  LYNNHAVEN  RIVER,  VIRGINIA. 
P.  G.  Ross',  M.  W.  Luckenbach'.  A.  J.  Birch'  and  L.  D.  Coen-. 

'  VA  Institute  of  Marine  Science.  College  of  William  &  Mary  P.O. 
Box  350,  Wachapreague,  VA  23480,  "Marine  Resources  Research 
Institute,  South  Carolina  Department  of  Natural  Resources. 

Historically  in  the  Chesapeake  Bay,  quantitative  evaluations  of 
oyster  reef  restoration  have  focused  on  subtidal  reefs  utilizing 
fisheries-based  metrics  (e.g.  abundance  of  market-sized.  -76  mm, 
oysters).  Monitoring  is  typically  initiated  after  restoration  activities 
have  been  implemented,  with  few  instances  of  coordinated  data 
collection  before,  during  and  after  restoration  activities.  Beginning 
in  2006.  a  large-scale  oyster  restoration  effon.  including  habitat 
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and  brood  stock  enhancement,  is  planned  for  the  Lyniihaven  River 
Basin,  a  small  and  relatively  closed  tidal  sub-tributary  ot  the  lower 
Chesapeake  Bay.  In  contrast  to  most  other  restoration  sites  in  this 
region,  the  Lynnhaven  Basin  is  heavily  urbanized  with  extensive 
portions  of  the  shoreline  covered  with  stabilization  structures  such 
as  concrete,  wood  or  metal  bulkheads  and  granite  or  concrete 
rubble  that  can  be  considered  "non-traditional"  habitats,  which 
support  substantial  oyster  densities.  This  type  of  habitat  poses 
significant  challenges  for  determining  initial  oyster  population  size 
within  the  basin  and  basin-level  effects  of  subsequent  restoration 
efforts.  We  report  on  characterization  of  the  basin-wide  oyster 
population  (overall  abundance  and  size  distribution)  prior  to  the 
fore  mentioned  restoration  activities,  including  data  collection 
techniques  (e.g.  sub-meter  accuracy  surveying  Global  Positioning 
Systems  [GPS|,  integrated  with  an  Arc  View-based  Geographic 
Information  System  |G1S|),  and  challenges  regarding  extrapolating 
oyster  data  to  such  a  large  region.  Additionally,  we  describe  the 
extent  and  relative  proportion  of  varied  habitats  in  this  system 
along  with  habitat-specific  oyster  population  parameters. 


ROTATIONAL  AREA  MANAGEMENT  IN  THE  NORTH- 
WEST ATLANTIC  SEA  SCALLOP  FISHERY:  ARE  CUR- 
RENT MANAGEMENT  STRATEGIES  FLEXIBLE 
ENOUGH?  David  B.  Rudders,  William  I).  DuPaul  and  Noelle 
Yochuni.  Virginia  Institute  of  Marine  Science,  Gloucester  Point, 
VA  2,^)62. 

Limiting  fishing  activities  in  certain  areas  has  gained  support  as 
a  method  to  conserve  and  enhance  marine  resources.  Amendment 
#10  to  the  Sea  Scallop  Fishery  Management  Plan  formally  estab- 
lished area  rotation  as  a  regulatory  strategy  to  protect  aggregations 
of  pre-recruit  .scallops  to  optimize  gains  in  yield-per-recruit.  The 
criterion  for  establishing  and  re-opening  rotational  closed  areas  is 
dependent  upon  estimates  of  the  year-over-year  growth  expressed 
as  a  percentage  increase  of  scallop  biomass.  This  strategy  is  ad- 
vantageous when  large  recruitment  events  are  episodic  in  nature, 
resulting  in  a  predominant  year  class.  It  is  also  effective  because. 
historically,  sea  scallop  recruitment  has  been  highly  variable.  Re- 
cently, regular  recruitment  has  been  observed  in  the  mid-Atlantic 
region,  including  the  Elephant  Trunk  Closed  Area  (ETCA),  which 
was  established  in  July  2004  to  protect  a  large  2002  year  class.  To 
evaluate  this  trend,  a  fixed  grid  survey  was  conducted  in  October 
200.'i  using  both  a  commercial  and  a  NMFS  survey  dredge.  Results 
indicate  that  while  the  2002  year  class  that  prompted  the  closure  is 
present,  additional  recruitment  events  have  taken  place.  The  addi- 
tion of  these  recruits  complicates  the  use  of  biomass  thresholds  as 
triggers  for  closing  and  opening  rotational  management  areas.  The 
ETCA  is  scheduled  for  a  limited  opening  in  2007.  Managers  have 
expressed  concern  that  yield-per-recruit  objectives  will  not  be  met 
and  there  is  potential  for  discard  related  fishing  mortality.  We 
examined  the  flexibility  of  the  criterion  for  rotational  area  man- 


agement and  various  spatial  and  temporal  harvesting  strategies  to 
optimize  fishery  yields  and  minimize  non-harvest  mortality. 


THE  EFFECT  OF  CONDITIONING  HATCHERY-REARED 
GREEN  SEA  URCHINS  TO  LOW  SALINITY  ON  SUR- 
VIVAL AND  GROWTH  IN  THE  FIELD.  Michael  P.  Russell, 

Villanova  University,  Villanova,  PA  I4()S3. 

Harvest  data  show  a  precipitous  decline  in  the  green  sea  urchin 
fishery  (Sliiingyloceinrotiis  droebaehiensis)  in  the  Gulf  of  Maine, 
This  situation  has  prompted  studies  aimed  at  enhancing  standing 
stocks  by  seeding  formerly  productive  fishing  grounds  with  hatch- 
ery-reared juveniles.  One  complicating  factor  is  that  these  envi- 
ronments are  subject  to  fluctuating  salinity.  Echinoderms  are  os- 
moconformers  and  generally  do  not  tolerate  brackish  water.  How- 
ever, green  urchins  are  exceptional  in  their  abilities  to  acclimate  to 
periodic  exposures  to  low  salinity.  We  conducted  a  field  study  to 
assess  the  efficacy  of  conditioning  hatchery-reared  juveniles  to 
hyposaline  conditions  prior  to  releasing  them  at  sites  where  low- 
salinity  conditions  occur.  Sea  urchins  were  raised  from  larvae  in 
the  lab  and  grown  from  settlement  for  15  weeks.  This  cohort  was 
di\  ided  into  two  groups  of  equal  number  and  size  distribution,  and 
randomly  assigned  to  control  and  treatment  groups.  The  treatment 
was  subjected  to  five  bouts  of  low  salinity  (2l%c)  for  36  hours 
every  two  weeks.  As  expected,  at  the  end  of  the  acclimation  pe- 
riod, the  treatment  group  was  significantly  smaller  than  the  con- 
trol. A  2  X  2  factorial  ANOVA  design  was  used  to  establish  these 
samples  in  a  field  experiment  with  site  and  treatment  level  as 
factors  in  a  sea  urchin  lease-site  in  the  Piscataqua  River,  New 
Hampshire.  Growth  and  survival  were  monitored  for  one  year  and 
the  results  show  no  difference  in  survival,  but  showed  a  significant 
effect  of  conditioning  on  growth.  Future  efforts  to  establish  seed- 
ing programs  using  hatchery-reared  juveniles  would  benefit  from 
incorporating  salinity-conditioning  prior  to  release. 


IMPROVED  CULTURE  TECHNIQUE  FOR  EDIBLE  SEA 
URCHINS,  STRONGYLOCENTROTUS  INTERMEDIUS 
LARVAE.  Yuichi  Sakai',  Yasuko  Konda',  Saburoh  Yana- 
gisawa",  Hiroyulii  Abe^.  Tsutoniu  Nishimura",  Mitsutake 
Onioteya"  and  Makoto  Azumi".  'Hokkaido  Institution  of  Maii- 
culture,  539-112  Honbetsu,  Shikabe,  Hokkaido,  041-1404.  Japan, 
"Hokkaido  Aquaculture  Promotion  Corporation,  4th  floor.  Hok- 
kaido Dai-2  Suisan  Bldg.,  Kita-3,  Nishi-7,  Chuo-Ku,  Sapporo, 
Hokkaido,  060-0003,  Japan. 

The  artificial  mass  production  technique  for  Strongylocentrotus 
intermedins  developed  in  1985  allowed  the  production  of  6. 1  mil- 
lion juveniles  in  2002,  in  the  region  of  Hokkaido,  Japan.  However, 
many  problems  still  persist  particularly  during  the  larval  stage, 
such  as  mass  mortality  (39-100%)  as  measured  the  sinking  of 
larvae  in  early  6  and  8  arms  stages  and  the  precarious  settlement 
rate  (39-98%).  Other  problem  is  the  necessity  for  daily  cleaning  of 
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the  larva!  rearing  tank.  To  reduce  these  problems,  increase  in  the 
aeration  volume  and  food  availability  by  temporal  stop  of  water 
flow  (8  hours)  was  attempted.  To  study  the  settlement  rate,  a  new 
criterion  was  developed  to  judge  the  timing  of  larvae  settlement. 
With  the  improved  technique,  the  survival  and  settlement  rate 
increased  1.7  times  and  1.1  times,  respectively.  With  this,  the  total 
amount  of  larval  food  {Cliaetoceros  gnicilis)  reduced  and  the  daily 
cleaning  of  the  rearing  tank  could  be  stopped,  thus,  reducing  the 
load  in  hatchery  operation.  The  cost  of  juvenile  production  reduced 
by  about  10%. 


POSSIBLE  WAYS  TO  PREVENT  CRASSOSTREA  GIGAS 
OYSTER  SUMMER  MORTALITY  IN  FRANCE.  Jean 
Francois  Saniain.  Pierre  Boudry.  Lionel  Degremont.  Patrick 
Soletchnik,  Micliel  Ropert.  F^douard  Bedier.  Joseph  Mazurie. 
Jean  L.  Martin,  Jeanne  Moal.  Michel  Mathieu.  Stephane  Pou- 
vreau.  Christophe  Lambert.  Jean  M.  Escoubas.  Jean  L.  Nico- 
las. Erederique  Le  Roux,  Tristan  Renault.  Thierry  Burgeot  and 
Cedric  Bacher.  Ifremer.  Brest  Center.  BP  70,  29280  Plouzane, 
France. 

A  first  understanding  of  the  complex  interactions  between  oys- 
ter, environment  and  pathogens  was  obtained  during  the  MOREST 
(2001-2005)  project  on  summer  mortality  events  of  Crassostrea 
gigas  oysters  in  France.  High  trophic  conditions  control  reproduc- 
tion intensity  and  the  susceptibility  to  bacterial  infection.  However 
the  risk  begins  when  temperatures  exceed  19°C.  mainly  when  an 
additional  stressor,  proximity  to  sediment  is  present.  This  varied 
between  years  and  runoff  from  watersheds  is  implicated.  Finally,  a 
genetic  resistance  exists  among  some  natural  oyster  populations. 
None  of  these  different  factors  can  separately  account  for  summer 
mortality,  and  all  of  these  conditions  seem  necessary  to  reproduce 
the  event. 

In  the  present  case  study  of  C.  gigas  oyster  summer  mortality, 
these  necessary  interactions  provide  different  possibilities  to  pre- 
vent or  reduce  the  problem  by  breaking  one  of  them.  Short  term 
and  long  term  options  of  reducing  risk  will  be  presented  and  dis- 
cussed. Short  term  options  include  culture  practices  (temperature, 
trophic  conditions,  sediment  distance,  density,  rearing  steps,  re- 
duction of  reproduction  and  stress).  Options  can  depend  also  on 
biological  material,  with  possibility  of  using  triploids.  Long  term 
options  by  genetic  selection  of  resistant  oysters  or  by  management 
of  nutrients  and  organic  matter  from  river  watersheds  are  also 
possibilities.  A  risk  analysis  is  necessary  for  each  growing  area  to 
adapt  the  best  strategy  to  the  local  environmental  and  culture  con- 
ditions. The  assessment  of  the  economical  aspects  will  be  neces- 
sary before  validation  of  these  choices.  This  case  study  presents 
synergistic  activities  of  scientists  and  resource  managers  in  en- 
hancing or  restoring  oyster  populations  in  France. 


A  HISTOLOGICAL  INVESTIGATION  OE  OYSTER  PARA- 
SITES AND  PATHOLOGY  IN  CHINA.  Emily  Scarpa,  Susan 
Ford,  Xlming  Guo,  Lisa  Ragone  Calvo  and  Da\id  Bushek. 

Haskin  Shellfish  Research  Laboratory,  Rutgers,  The  State  Univer- 
sity of  New  Jersey,  69.'>9  Miller  Avenue,  Port  Norris,  New  Jersey 
08349  USA. 

The  proposed  introduction  of  Crassostrea  ariakensis  into 
Chesapeake  Bay  as  a  means  to  restore  oyster  populations  presents 
a  number  of  potential  risks,  such  as  pathogens  and  pathological 
conditions  that  require  careful  examination  and  research  before 
approval.  Parasites  occurring,  even  at  low  prevalence,  in  C.  ari- 
akensis within  its  native  distribution  may  seriously  impact  this  or 
other  species  in  a  different  environment.  Pathogens  present  in 
oyster  species  coexisting  with  C.  ariakensis  in  its  native  habitat 
may  also  present  problems  if  they  are  able  to  use  C.  ariakensis  as 
a  host  or  reservoir.  In  this  survey.  27  samples  were  collected  from 
eight  provinces  along  China's  coastline.  Cross-sections  of  indi- 
vidual oysters  were  preserved  in  Davidson's  fixative.  Genetic 
analysis  of  ethanol  preserved  gill  samples  was  conducted  to  iden- 
tify species  of  individual  oysters.  Nine  samples  were  selected 
based  on  presence  of  C.  (oiakensis.  These  oysters,  representing  six 
sites  and  consisting  of  C.  ariakensis  and  a  number  of  coexisting 
species,  were  processed  by  normal  histological  procedures  and 
examined.  Individual  C.  ariakensis  were  also  examined  using  a 
fluorescence  immunostaining  technique  to  identify  presence  of 
Perkinsiis  sp.  infections.  Observed  parasites  included  ciliates.  such 
as  Splienoplnra-Uke  ciliates  and  trichodinids;  crustaceans,  includ- 
ing intestinal  copepods;  coccidians.  including  Neniatopsis  and  a 
coccidian-like  organism;  rickettsia/chlamydia-like  organisms;  and 
trematodes.  Overall  prevalence  of  any  particular  parasite  did  not 
reach  above  3%  and  averaged  less  than  1%.  However,  prevalences 
of  coccidian-like  and  Neinatopsis  species  were  as  high  as  45%  and 
64%.  respectively,  at  specific  sites.  To  date,  no  evidence  of  a 
significant  pathological  impact  has  been  observed. 


AN  INVESTIGATION  OF  CILIATE  XENOMAS  IN  CRAS- 
SOSTREA VIRGINICA.  Emily  Scarpa',  Susan  Ford',  Bruce 
Smith"  and  David  Bushek'.  'Haskin  Shellfish  Research  Labora- 
tory. Rutgers,  The  State  University  of  New  Jersey,  6959  Miller 
Avenue,  Port  Norris,  NJ  08349  USA,  "New  Hampshire  Fish  & 
Game.  Durham,  NH  03824. 

Since  the  late  1990s,  unusually  high  prevalences  of  xenomas 
have  been  noted  during  routine  histological  examination  of  oysters 
from  Great  Bay.  New  Hampshire.  Xenomas  are  formed  when  in- 
tracellular parasites  accumulate  within  host  cells,  causing  them  to 
hypertrophy.  Although  in  fish  xenomas  are  commonly  caused  by 
microsporidians,  in  oysters  xenomas  are  caused  by  ciliates,  genus 
Sp/ienoplirya.  and  are  rare.  Because  they  are  macroscopically  vis- 
ible on  gills,  the  marketability  of  infected  oysters  has  been  ques- 
tioned. In  this  study,  samples  were  collected  every  fall  from  1997 
through  2005  and  processed  using  normal  histological  procedures. 
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In  2005.  counts  were  also  made  of  macroscopically  visible  \e- 
nonias.  Prexalence  varied  according  to  site  within  Great  Bay  and 
al.so  by  year.  In  histological  sections,  it  has  increased  notably  since 
1997.  when  only  \%  of  oy.sters  were  affected.  In  2004.  prevalence 
ranged  from  33''f  to  82*)^  between  sites.  Densities  were  mostly 
below  20  \enonias  per  histological  section,  but  reached  as  high  as 
173.  Macroscopically,  samples  from  2003  contained  a  mean  IS..*) 
xenomas  per  oyster,  ranging  from  zero  to  more  than  100.  The 
xenomas  were  located  in  gill  water  tubes  and  were  often  large 
enough  to  occupy  the  entire  cross  sectional  area.  They  cause  lo- 
calized epithelial  erosion  and  most  likely  impede  water  flow.  Nev- 
ertheless, the  histological  appearance  of  the  remaining  tissues  was 
not  obviously  affected  and  there  was  no  clear  coirelation  between 
oyster  size  and  infection.  There  was  an  inverse  relationship  be- 
tween the  prevalence  o(  HaplosporiJiiini  nclsoni  (MSX)  infections 
and  that  of  xenomas.  although  the  reason  is  presently  unclear. 


GONAD  PRODUCTIVITY,  COLOR  AND  TEXTURE  IN 
STRONGYLOCENTROTIS  FRANCISCANUS  FED  THREE 
PREPARED  DIETS.  Susan  C.  Schlosser',  A.  L.  Lawrence, 
S.  A.  Watts'.  P.  D.  Tom"*  and  J.  M.  Lawrence\  'University  of 
California  Sea  Grant  Program.  Eureka.  CA.  "Texas  A  &  M  Uni- 
versity. Port  Hansan.  TX.  '^University  of  Alabama.  Birmingham. 
AL,  "'University  of  California.  Davis,  ''University  of  South  Florida. 
Orlando.  FL. 

Commercial  sized  Strongxhuentroliis  franciscatius  (mean  size 
104.2  mm  TD.  434.4  g)  were  collected  from  fishing  grounds.  An 
initial  sample  was  dissected  immediately.  The  remainder  were 
placed  individually  in  25  1  aquaria  (n  =  8/trealnient)  and  fed  one 
of  three  prepared  diets.  The  fourth  group  was  unfed.  Dry  body 
compartment  indices,  daily  dry  feed  intake,  gonad  color,  hardness, 
and  resilience  were  measured  after  60  days.  A  group  of  processed. 
Grade  A  gonads  were  compared  with  laboratory  gonads.  Results 
were  compared  by  One  Way  ANOVA.  There  were  no  significant 
differences  for  dry  gonad  and  test  index,  or  L  (gonad  lightness). 
Dry  gut  index  was  signitlcantly  greater  in  prepared  Diets  2  and  3 
compared  to  the  unfed  treatment.  Dry  lantern  index  of  the  unfed 
group  was  significantly  lower  than  the  initial  sample  and  all  pre- 
pared diet  treatments.  Gonad  redness  (a)  was  significantly  greater 
in  the  initial  sample  than  the  unfed  group.  Gonad  yellowness  (b) 
was  signitlcantly  greater  in  the  commercially  processed  gonads 
than  in  prepared  diets  1  and  2  and  the  unfed  group.  Hardness  of 
commercially  processed  gonads  was  greater  than  Diet  1.  Resil- 
ience was  significantly  greater  in  commercially  processed  gonads 
than  diets  I  and  3  and  the  unfed  treatment.  Feed  intake  was  sig- 
nificantly different  with  Diet  I  (0.45g/urchin/day)  >  Diet  2  (0.41) 
>  Diet  3  (0.31 ).  Sea  urchin  gonads  from  Diet  3  were  overall  most 
similar  to  processed  gonads  in  color  and  texture.  Diets  had  similar 
protein,  fiber,  and  fat  content. 


PERKINSUS  SPP.  AND  BONAMIA  SPP.  INFECTIONS  IN 
CRASSO.STREA  ARIAKENS/S  MAINTAINED  IN  A  FULLY 
CONTAINED  AQUACULTURE  SETTING.  Eric  J.  Schott. 
Jo.se  A.  F.  Roblecio,  Mohammad  R.  Alavi,  Keiko  Saito,  Satoshi 
Tasumi,  Wolf  T.  Pecher  and  (;erardo  R.  Vasta.  COMB.  UMBI. 
University  of  Maryland.  701  Pratt  St..  Suite  236.  Baltimore.  MD 
21202.  USA. 

In  the  Chesapeake  Bay,  diseases  caused  by  Perkinsiis  marinas 
and  Haplosporidiiiin  nelsonii  (Dermo  and  MSX,  respectively) 
have  contributed  to  drastic  declines  of  populations  the  native  oys- 
ter, Crassostrea  virfiinica.  The  Asian  oyster,  C.  ariakensis.  which 
grows  readily  to  market  size  in  Dermo-endemic  Chesapeake  Bay 
waters,  is  being  considered  for  introduction  to  restore  oyster  popu- 
lations. While  apparently  tolerant  to  P.  marinus.  C.  ariakensis 
exposed  to  Bay  waters  may  reach  prevalences  of  up  to  S0%.  rais- 
ing the  possibility  that  it  could  serve  as  a  reservoir  in  which  the 
parasite  could  increase  its  virulence.  A  crucial  question  to  address 
is  whether  P.  marinas  can  be  transmitted  from  C.  ariakensis  to 
naive  C.  virginica.  We  conducted  cohabitation  experiments  with 
Perkinsiis-'uifecled  C.  ariakensis  and  Perkinsiis-free  C.  virginica. 
The  prevalence  of  Perkinsus  infection  in  both  'donor'  and  poten- 
tial 'recipient'  populations  was  assessed  at  2  and  4  weeks  by 
PCR-based  methods.  After  four  weeks,  Perkinsus  was  present  in 
C.  virginica.  A  potential  protozoal  disease  of  C.  ariakensis, 
Boiuunia  ostraea.  has  been  associated  with  mortalities  of  experi- 
mental populations  of  C.  ariakensis  in  Pamlico  Sound  of  NC.  The 
potential  exists  for  Bonamia  sp.  to  be  present  in  Chesapeake  Bay. 
We  previously  detected  PCR  aniplicons  indicative  of  Bonamia 
spp.  in  C.  ariakensis  reared  in  the  Chesapeake  Bay.  We  are  con- 
ducting cohabitation  studies  in  which  B.  ().s7r«/('-infected  Ostraea 
eclulis  are  co-cultured  with  C.  ariakensis  for  four  weeks.  We  are 
currently  in  the  process  of  analyzing  possible  transmission  using 
PCR-based  rnethodologies. 


THE  CALIFORNIA  BAREFOOT  ECOLOGIST  PROGRAM: 
A  COOPERATIVE  STOCK  ASSESSMENT  MODEL  FOR 
THE  CALIFORNIA  RED  SEA  URCHIN  FISHERY.  Steve 
Schroeter',  John  Duffy"  and  Peter  Haimay-'.  'Marine  Science 
Institute.  University  of  California.  Santa  Barbara.  Santa  Barbara, 
CA  93106,  -California  Department  of  Fish  and  Game,  '311103 
Hwy  67,  Lakeside,  CA  92040. 

The  red  sea  urchin  fishery  in  California  is  currently  managed 
by  a  combination  of  size  limits,  seasonal  and  area  closures,  and  a 
restricted  access  program.  This  resource  is  largely  assessed 
through  fishery  dependent  measures  (i.e.  landings  summarized  in 
10  nm  X  10  nm  blocks  and  port  .samples  of  size  distributions  of 
catches)  and  a  small  number  of  projects  that  have  gathered  fishery 
independent  data.  Recent  ecological  work  indicates  that  fishery 
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dependent  measures  are  not  up  t(i  the  task  of  stock  assessment  and 
that  work  in  the  fishery  independent  reahii  does  not  adequately 
take  into  account  the  meta-population  structure  or  the  extreme 
spatial  patchiness  of  the  resource.  This  shortcoming  is  due  in  large 
part  to  the  logistical  requiiements  dictated  by  a  resource  with 
extreme  spatial  patchiness  at  scales  ranging  from  10s  to  1 000s  of 
meters.  We  discuss  a  possible  solution  which  involves  the  design 
and  implementation  of  a  cooperative  stock  assessment  model  using 
fishermen  trained  as  'Barefoot  ecologists"  to  collect  data.  We  de- 
scribe how  fishermen  collect  data  both  on  the  harvest  grounds 
during  routine  fishing  operations,  and  using  the  same  sampling 
design,  at  sites  outside  the  har\est  grounds,  thus  pro\  iding  a  com- 
prehensive fishery  independent  assessment  of  the  red  sea  urchin 
stocks.  We  use  field  data  to  illustrate  the  sampling  problems  and  to 
present  two  possible  solutions  we  have  developed  to  address  them. 


INTRODUCTION  OF  THE  EUROPEAN  SEA  URCHIN 
(PAKACENTROTUS  LIVWUS)  IN  A  LAND  BASED  INTE- 
GRATED SYSTEM  IN  ISRAEL.  Muki  Shpigel  and  Ingrid  Lu- 
patsch.  National  Center  for  Mariculture.  Eilat,  Israel. 

The  sea  urchin,  Poracentrotiis  lividits.  was  introduced  as  a 
candidate  species  in  a  fish,  seaweed  and  sea  urchin  integrated 
system  in  Eilat,  Israel.  While  fish  represent  the  main  product, 
effluents  from  fish  culture  support  the  growth  of  the  macroalgae, 
Ulva  kwtiica  and  Gracilaria  conferta.  Both  seaweeds  were  used  as 
a  biofilter  to  remove  dissolved  nutrients  from  the  water  and  as  food 
for  the  sea  urchins.  Sea  urchin  performances  in  parametres  such  as 
growth,  survival,  food  conversion  ratio  (FCR).  protein  and  energy 
use.  gonad  production,  and  gonad  color  v\ere  e\'aluated.  Growth 
from  spawning  to  commercial  size  (45  mm)  on  the  seaweed  diet 
took  ca  }()  months.  FCR  on  a  wet  weight  basis  ranged  between  five 
and  seven,  and  survival  rates  from  settlement  were  70-S0'/r.  Three 
months  before  harvest,  prepared  diets  are  introduced  in  order  to 
improve  raw  growth. 


MOLECULAR  MARKERS  FOR  PARENTAGE  ASSIGN- 
MENT IN  HARD  CLAM  (MERCENARIA  MERCENARIA) 
STOCKS.  Gail  P.  Scotl'.  Mark  D.  Caniara".  Kelly  R. 
Johnson',  Ryan  B.  Carnegie',  Standish  K.  Allen  Jr.'  and  Kim- 
berly  S.  Reece'.  'VIMS.  The  College  of  William  and  Mary.  P.O. 
Box  1346.  Gloucester  Point.  VA  23062,  'USDA-ARS,  OSU- 
Hatfield  Marine  Science  Station. 

The  hard  clam.  Mercenaria  mercenariu.  is  currently  the  most 
important  aquaculture  species  on  the  east  coast  of  the  United 
States,  yet  development  of  selected  clam  brood  stock  is  still  very 
much  in  its  infancy.  An  efficient  breeding  program  that  maximizes 
selection  intensity,  while  maintaining  genetic  diversity,  could  re- 
sult in  substantial  benefits  to  the  industry.  Selective  breeding  in 
molluscs,  however,  is  complicated  by  their  high  fecundity  and  high 
variance  in  reproductive  success,  which  rapidly  can  result  in  in- 
breeding. Because  larval  molluscs  arc  impossible  to  physically  tag 
or  mark  individually,  one  of  the  only  practical  methods  of  con- 
trolling inbreeding  is  to  rear  families  separately;  however,  this 
requires  enormous  amounts  of  labor  in  both  the  hatchery  and  field. 
In  addition,  separately  reared  families  must  be  replicated  exten- 
sively to  randomize  environmental  effects.  Alternatively,  using 
molecular  genetic  markers,  families  can  be  mixed  for  rearing,  de- 
sired traits  can  be  measured,  and  indi\  iduals  can  be  retrospectively 
assigned  to  families  based  on  multi-locus  genotypes.  We  have 
recently  developed  both  microsatellite  and  single  nucleotide  poly- 
morphism (SNPl  markers  in  M.  mercenaria.  Male  and  female 
individuals  from  hatchery  strains  originating  in  different  regions 
were  used  as  parents  in  controlled  laboratory  spawns  to  produce  50 
distinct  full-sib  families.  Parental  tissue  and  larvae  from  each  of 
the  50  crosses  were  preserved  to  provide  progeny  samples  with 
independently  known  parentage  for  testing  the  power  of  the  mark- 
ers for  accuracy  at  pedigree  reconstruction. 


POLYCULTURE  OF  THE  SHRIMP  LITOPENAEUS  VAN- 
NAME!  AND  THE  SEA  URCHIN  LYTECHINUS  VARIEGA- 
TUS.  Anthony  J.  Siccardi  HI',  Addison  L.  Lawrence'  and 
Stephen  A.  Watts".  'Texas  A&M  University  System.  Port  Aran- 
sas. Texas.  "University  of  Alabama,  Birmingham,  Alabama. 

Polycultures  potential  has  been  researched  for  many  species  as 
it  represents  a  potential  cost  savings  to  aquaculturists.  This  study 
examines  the  feasibility  of  L.  vannamei  and  L.  varieifatiis  poly- 
culture.  Ninety-six  19-L  tanks  connected  to  a  semi-closed  recircu- 
lating seawater  system  were  stocked  with  one  L.  vaimainei.  Each 
tank  contained  two  elevated  mesh  cages  to  which  0,  2,  or  four  sea 
urchins/tank  were  added.  Sea  urchins  were  fed  ca.  0.3  grams  of  a 
27%  protein  research  feed  per  day  per  urchin.  Treatments  (N  = 
16)  were:  I)  two  urchins  per  tank  plus  0.2  grams  per  day  of  a 
supplemental  commercial  45%  protein  shrimp  feed.  2)  two  urchins 
per  tank  with  no  supplemental  shrimp  feeding,  3)  four  urchins  per 
tank  with  no  supplemental  shrimp  feeding,  4)  zero  urchins  per  tank 
with  0.2  grams  per  day  shrimp  feed,  5l  zero  urchins  per  tank  with 
0.4  grains  per  day  shrimp  feed  and  6)  zero  urchins  per  tank  and  no 
supplemental  shrimp  feeding.  Weight  gain  was  similar  in  shrimp 
who  consumed  fecal  material  from  4  sea  urchins  to  those  fed  0.2 
grams  per  day  shrimp  feed  ( P  >  0.05 ).  Weight  gain  was  higher  in 
shrimp  who  consumed  fecal  material  from  two  urchins  plus  0.2 
grams  per  day  of  supplemental  shrimp  feed,  and  was  equivalent  to 
shrimp  fed  0.4  grams  per  day  shrimp  feed  (P  >  0.05).  Fecal  ma- 
terial alone  from  two  urchins  was  not  able  to  sustain  shrimp 
growth.  Data  indicates  L  vannamei  is  able  to  utilize  sea  urchin 
fecal  material  which  enhances  the  likelihood  of  successful  com- 
mercial pohculture. 


Ndlioihil  SJicllfislicrics-  A.ssoiiiition.  Minitcn'y,  Ciilifontia 
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MOLTING  AND  C  HANGES  IN  BODY  COMPOSITION  OF 
THE  PACIFIC  WHITE  SHRIMP.  LITOPENAEUS  VAN- 
NAMEI,  DURING  STARVATION.  Anthony  J.  Siccardi  III'. 
William  H.  Neil]-.  Addison  L.  Lawrence'.  Delbert  M.  Gatlln 
III  %  Frank  L.  Castillc'  ind  Joe  M.  Fox'.  'Texas  A&M  Uiiivcr 
sity  System.  Port  Aransas,  Texas.  "Texas  A&M  University.  Col- 
lege Station,  Texas,  'Texas  A&M  University  System,  Port  Aran- 
sas, Texas,  "*Texas  A&M  University,  Coi-pus  Cliristi,  Texas. 

Starvation  studies  using  the  comparatixe  slaughter  method  eon- 
tribute  to  better  understanding  of  animal  bioenergetics.  To  assess 
compensatory  growth,  researchers  typically  starve  animals  tor 
brief  periods.  Few  studies  of  shrimp  or  other  crustaceans  have 
assessed  changes  in  body  composition  upon  starvation  over  peri- 
ods as  long  as  one  month.  To  determine  the  effect  of  long-term 
starvation,  four  weight  classes  (initially  weighing  .5.51.  7.14. 
14.10.  and  16.59  g  per  shrimp)  of  L.  vciiiininwi  were  individually 
held  without  feeding  in  400  tanks  ( 100  shrimp  and  tanks  per  size 
class).  Ten  shrimp  were  removed  weekly,  weighed  and  then  indi- 
vidually analyzed  for  energy,  ash,  moisture  and  protein  until  mor- 
tality was  complete.  Shrimp  continued  to  molt  throughout  the 
study,  despite  the  energy  loss  and  stress  involved  in  the  molting 
process.  The  daily  loss  of  protein  per  shrimp  was  described  by  the 
following  equation:  protein  loss  (g  shrimp"'  day"')  =  0.0045  * 
W(g)"'^".  where  W  =  geometric  mean  of  body  weight  between  the 
initial  and  final  weights  after  28  days  of  starvation.  Daily  loss  of 
energy  was  described  as  energy  loss  (cal  shrimp"'  day"' )  =  .37. 1 5 
*  WCg)"**^.  Molting  reduced  the  vokniie  of  the  starved  5.51  g 
shrimp  by  approximately  34%.  A  reduction  in  volume  also  was 
noted  for  L  vannamei  fed  below  their  maintenance  protein  and 
energy  requirements.  The  authors  believe  this  loss  of  volume  re- 
flects a  tendency  toward  homeostatic  maintenance  of  tissue  water 
and  energy  density  requisite  for  functional  integrity. 


LONG-TERM  STUDY  OF  FEED  INTAKE  AND  GROWTH 
UNDER  CONSTANT  TEMPERATURE  REGIME  IN  THE 
GREEN  SEA  URCHIN  {STRONGYLOCENTROTUS 
DROBAHIENSIS).  Sten  I.  Siikavuopio.  Trine  Dale  and  Bjorn- 
steinar  Siether.  Norwegian  Institute  of  Fisheries  and  Aquaculturc 
Research.  Fiskeriforskning,  9291  Tromso,  Norway. 

A  long-term  study  of  feed  intake,  somatic  growth  and  gonad 
growth  of  green  sea  urchin,  Strongylocentrotus  droebachiensis 
was  conducted.  Three  size  groups  of  sea  urchins  (initial  diameter: 
35  mm  (S),  45  mm  (M)  and  50  mm  (L))  were  held  individually  in 
square  chambers  for  850  days  and  fed  ad  libitum  a  formulated 
moist  feed.  The  animals  were  kept  at  constant  water  temperature 
(10°C)  and  under  simulated  natural  photoperiod  regime.  Feed  in- 
take (FI),  feed  conversion  efficiency  (FCE),  somatic  growth,  go- 
nad index  (%)  and  gonad  colour  were  measured.  The  feed  intake 
in  all  size  groups  seemed  related  season,  as  the  feed  intake  was 
significantly  higher  in  summer  coinpared  to  winter.  The  multiple 
linear  rearession  show  that  the  somatic  growth  curves  of  different 


size  groups  had  significantly  different  slopes  (P  <  0.05)  (S  = 
37.472  +  0.025X.  M  =  44.447  +  0.0l9x,  L  =  52.286  +  O.OIx, 
where  x  =  days).  S  group  had  the  fastest  increase  in  test  growth 
(P  <  0.05),  followed  by  size  group  M,  and  L.  There  were  no 
significant  differences  in  gonad  index.  FCR  and  gonad  colour 
between  the  groups  at  the  end  of  the  experiment.  Overall,  our 
finding  suggest  that  the  feeding  rates  of  the  adult  green  sea  urchins 
show  a  strong  correlation  with  season,  possibly  due  to  the  annual 
reproduction  cycle. 


OSCILLATIONS   IN   SEA    URCHIN    POPULATIONS 
ALONG   THE   NORWEGIAN   COAST.   Knut  Sivertsen. 

Finninark  University  College,  Alta.  Norway. 

Baixen  grounds  appeared  from  kelp  beds  along  the  Norwegian 
coast  caused  by  heavy  grazing  by  the  sea  urchins  (Strongylocen- 
liiitiis  droebachiensis)  during  the  1970s  and  1980s.  In  the  1990s 
kelp  re-established  in  the  southern  part  after  the  sea  urchin  popu- 
lations had  declined.  No  increase  of  predators  or  no  parasite  in- 
fection in  the  sea  urchins  was  registered  in  the  re-established  areas. 
A  hypothesis  is  proposed  that  differences  in  population  dynamics 
of  the  sea  urchins  may  explain  for  this  pattern.  In  the  southern  area 
mortality  and  individual  giowth  rates  may  be  higher  than  in  the 
northern  area  because  of  highest  temperature  in  the  south.  A  higher 
growth  rate  may  cause  a  shorter  life  length  in  the  south  than  in  the 
north.  Then  a  higher  and  more  regular  recruitment  is  needed  to 
stabilize  a  population  in  the  south.  If  the  population  decreases  to 
under  critical  breeding  level,  there  is  a  greater  chance  for  the  sea 
urchin  population  to  break  down.  A  bet-hedging  life  history  strat- 
egy is  previously  proposed  for  sea  urchins.  Bet-hedging,  explained 
shortly,  means  that  populations  sometimes  rapidly  increase  to  a 
high  level,  but  afterwards  the  density  gradually  decreases.  This 
strategy  is  here  discussed  in  the  light  of  different  stages  of  the  life 
table  and  regional  differences  in  the  water  temperature.  Each  parts 
of  the  life  cycle  should  be  analysed  to  find  if  the  mortality  at  any 
of  the  stages  is  sensitive  to  fluctuations.  High  longevity  of  a  spe- 
cies may  compensate  for  high  variability  in  recruitment. 


A  REVIEW  OF  QPX  DISEASE  EMPHASIZING  INITIA- 
TION AND  PR0(;RESSI0N.  Roxanna  Smolowitz,  Maiine 
Biological  Laboratory.  7  MBL  St.,  Woods  Hole,  MA  02536. 

QPX  was  reported  by  Drinnan  and  Henderson  in  hard  clams 
from  Canada  in  I960.  In  1995.  QPX  was  diagnosed  in  cultured 
hard  clams  in  Provincetown  and  Duxbury,  MA.  QPX  has  since 
been  identified  in  clams  from  Virginia.  New  Jersey.  New  York  and 
Rhode  Island  waters,  as  well  as  other  locations  in  Massachusetts. 
It  continues  to  cause  marked  mortality  in  MA  and  RI.  QPX  or- 
ganisms primarily  invade  through  the  mantle  at  the  base  of  the 
siphon.  Studies  have  demonstrated  direct  infection  of  naive  clams 
three  inonths  after  exposure  to  infected  dying  clams,  but  not  when 
exposed  to  cultured  QPX  via  the  water  column.  Infection  location 
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in  100%  of  those  clams  occurred  at  the  siphon  base  and  in  the 
adjacent  mantle.  In  other  work,  seed  clams  examined  six  months 
after  planting  showed  disease  in  ?i3'^/c  of  the  population  and  the 
primary  infection  site,  identified  histologically,  was  at  the  base  of 
the  siphon.  QPX  organisms  were  noted  amid  debris  in  the  mantle 
cavity  at  the  base  of  the  retracted  siphon  (pseudofeces  location). 
These  finding  indicate  residence  time  in  that  location,  perhaps  as 
part  of  pseudofeces.  is  important  in  the  pathogenesis  of  the  disease. 
Quizzically,  prevalence  of  QPX  disease  appears  to  vary  greatly 
with  some  plots  showing  high  prevalence  in  one  clam  population 
followed  by  low  prevalence  in  a  replacement  population,  or  some 
plots  repeatedly  showing  high  prevalence  of  the  disease  e\en  in 
replacement  populations.  Studies  show  disease  prevalence  at  any 
single  time  period  may  not  accurately  indicate  previous  or  future 
disease  prevalence. 


GENETIC  IDENTIFICATION  AND  PHYLOGENY  OF  THE 
UNIONID  GENERA,  LAMPSIUS  AND  ELLIPTIO  OF  THE 
SOUTH  EAST  ATLANTIC  SLOPE.  Kristine  M.  Sommer, 
Ami  E.  Wilbur  and  Micliael  A.  McCartney.  University  of  North 
Carolina.  Department  of  Biology  and  Marine  Science.  601  S.  Col- 
lege Road.  Wilmington.  NC  2840.3. 

Appro.\imately  70%  of  freshwater  mussel  species  in  North 
America  are  considered  extinct,  endangered,  or  threatened,  and  a 
large  number  of  these  are  endemic  to  a  nartow  geographic  range. 
Freshwater  mussel  conservation  efforts  ha\  e  been  limited  by  taxo- 
noniic  ambiguities  and  morphologic  convergence.  Lake  Wacca- 
maw  in  southeastern  North  Carolina  contains  two  described  en- 
demic species,  Lampsilis  fullerkati  and  Ellipiio  waccamawensis. 
which  conchologically  are  nearly  identical,  complicating  conser- 
vation efforts.  To  help  alle\iate  this  problem,  a  Polymerase  Chain 
Reaction-Restriction  Fragment  Length  Polymorphism  (PCR- 
RFLP)  assay  was  developed  for  genetic  identification.  Genomic 
DNA  was  obtained  using  a  non-lethal  method  of  hemolymph  ex- 
traction. Two  diagnostic  RFLPs  were  used  to  type  1 12  individuals. 
RFLP  and  sequencing  data  showed  that  three  individuals  were 
misidentified  based  on  morphology.  In  addition,  phylogenetic 
analysis  was  used  to  assess  the  taxonomic  status  of  these  putative 
endemics.  16s  ribosonial  DNA  sequences  were  obtained  from  140 
indiv  iduals  from  both  genera,  sampled  from  Lake  Waccamaw.  the 
adjacent  Waccamaw  River,  and  the  Yadkin/Pee  Dee  and  Lumber 
Rivers  in  the  Pee  Dee  Drainage.  Results  from  neighbor-joining  and 
maximum  likelihood  trees  suggest  the  endemic  status  of  both  L. 
fullerkati  and  E.  waccamauensis  may  need  to  be  reconsidered. 
Lampsilis  fullerkati  individuals  fall  in  a  large  clade  containing 
Lampsilis  radiata  raJiata  from  outside  the  lake,  and  the  endemic 
is  not  a  distinct  phylogroup.  Additional,  faster-evolving  gene  re- 
gions and  type  specimens  are  being  sequenced  to  evaluate  this 
result.  A  similar  approach  is  being  used  for  E.  waccanuiwensis. 
which  appears  phylogenetically  indistinguishable  from  Elliptio 
collected  outside  of  the  Lake. 


INFLUENCE  OF  CLIMATIC  CYCLES  ON  THE  INFEC- 
TION OF  EASTERN  OYSTERS  BY  PERKINSUS  MARINUS. 
Thomas  M.  Soniat',  John  M.  Kiinclv-,  Eric  N.  Powell'  and 
Eileen  E.  Hofmann".  'Department  of  Biology.  Nicholls  State  Uni- 
versity. "Center  for  Coastal  Physical  Oceanography.  Old  Domin- 
ion University.  'Haskin  Shellfish  Research  Laboratory.  Rutgers 
University. 

Perkinsus  (=  DerinocystiJuiin)  niarinus  is  a  major  cause  of 
mortalities  in  eastern  oysters.  Crassostrea  viri>inica.  Since  initia- 
tion of  infection  and  progression  of  disease  are  favored  by  high 
temperature  and  high  salinity,  we  hypothesized  that  climatic  cycles 
intluence  cycles  of  disease.  Using  wavelet  analysis  and  a  10-year 
data  set  of  disease  prevalence  and  intensity,  and  water  temperature 
and  salinity  from  a  Louisiana  site,  we  show  a  teleconnection  be- 
tween the  El  Nifio  Southern  Oscillation  and  oyster  disease  in  the 
northern  Gulf  of  Mexico.  Inter-annual  variation  is  important  in  the 
initiation  and  intensification  of  disease,  and  salinity  is  the  primary 
dri\  ing  factor.  An  increase  in  salinity  is  followed  in  several  months 
by  an  increase  in  prevalence  followed  in  several  months  by  an 
increase  in  infection  intensity,  with  salinity  shifts  strongly  driven 
by  ENSO  events.  The  time  series  suggests  that  epizootics  can  be 
initiated  within  six  months  of  a  La  Nifia  event,  during  which  high 
water  temperature  and  high  salinity  coincide.  This  relationship 
makes  it  possible  to  anticipate  epizootics  of  P.  marinus  from  cli- 
mate models  and  to  better  manage  oyster  populations. 


DERMOVV  ATCH  DETECTS  DISEASE  HOTSPOTS  IN  THE 
GULF  OF  MEXICO.  Thomas  M.  Soniat'.  Sammy  M.  Ray-, 
Enrique  Kortright'  and  Lance  Robinson^.  'Department  of  Bi- 
ology. Nicholls  State  University.  "Departinent  of  Marine  Biology, 
Texas  A&M  University,  Galveston,  'Kortright  Corporation, 
""Texas  Parks  and  Wildlife  Department. 

DermoWatch  (www. dermowatch.org)  is  a  web-based  commu- 
nity for  the  monitoring  and  management  of  the  lethal  oyster  para- 
site, Perkijisus  marinus  (  =  Dermocystidiwn  marinum).  Oysters 
from  the  major  oyster  producing  areas  of  the  Gulf  of  Mexico  are 
collected  and  assayed  for  P.  marinus.  The  web  site  displays  station 
information,  water  temperature  and  salinity,  and  percent  infection 
and  disease  intensity  (weighted  incidence)  of  sub-market  and  mar- 
ket-sized oysters.  Weighted  incidence  values  of  2.0  and  greater  are 
highlighted  as  "hotspots".  where  oysters  {Crassostrea  virs^inica) 
are  likely  experiencing  serious  disease-related  mortality.  Recent 
disease  hotspots  are  found  in  Corpus  Christi  Bay.  Aransas  Bay. 
Matagorda  Bay  and  Galveston  Bay.  Within  a  bay.  hotspots  are 
established  on  high-salinity  reefs  and  proceed  up-estuary.  Between 
bays,  hotspots  tend  to  progress  from  south  to  north.  Within  and 
between  bay  patterns  of  progression  and  regression  of  disease 
hotspots  are  likely  cyclical,  and  should  provide  a  useful  indicator 
of  the  trajectory  of  infection. 
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INFLUENCE  OF  OYSTER  REEF  VERTICAL  COMPLEX- 
ITY IN  STRUCTURING  SPECIES  SPECIFIC  INTERAC- 
TIONS AND  TROPHIC  LINKAGES.  Joseph  Michael  Son- 
nier.  M.  H.  Posey  and  T.  D.  Alphin.  UNC-Wilmington.  Center 
for  Marine  Science.  5600  Marvin  K.  Moss  Lane.  Wilmington,  NC 
28409. 

Habitat  complexity  is  important  in  regulating  trophic  linkages, 
with  broad  implications  for  community  composition.  Habitat  com- 
plexity can  alter  species  interactions  through  impacts  on  refuge 
and  food.  High  and  low  complexity  oyster  reefs  in  southeastern 
North  Cart)lina  provide  an  ideal  system  to  test  these  ideas,  hiter- 
actions  between  bivalve  prey  (oysters  and  mussels)  and  predators 
(mud  crabs)  may  be  affected  by  the  presence  of  vertical  complex- 
it)  and  consequent  access  by  larger  predatory  crabs.  We  examined 
the  effects  of  oyster  reef  vertical  complexity  on  mud  crab  popu- 
lations and  mud  crab:  bivalve  interactions  in  the  presence  of  a  top 
predator,  the  blue  crab.  Mud  crab  density  was  significantly  greater 
in  areas  of  high  vertical  complexity  during  both  field  and  lab 
studies.  Lab  studies  indicated  mud  crab  predalion  on  bivalve  (oys- 
ter spat  and  mussels)  prey  was  greater  in  high  complexity  oyster 
patches,  but  consumption  of  mussels  was  greater  than  consumption 
of  spat  for  all  trials.  In  trials  containing  the  top  predator,  predation 
by  mud  crabs  was  reduced,  especially  in  the  low  complexity 
patches  where  predation  approached  zero.  Field  studies  show  oys- 
ter spat  recruitment  to  be  higher  on  newly  created  low  complexity 
reefs.  Tethering  trials  indicate  predation  on  mud  crabs  increased  as 
oyster  reef  complexity  decreased  with  open  sand  having  the  high- 
est predation.  However,  an  edge  effect  was  detected  for  high  com- 
plexity reefs,  with  highest  predation  on  mud  crabs  located  within 
five  cm  of  the  edge.  Reef  complexity  in  this  system  may  have 
limited  lop  predator  access,  affecting  mud  crab:  bivalve  predator- 
prey  dynamics. 


THE  FEASIBILITY  OF  USING  TRIPLOID  CRASSOSTREA 
VIRGINICA  FOR  ON  BOTTON  CULTURE  IN  THE  CHESA- 
PEAKE BAY.  Mehssa  Southworth',  Roger  Mann',  Thomas 
Leggett  Jr"  and  A.  Erskine'.  'Virginia  Institute  of  Marine  Sci- 
ence, P.O.  Box  1346,  Gloucester  Point,  VA  23062,  -Chesapeake 
Bay  Foundation,  'Cowart  Seafood  Company  and  Sevan's  Oyster 
Company. 

The  Federal  Register,  Vol.  69,  No.  2,  dated  Monday,  January  5. 
2004  provided  notice  of  "DEPARTMENT  OF  DEFENSE,  Depart- 
ment of  the  Army;  Corps  of  Engineers  Intent  (To  Prepare  a  Pro- 
grammatic Environmental  Impact  Statement]  for  the  Proposed  In- 
troduction of  the  Oyster  Species,  Cras.to.strea  ariakensis.  Into  the 
Tidal  Waters  of  Maryland  and  Virginia  To  Establish  a  Naturalized. 
Reproducing,  and  Self-Sustaining  Population  of  This  Oyster  Spe- 
cies." and  described  seven  alternatives  to  be  evaluated  in  the  EIS 
process.  Alternative  4  addressed  the  issue  of  using  the  native  oys- 
ter (Crassostrea  virginica)  species  in  the  development  and  expan- 
sion of  aquaculture  in  the  Chesapeake  Bay.  In  the  past,  the  ma- 


jority of  Virginia's  commercial  oyster  production  came  from 
leased  oyster  ground.  Historically,  lease  holders  would  either  pur- 
chase or  harvest  oyster  seed  from  rivers  such  as  the  Great 
Wicomico,  Piankatank  or  James,  and  plant  on  their  leases  through- 
out the  Virginia  portion  of  the  Bay.  We  describe  a  project  to 
examine  the  feasibility  of  using  triploid  native  spat  on  shell  in  the 
same  manner  as  oyster  planters  have  used  wild  oyster  seed  from 
seed  Rivers.  Approximately  forty  million  triploid  larvae  were  set 
on  400  bushels  of  shell  and  planted  on  an  oyster  bed  owned  by 
Sevan's  Oyster  Company  in  the  Yeocomico  River.  Virginia  in 
summer  2005.  We  present  here  early  results  of  setting  success, 
growth,  mortalitx  and  condition  index. 


COMMUNITY  ECOLOGY  OF  FRESHWATER  MUSSEL 
BEDS:  THE  ROLE  OF  TEMPERATURE  AND  DOMINANT 
SPECIES  ON  COMMUNITY  STRUCTURE  AND  REN- 
DERED ECOLOGICAL  SERVICES.  Daniel  E.  Spooner  and 
Caryn  C.  Vaughn,  University  of  Oklahoma. 

Recent  work  suggests  that  freshwater  mussel  beds  significantly 
influence  stream  ecosystem  function  through  benthic-pelagic  cou- 
pling of  energy  and  nutrients.  Mussel  communities  comprise  a 
mosaic  of  species  that  differ  in  their  species-specific  thermal  per- 
formance. These  performance  curves  influence  resource  acquisi- 
tion, potentially  shaping  community  structure  (species  dominance) 
and  subsequent  ecological  function.  We  traveled  to  21  mussel  beds 
across  southeastern  Oklahoma  and  western  Arkansas.  We  quanti- 
fied community  structure  (time-search  and  quadrats),  physiologi- 
cal condition  (glycogen,  body  condition  index  (BCD.  and  mea- 
sures of  rendered  services  (metabolism,  nutrient  excretion).  We 
predicted  that  species  would  be  dominant  at  sites  that  closely  re- 
semble their  empirically  derived  thermal  performance  optima.  Our 
results  to  date  suggest  that  communities  are  alternately  dominated 
by  two  species  Actinoiiaias  ligementina  and  Atnl'lenia  plicta.  Both 
species  co-occur,  have  opposing  thermal  pert'ormance  trajectories, 
and  are  negatively  correlated  within  sites.  In  addition,  condition 
and  performance  indices  of  co-occuring  mussel  species  was  related 
to  species  richness.  A.  ligenientina.  and  A.  plicata  biomass.  These 
results  suggest  that  species  interactions  including  facilitation/ 
competition  may  be  important  factors  explaining  community  struc- 
ture and  subsequent  ecological  services  rendered  by  freshwater 
mussel  beds. 


OVIGERY  IN  THE  SPOT  SHRIMP  (PANDALVS  PLATY- 
CEROS)  OF  HOOD  CANAL.  David  A.  Sterritt,  Washington 
Department  of  Fish  and  Wildlife. 

Egg  numbers  and  seasonal  trends  in  ovigery  of  were  estab- 
lished for  Spot  shrmip  [Pandalus  piatyceros)  from  Hood  C:inal 
during  testfisheries  conducted  during  the  2003-2005  season. 
Ovigerous  shrimp  were  found  to  be  smaller  in  size  and  had  tewer 
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eggs  than  Spot  shrimp  sampled  in  other  investigations.  A  linear 
relation  was  found  between  egg  number  and  carapace  length. 


EMBRYONIC  DEVELOPMENT  AND  MORPHOMETRY 
OF  BLUE  KING  CRAB  PARALITHODES  PLATYPUS, 
STUDIED  BY  IMAGE  ANALYSIS.  Bradley  G.  Stevens. 

NMFS/NOAA  Kodiak  Fisheries  Research  Center. 

Embryonic  development  has  been  described  for  few  commer- 
cial crab  species,  and  no  standard  exists  for  defining  developmen- 
tal stages.  I  examined  the  embryonic  development  of  the  blue  king 
crab.  Paralithodes  platxpus.  from  the  Pribilof  Islands  in  the  eastern 
Bering  Sea.  Fertilized  embryos  were  digitally  photographed  at 
various  intervals  throughout  their  development  using  a  compound 
microscope  and  measured  with  an  image  analysis  program.  Seven 
morphometric  parameters  were  measured  (total  area,  yolk  area, 
embryo  length  and  width,  average  diameter,  eye  length  and  width) 
and  four  indices  were  calculated  (percent  yolk,  ellipticity.  elonga- 
tion, and  circularity).  First  divisions  occurred  on  day  four,  after 
which  divisions  occuiTed  daily  until  the  blastopore  appeared  at  day 
28.  A  "V-shaped  embryo  became  apparent  on  day  1  14.  and  the 
eyes  becaine  pigmented  by  day  192.  Hatching  occurred  from  day 
381  to  day  409.  and  required  at  least  33  days.  Embryo  area  de- 
clined from  0.95  mnr  on  day  I  to  0.83  nim^  on  day  72.  and  then 
increased  to  1.28  nun"  on  day  388.  Developmental  stages  were 
defined  visually  and  by  using  cluster  analysis  of  embryo  measure- 
ments. Both  methods  resulted  in  an  optimum  selection  of  12 
stages.  Visual  methods  were  better  at  defining  early  changes,  but 
morphometric  measurements  were  better  at  defining  middle  and 
later  stages.  Morphometric  analysis  techniques  may  lead  to  im- 
proved understanding  of  crustacean  embryogenesis  and  effects  of 
environmental  change,  and  have  applications  in  the  aquaculture 
industry. 


PRELIMINARY  ANALYSES  OF  GENETIC  STRUCTURE 
WITHIN  AND  AMONG  REMNANT  POPULATIONS  OF 
THE  OLYMPIA  OYSTER,  OSTREA  CONCH.APHILA.  David 
A.  Stick',  Heather  Hunsperger",  Ciiris  Langdon',  Michael  A. 
Banks'  and  Mark  D.  Camara'.  'Oregon  State  University. 
COMES,  HMSC.  2030  SE  Marnie  Science  Dr..  Newport.  OR 
97365.  -Eckerd  College,  St.  Petersburg,  FL,  'USDA-ARS,  HMSC, 
Newport.  OR. 

The  Olympia  oyster.  Ostrea  concliaphila.  is  the  only  oyster 
species  native  to  the  Pacific  Northwest.  Historically,  the  species 
ranged  from  Southeastern  Alaska  to  Baja.  California.  Mexico  and 
supported  both  Tribal  subsistence  fisheries  and  large  coinmercial 
harvests.  Over-exploitation,  habitat  degradation,  and  competition 
and  predation  from  non-native  species  have  drastically  depleted 
densities  and  reduced  the  overall  range,  but  remnant  populations 
persist.  Due  to  the  species"  historical  significance  and  the  ecologi- 
cal services  provided  by  oyster  reef  habitats,  numerous  restoration 


efforts  are  proceeding  without  a  full  understanding  of  existing 
population  structure,  which  may  be  complicated  due  to  O.  con- 
clnipliila's  larviparous  mode  of  reproduction  and  limited  larval 
dispersal  as  well  as  extensive  population  admixture  due  to  human 
mediated  translocations.  Identifying  appropriate  broodstock  and 
maintaining  the  genetic  integrity  of  populations  is  essential  for  the 
long-term  success  of  restoration  efforts,  but  conducting  popula- 
tion-level studies  have  been  hindered  by  a  lack  of  molecular  mark- 
ers. We  have  developed  a  number  of  microsatellite  ON  A  markers 
in  O.  conchaphila  and  conducted  preliminary  analyses  of  genetic 
structure.  We  first  constructed  several  microsatellite  enriched  ge- 
nomic libraries  then  isolated  and  sequenced  individual  clones  from 
them.  We  next  designed  primers  to  the  flanking  regions  of  con- 
firmed microsatellites.  optimized  PCR  conditions  and  verified 
Mendelian  segregation  in  larvae  from  five  hatchery-produced  full 
sib  families.  Polymorphism  was  assayed  using  a  panel  of  96  oys- 
ters from  eight  locations,  and  the  most  polymorphic  markers  were 
used  for  preliminary  analyses  of  broad-scale  patterns  of  genetic 
diversity  and  differentiation  within  and  among  populations  ranging 
from  northern  Vancouver  Island,  BC  to  San  Francisco  Bay,  CA. 


IMPACTS  OF  OYSTER  REEF  ARCHITECTURE  ON  SPE- 
CIES DIVERSITY  AND  PREDATION.  Jennifer  L.  Stiner 
and  Linda  J.  Walters.  University  of  Central  Florida. 

Widely  regarded  as  a  keystone  species  and  ecosystem  engineer, 
the  eastern  oyster,  Crassostrea  virginica,  plays  a  \ital  role  in  es- 
tuarine  environments.  Complex  three-dimensional  oyster  reefs  act 
as  biodiversity  havens.  Recently,  concern  for  this  resource  has 
arisen  in  Mosquito  Lagoon.  Florida.  Since  the  1990s,  intense  boat- 
ing activity  has  caused  atypical  dead  margins  (mounds  of  disar- 
ticulated shells)  to  emerge  on  the  seaward  edges  of  oyster  reefs 
located  along  major  boating  channels.  Once  dead  margins  are 
formed,  little  is  known  about  their  influence  on  biotic  composition 
and  interactions. This  study  focused  on  the  impact  of  dead  margins 
on  ( 1 )  species  diversity  and  (2)  predation.  For  one  year,  monthly 
surveys  were  conducted  using  lift  nets  to  document  all  mobile 
species  present  on  reefs  in  Mosquito  Lagoon.  Sixty-four  species 
were  recorded,  including  fishes,  crustaceans,  molluscs,  echiiui- 
dernis.  and  worms.  Mini  lift  net  trials  revealed  species  diversity  to 
be  highest  on  fore-reef  and  back-reef  areas,  with  drastic  reductions 
on  dead  margins  of  impacted  reefs.  Field  experiments  were  con- 
ducted to  determine  the  impact  of  dead  margins  on  the  vulnerabil- 
ity of  juvenile  oysters.  Structural  variables  (e.g.  shell  orientation, 
single  versus  clumped  shells,  and  overall  slope)  were  manipulated 
and  effects  were  observed  on  oyster  mortality  and  predator  ma- 
neuverability. Responses  of  three  major  predators  (Callinectcs 
sapidus.  Urosalpinx  cinerea.  and  Panopeus  Iwrhstii)  differed.  For 
C.  sapidus  and  P.  herhstii.  predation  was  higher  on  disarticulated 
shells  while  U.  cinerea  showed  a  preference  for  spat  on  clumped 
shells.  Overall,  this  study  documents  ecological  implications  of 
dead  marsins  on  reels  of  C.  virginica. 
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VARIATION  IN  OYSTER  SHELL  STRENGTH  BASED  ON 
STOCK  ORIGIN.  SHELL  SIZE  AND  TRANSPLANT  EF- 
FECT. Heather  Stoker.  Troy  Alphin  and  Martin  Posey.  Uni- 
versity of  North  Carolina.  Center  for  Marine  Science.  .S6()0  Mars  in 
K.  Moss  Ln.,  Wilmington.  NC  28409. 

This  study  compares  the  breaking  strength  of  Crassosti-ca  vir- 
f>iiiica  shells  from  four  Southeastern  North  Carolina  estuarine  sys- 
tems: New  River.  Cape  Fear  River.  Stump  Sound  and  White  Oak 
River.  Shell  strength  comparisons  were  made  among  three  size 
classes  within  each  estuary  and  among  estuaries  for  oysters  in  one 
size  class  (40-<.'i0  mm  I.  Five  oysters  per  size  class  per  estuary 
(120  ovsters  total)  were  selected.  As  morphological  differences 
may  suggest  variation  in  mechanical  properties,  the  length,  width, 
muscle  scar  thickness  and  weight  of  each  shell  were  recorded.  An 
eleven-millimeter  disc  was  cut  from  the  muscle  scar  of  the  right 
valve  of  each  specimen.  The  discs  were  strength  tested  using  an 
Instron  8.")  11  material  testing  machine,  measuring  compressive 
break  strength  (MN/m").  The  oysters  used  m  this  project  were 
from  a  previous  study  on  stock  differentiation;  therefore,  shell 
strength  can  be  compared  to  existing  data  on  the  oysters"  growth, 
survival,  stock  type  and  estuarine  conditions.  If  the  intrinsic 
strength  of  C.  virginica  shells  differs  among  origin  or  transplant 
location,  this  has  implications  of  potential  differences  in  predation 
risk  and  susceptibility  to  disease. 


POPULATION  STRUCTURE  AND  PHYLOGEOGRAPHY 
OF  THE  PINTO  ABALONE  (HALIOTIS  KAMTSCHAT- 
KAi\'A)  IN  WASHINGTON  STATE.  Kristi  Straus,  Kerry 
Naish  and  Carolyn  Friedman.  University  of  Washington.  School 
of  Aquatic  &  Fishery  Sciences.  P.O.  Box  ,355020.  Seattle.  WA 
98195. 

The  Pmto  abalone  (.Haliotis  l<cimiscliall<(iiui)  is  the  predominant 
haliotid  species  in  Washington  State  and  is  an  ecologically  impor- 
tant herbivore  in  rocky  subtidal  habitats.  Although  the  Washington 
abalone  fishery  was  closed  in  1994.  abundance  and  population 
densities  have  declined  dramatically  since  this  time.  In  order  to 
enact  an  effective  conservation  strategy,  it  is  imperative  to  deter- 
mine the  population  structure  of  the  Pinto  abalone.  Previous  micro- 
satellite  studies  indicated  low  differentiation  among  Pinto  abalone 
collections  in  British  Columbia,  Canada.  However,  our  research  on 
genetic  variation  at  microsatellite  loci  in  over  100  individuals  from 
Washington  State  revealed  substantial  population  structure.  All 
microsatellite  loci  exhibited  significant  deviations  from  Hardy 
Weinberg  expectations  (positive  F,J  and  linkage  disequilibrium 
was  evident  between  most  pairs  of  loci.  Using  MtDNA  sequence 
analysis,  ten  individuals  from  S.E.  Alaska  (U.S.).  British  Columbia 
(Canada),  and  Washington  State  (U.S.),  and  five  individuals  from 
California  (U.S.)  were  sequenced  at  the  Cytochrome  Oxidase  B 
locus  (Cyt  B.  404  bp).  Results  from  this  locus  indicate  that  al- 
though animals  from  Alaska.  B.C.  and  California  appear  to  be 
closely  related,  six  of  the  ten  Washington  individuals  sequenced 


diverge  stronglv.  These  six  individuals  share  four  haplotypes 
unique  to  Washington  State.  These  same  six  individuals  were  se- 
quenced at  Cytochrome  Oxidase  I  (COI.  343  bp).  At  COI.  these  six 
individuals  share  three  unique  haplotypes  relative  to  sequence 
available  on  Genbank.  Further  studies  are  needed  to  elucidate  the 
biological  significance  of  the  observed  genetic  differences.  These 
findings  have  significant  implications  for  the  listing  and  restora- 
tion of  abalone  found  in  Washington  State. 


GENETIC  ISSUES  IN  FLORIDA  HARD  CLAM  AQUACUL- 
TURE.  Leslie  Sturmer'.  Charles  Adams',  Patrick  Baker". 
Shirley  Baker".  F^lise  Hoover".  Claudia  Rocha"  and  .lohn 
Scarpa"'.  'Cooperative  Extension  Ser\ice.  University  of  Florida. 
Cedar  Key.  FL  32625:  "Institute  of  Food  and  Agricultural  Sci- 
ences. University  of  Florida.  Gainesville.  FL  32611;  'Harbor 
Branch  Oceanographic  Institution,  Ft.  Pierce.  FL  34946. 

The  hatchery-based  hard  clam  aqiiaculture  industry  in  Florida, 
while  rapidly  growing,  is  in  its  infancy  in  terms  of  stock  manage- 
ment and  improvement.  A  concern  in  the  loss  of  useful  genetic 
variation  through  unintentional  inbreeding  was  addressed  by  de- 
veloping an  index  of  clam  stock  health.  Using  mitochondrial  DNA 
and  microsatellite  loci  in  the  nuclear  genome,  genetic  diversity  in 
captive  strains  from  multiple  Florida  hatchery  stocks  was  quanti- 
fied and  compared  to  wild  stocks.  Hatchery  stocks  were  cultured 
simultaneously  during  2004-5  to  compare  performance  under 
aquaculture  conditions  and  correlate  with  genetic  diversity.  The 
need  for  a  hardier  clam  strain  also  became  evident  as  Florida 
culturists  reported  below  average  survivals  during  hot  summers. 
The  project  team  is  currently  evaluating  triploidy  as  a  means  to 
improve  stress  resistance  by  reducing  gametogenesis  and  increas- 
ing body  mass.  Triplicate  groups  of  sibling  diploid  and  triploid 
hard  clams  were  planted  under  commercial  conditions  on  leases  to 
compare  production  characteristics.  Responses  of  clams  subjected 
to  laboratory  environmental  challenges  (high  water  temperatures 
and  low  dissolved  oxygen  levels)  are  being  evaluated  to  determine 
the  physiological  mechanism  by  which  triploidy  may  improve  sur- 
\ival  in  subtropical  waters.  Finally,  the  economics  of  triploid  seed 
production  and  triploid  clam  culture  will  be  characterized. 


A  SURVEY  OF  MARINE  COMMUNITIES  IN  ALTERNA- 
TIVE CULTURE  METHOD  OYSTER  AND  CLAM  SITES. 
Andrew  D.  Suhrbier',  Daniel  P.  Cheney'  and  Jonathan  P. 
Davis".  'Pacific  Shellfish  Institute.  120  State  Ave,  NE  #142. 
Olympia.  WA  98501.  "Bay water  Inc. 

The  past  two  decades  have  seen  a  rapid  expansion  of  alternative 
and  innovative  methods  for  the  cultivation  of  oysters  and  hardshell 
clams;  however,  there  is  limited  information  on  the  interactions  ol 
these  practices  with  the  surrounding  environment.  As  part  of  a 
larger  project,  multi-season  sampling  was  conducted  to  1)  assess 
and  compare  benthic  infauna  and  epifauna  species  diversity  and 
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density,  across  habitat  types  within  culture  and  control  sites;  to  2) 
assess  responses  ot'infauna  and  epifauna  to  culture  conditions;  and 
to  ?<)  monitor  and  compare  selected  macrot'auiia  including  juvenile 
salmon,  shrimp  and  crabs,  across  habitat  types.  Methods  evaluated 
included  bag-on-rack.  bag  on  bottom,  and  suspended  bag  culture 
of  oysters  and  bag  on  bottom  and  net-protected  ground  culture  of 
manila  clams.  Discussed  will  be  the  results  of  seasonal  benthic 
collections,  net  deployments  and  underwater  video  footage  at  each 
survey  site.  Survey  sites  included  commercial  shellfish  farms  in 
Thorndyke  Bay.  Hood  Canal  and  Eld  Inlet,  in  South  Puget  Sound. 
Washington.  This  project  was  funded  by  the  SeaGrant  National 
Marine  Aquaculture  Initiative. 


CONNECTICUT'S  HARD  CLAM  INDUSTRY  AND  QPX- 
DISEASE.  Inke  Sunila.  State  of  CT.  Department  of  Agriculture. 
Bureau  of  Agriculture. 

Connecticut,  on  Long  Island  Sound's  north  shore,  is  the  leading 
producer  of  hard  clams.  Mercenaria  merceitaria.  with  a  yearly 
production  of  over  400.000  bushels  and  a  yearly  farm  gate  value  of 
over  $10  million.  Since  1997.  the  year  of  a  major  Hoplosporidittiii 
nelsoni  (MSX)  epizootic  among  oysters,  production  has  been  ris- 
ing steadily.  After  that  harvesters  concentrated  on  the  hard  clam 
fishery.  Hard  clam  aquaculture  is  practiced  on  over  65.000  acres  of 
leased  grounds.  Recruitment  originates  mostly  from  natural  set  and 
harvest  size  clams  are  collected  by  hydraulic  dredges  and  trans- 
phmted  onto  approved  grounds  for  depurification  prior  to  market- 
ing. The  health  of  CT"s  clams  has  been  monitored  annually  since 
1997.  QPX  was  detected  in  six  out  of  2.^38  clams  (0..^%)  from  77 
different  samples  along  the  shoreline.  None  of  the  QPX-positive 
clams  originated  from  commercial  clam  grounds.  Two  positive 
clams  were  collected  from  natural  oyster  beds  during  culching. 
Three  positive  clams  were  collected  ne.xt  to  shipping  channels. 
One  of  the  clams  originated  from  a  bed  of  false  quahogs.  Pilar 
inorrliiiana.  being  surveyed  as  a  potential  future  hard  clam  site. 
Sarnpling  sites  for  the  positive  clams  are  distributed  along  the 
entire  CT  shoreline:  Bridgeport.  Stratford,  New  Haven  and  Groton. 
Histopathologically  affected  clams  have  mucus  producing,  prolif- 
erating presentation  of  QPX-disease.  However.  QPX  is  not  cur- 
rently considered  to  pose  a  threat  to  CT's  hard  clam  industry. 


THE  LOUISIANA  OYSTER  RECOVERY  PLAN:  A  RE- 
SPONSE TO  HURRICANES  KATRINA  AND  RITA.  John 
Supan'  and  Mike  Voisin".  'Louisiana  Sea  Grant  College  Pro- 
gram. LSU.  Baton  Rouge.  LA  70S0.\  "Louisiana  Oyster  Task 
Force.  Motivatit  Seafood.  Inc. 

Hurricane  Katrina  caused  unprecedented  damage  to  the  central 
gulf  coast,  being  the  greatest  nattiral  disaster  in  U.S.  history.  The 
paths  of  Hurricanes  Katrina  and  Rita  passed  through  major  Loui- 
siana oyster  production  areas,  causing  between  .35-70%  oyster 
mortality  to  the  public  grounds  by  scouring  and  overburden,  with 


likely  similar  damage  to  private  farms  yet  to  be  determined.  In- 
frastructure and  fleet  damage  to  public  agencies  and  the  private 
sector  were  also  severe.  The  Louisiana  Oyster  Task  Force,  legis- 
latively mandated  to  guide  the  state  in  the  management  and  de- 
velopment of  its  oyster  industry,  is  enacting  a  recovery  plan  to 
address  five  areas  of  need:  ( 1 )  vessel  and  lock  recovery;  (2)  harvest 
areas,  (.3)  dock  and  unloading  facilities,  (4)  processing  plants,  and 
(5)  market  development.  This  multi-faceted  approach  challenges 
all  involved  to  new  paradigms.  Some  of  the  components  iiiclude: 
refloating  some  1.800  commercial  fishing  vessels  aground  by 
storm  surges;  continued  and  additional  microbiological  sampling 
to  open  more  harvest  areas;  developing  dockside  refrigeration  pro- 
gram; cultch  placement  on  public  and  private  oyster  grounds; 
opening  and  closing  oyster  seasons  on  public  oyster  grounds  by 
location  and  specific  dates;  lifting  current  moratorium  on  new 
oyster  farm  lands;  rebuilding  and  improve  the  Sea  Grant  oyster 
hatchery  on  Grand  Isle  and  initiate  a  Louisiana  Oyster  Seed  Pro- 
gram focusing  on  genetically  superior  stocks;  developing  ott- 
bottom  culture  in  designated  marine  enterprise  zones  and/or  aqua- 
culture parks;  and,  postponing  2005  lease  rental  payments  until 
2006. 


BIOCHEMICAL  COMPOSITION  AND  ADDUCTOR 
MUSCLE  CELL  SIZE  OF  TRIPLOID  AND  DIPLOID  BAY 
SCALLOP  ARGOPECTEN  IRRADIANS.  Amandine  Surier', 
Cliester  B.  Zarnocli-  and  Richard  C.  Karney'.  'Martha's  Vine- 
yard Shelllish  Group.  P.O.  Box  1552,  Oak  Bluffs,  MA  02557, 
-AREAC,  Brooklyn  College,  Brooklyn  NY  11210. 

Triploidy,  which  has  been  found  to  improve  overall  perfor- 
mance in  many  shellfish,  is  particularly  interesting  in  scallops  as 
the  increased  growth  rate  is  associated  with  decreased  gonad  de- 
velopment and  increased  adductor  muscle  mass.  Triploid's  in- 
crease in  somatic  biomass  is  thought  to  be  the  result  of  energy 
reallocation  from  reproduction  towards  somatic  growth  or  in- 
creased fitness  due  to  higher  heterozygosity.  Another  hypothesis  is 
triploidy  gigantism,  which  associates  the  increased  si/e  of  triploid 
organisms  with  a  larger  cell  size.  In  July  2003.  under  funding  from 
the  Northeastern  Regional  Aquaculture  Center,  triploidy  was  in- 
duced in  the  bay  scallop  Argopecten  irradians.  The  experimental 
scallops,  which  tested  97%  triploid  in  July  2004.  were  grown  in 
bottom  cages  in  Katama  Bay,  Massachusetts.  Triploid  wet  adduc- 
tor muscle  indexes  were  52%  and  17%-  greater  than  diploids  in  July 
and  October  2003  respectively. 

In  December  2004.  triploid  and  diploid  adductor  muscle 
samples  were  sent  to  Brooklyn  College  for  biochemical  composi- 
tion. Although  the  protein  and  carbohydrate  contents  were  higher 
and  lipid  content  was  lower  in  triploid  muscles  the  differences 
were  not  significant.  In  the  spring  2005.  survivors  from  the  ex- 
periment were  sampled  for  cell  size  analysis.  A  portion  of  the 
smooth  adductor  muscle  from  triploids  and  diploids  was  processed 
using  standard  histological  techniques,  photographed  and  analyzed 
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for  muscle  cell  size  and  number  of  cells/area  using  NIH  ImageJ 
software.  Adductor  smooth  muscle  fibers  of  triploids  were  signifi- 
cantly wider  than  those  of  diploid  controls.  In  contrast,  the  number 
of  muscle  fibers  per  unit  area  was  not  significantly  different  be- 
tween ploidy  groups. 


EFFFXTS  OF  PRFDATION  AND  SETTLEMENT  SUB- 
STRATE CHOICE  ON  THE  POST-SETTLEMENT  SUR- 
VIVAL OF  RED  ABALONE.  HALIOTIS  RUFESCENS.  Clara 
Svcdluiid',  Steven  Gaines'.  Jennifer  Caselle'  and  Laura  Ro!"- 
ers-Bennett~.  'Ecology.  Evolution  and  Marine  Biology,  U.  C. 
Santa  Barbara,  "^California  Department  of  Fish  and  Game  & 
Bodega  Marine  Lab. 

Historically  abundant  populations  of  abalone  {Halioris  spp.)  are 
now  at  drastically  reduced  levels  throughout  Southern  California. 
Two  particularly  vulnerable  stages  in  the  life  cycle  of  these  broad- 
cast spawning  invertebrates  are  the  larval  and  post-settlement 
stages.  Laboratory  studies  of  predation  on  cultured  veliger  larvae 
and  newly  settled  red  abalone  (Haliiitis  nifescens)  indicate  that 
predation  may  be  an  extremely  important  source  of  mortality  at 
these  stages.  Results  from  predation  experiments  revealed  that 
important  predators  oi H.  nifescens  include  the  crabs  Pagurus  sp.. 
Cancer  sp.,  and  Scyra  sp.,  the  terebellid  Eupolymnia  sp..  and  the 
sea  urchin  StnmgylocenUotus  purpuratiis.  Ninety-seven  percent  of 
all  predators  tested  were  sources  of  mortality  for  settling  or  settled 
abalone,  whether  due  to  consumption,  bulldozing,  or  other  modes. 
Settlement  experiments  using  three  categories  of  encrusting  red 
algae  (ERA)  indicated  that  substrate  type  may  play  a  larger  role  in 
the  survival  and  subsequent  growth  of  settled  larvae.  Compared  to 
the  two  other  types,  settlement  and  post-settlement  survival  was 
significantly  higher  for  the  category  of  crustose  coralline  algae 
(CCA)  with  an  irregular  surface  (e.g.  Litlwthamnium  pacificum). 
Further  experiments  that  tested  the  interaction  of  substrate  (the 
three  ERA  types)  and  predation  (using  two  different  predators) 
revealed  that  the  more  rugose  substrate  again  confeiTed  the  highest 
survival.  This  higher  survival  may  be  due  to  the  morphology  of  the 
CCA,  which  might  provide  abalone  with  predation  refugia  and/or 
superior  grazing  sources.  Potential  larval/post-larval  seeding  ex- 
periments may  benefit  from  selection  of  sites  with  a  higher  cover 
of  the  rugose  encrusting  corallines,  and  exclusion  of  probable 
predators. 


ANNUAL  VS.  NONANNUAL  EGG  EXTRUSION,  MATING 
VS.  UTILIZATION  OF  STORED  SPERM,  AND  LARVAL 
HATCHING  OF  KODIAK,  ALASKA  DUNGENESS  CRAB. 
Katherine  M.  Swiney.  NCAA  Fisheries.  Alaska  Fisheries  Science 
Center. 

Previous  studies  report  nonannual  egg  extrusion  among  Dunge- 
ness  crab  in  southeastern  Alaska,  which  differs  from  the  annual 
egg  extrusion  typically  reported  for  Dungeness  crab.  Dungeness 


crab  from  Kodiak,  Alaska  waters  were  reared  in  tlow-through 
tanks  to  determine  if  egg  extrusion  is  annual  and  to  observe  which 
crab  mate  or  utilize  stored  sperm  to  fertilize  egg  clutches.  Females 
were  collected  from  two  bays  on  the  eastside  of  Kodiak  Island 
May  through  August  2005.  a  time  in  which  females  should  either 
have  eggs  or  recently  hatched  larvae.  Thirty  one  percent  of  females 
collected  did  not  have  eggs  the  previous  reproductive  season.  Sev- 
enty one  percent  of  females  brought  into  the  laboratory  u.sed  stored 
sperm  to  fertilize  eggs  while  26%  molted/mated.  Females  that 
molted/mated  were  significantly  smaller  than  females  that  did  not 
molt.  As  of  12,  December  2005,  52%  of  females  extruded  eggs  in 
two  consecutive  years,  whereas  28%  skipped  at  least  one  repro- 
ductive season  and  extruded  an  egg  clutch  the  following  season; 
more  extrusion  is  expected.  Larval  hatching  was  examined  in  2004 
with  females  brought  into  the  laboratory  a  week  before  hatching, 
which  began  at  the  end  of  May  and  lasted  25  days.  Individually, 
larval  hatching  ranged  from  8  to  16  days  with  a  mean  of  1 1  days. 
Larger  crab  took  significantly  longer  to  hatch  larvae  and  had  sig- 
nificantly more  larvae.  Egg  extrusion  is  not  annual  for  all  mature 
Dungeness  crab  collected  from  Kodiak  waters,  however,  prelimi- 
nary evidence  suggests  more  crab  may  extrude  eggs  annually  in 
the  Kodiak  area  than  in  southeastern  Alaska. 


CAROTENOIDS  IN  THE  SEA  URCHIN  PARACENTROTUS 

ElVIDUS.  Rachael  Symonds  and  Andrew  Young,  Liverpool 
John  Moores  University,  School  of  Biological  and  Earth  Sciences. 
Byron  St.,  Liverpool  UK. 

The  roe  of  the  edible  sea  urchin  Panwentrotiis  lividus  is  com- 
mercially valuable  and  highly  prized  in  the  sushi  market.  However, 
roe  colour  varies  with  season,  the  urchin's  nutritional  state,  its  state 
of  maturity  and  its  sex.  This  study  has  characterised  the  carotenoid 
pigment  profile  of  the  gonads  and  gut  wall  of  wild  P.  lividus  using 
a  combination  of  reversed-phase  diode-array  HPLC  and  LC-MS. 
The  major  pigments  occurring  in  the  gut  wall  are  breakdown  prod- 
ucts of  fucoxanthin,  namely  fucoxanthinol  and  amarouciaxanthin 
A.  Lower  levels  of  echinenone.  lutein,  isozeaxanthin  and  (3-caro- 
tene  are  also  present.  The  gut  wall  of  the  female  urchins  contains 
pigments  not  present  in  the  males,  indicating  additional  metabo- 
lism in  the  former.  It  is  clear  that  the  gut  wall  is  a  major  site  of 
carotenoid  metabolism.  Male  and  female  gonads  have  a  broadly 
similar  pigment  profile  with  echinenone  accounting  for  between 
70-80%  of  the  total  carotenoid  (c.f.  gut:  20%).  Both  dW-tnms  and 
9'-ri.s  forms  of  p-echinenone  are  found  in  the  ratio  1:10  (w/w). 
The  detection  of  large  levels  of  9'f/.s-echinenone  in  wild  P.  lividus 
is  unexpected  due  to  the  absence  of  9'-cis  forms  of  carotenoid  in 
the  natural,  algal,  diet.  Amounts  of  lutein  and  isozeaxanthin  are 
consistently  higher  in  the  female  rather  than  male  gonads  with 
levels  of  these  peaking  shortly  after  spawning.  The  presence  of 
9'-(7.v  echinenone  as  the  major  carotenoid  contributing  to  the  pig- 
mentation/colour of  the  gonad  is  an  important  observation  in  terms 
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of  developing  artificial  diets  for  urchin  cultivation.  The  implica- 
tions of  this  are  discussed  further. 


EELGRASS  RESPONDS  TO  OYSTERS  AND  GROW-OUT 
METHODS  IN  AN  AQUACULTURE  SETTING.  Heather 
Tallis'.  Jennifer  Ruesink',  Brett  Dumbauld".  Sally  Hacker' 
and  Lorena  VVisehart'.  'University  of  Washington.  "Hatfield  Ma- 
rine Science  Center.  'Oregon  State  University. 

Aquaculture  has  been  shown  to  have  negative  impacts  on  eel- 
grass  and  certain  aquaculture  practices  have  been  banned  in  the 
Pacific  Northwest  (USA)  to  protect  eelgrass  as  valuable  habitat. 
We  argue  that  the  magnitude  of  tradeoffs  between  aquaculture  and 
biodiversity  depends  on  the  ecological  details  of  the  production 
system.  We  explored  three  aquaculture  systems  (dredged  on- 
bottom,  hand  picked  on-bottom,  long  lines)  to  quantify  the 
tradeoffs  between  oyster  [Crassostrea  i;igas)  aquaculture  and  eel- 
grass  (Zostera  nimina)  habitat.  Capitalizing  on  large  scale  "ma- 
nipulations"" for  aquaculture  in  Willapa  Bay,  WA,  we  found  lower 
eelgrass  density  in  all  aquaculture  systems  relative  to  uncultivated 
areas  in  2002-2004.  Dredged  beds  had  the  lowest  eelgrass  densi- 
ties (-50'7(-  <  uncultivated)  while  hand  picked  and  long  line  beds 
were  intermediate.  After  experimental  dredging,  eelgrass  densities 
reco\ered  in  one  to  four  years,  depending  on  site  and  disturbance 
intensity.  Additionally,  eelgrass  density  declined  with  oyster  den- 
sity in  cultivated  beds,  although  oysters  were  sparsely  planted 
{~209c  cover).  Eelgrass  growth  (g  g"'  d"' ).  measured  in  2004.  also 
varied  by  aquaculture  type  and  oyster  density,  although  patterns  in 
this  indi\'idual-le\el  indicator  were  context-specific.  Total  above- 
ground  production  was  largely  driven  by  variation  in  eelgrass  den- 
sity, so  dredged  beds  had  the  lowest  production.  Our  findings  do 
not  support  regulations  against  all  on-bottom  aquaculture  because 
hand  picked  beds  showed  tlie  least  tradeoff  in  terms  of  eelgrass 
production  and  were  1.3-2. .3  times  more  productive  than  dredged 
beds.  We  suggest  several  management  options  that  may  allow  the 
continued  co-existence  of  aquaculture  and  eelgrass  in  the  Pacific 
Northwest. 


SETTLEMENT  OF  CRASSOSTREA  ARlAkENSIS  LARVAE 
UNDER  CONDITIONS  FOUND  IN  THE  CHESAPEAKE 
BAY.  Mario  N.  Tamburr'.  Mark  W.  Luckenbach",  Denise  L. 
Breitburg'  and  Stephanie  M.  Bonniwell"*.  'Chesapeake  Biologi- 
cal Laboratory/UMCES.  "Virginia  Institute  of  Marine  Science, 
'Smithsonian  Environmental  Research  Center,  ^Virginia  Institute 
of  Marine  Science. 

The  Asian  oyster  iCra\xo\trc'a  ariakcnsis)  is  being  considered 
for  introduction  into  the  Chesapeake  Bay.  However,  our  cunent 
understanding  of  the  biology  and  ecology  of  C.  ariakensis  is  in- 
sufficient to  predict  whether  an  introduction  will  be  successful. 


provide  desired  benefits,  or  have  adverse  impacts.  Behavior  of 
native  oyster  (C.  virginica)  pediveligers  has  been  studied  for  many 
years  and  it  is  well  established  that  they  use  a  variety  of  habitat 
characteristics  when  selecting  a  site  for  colonization.  Perhaps  the 
most  important  of  these  are  chemical  cues  emitted  by  adult  con- 
specifics,  which  can  lead  to  gregarious  larval  settlement  and  dense, 
persistent  reef  communities.  Conversely,  almost  nothing  is  known 
about  how  larvae  of  C.  ariakensis  respond  to  conditions  found  in 
Chesapeake  Bay  or  about  the  critical  life  history  processes  of 
settlement  and  metamorphosis.  We  have  examined  how  the  be- 
havior and  substrate  preference  of  two  C.  ariakensis  strains  ("south 
China"  and  "west  coast'")  at  the  time  of  settlement  compares  with 
that  of  C.  virginica.  Results  demonstrate  many  similarities  but  also 
a  few  important  differences.  For  example,  both  species  and  strains 
of  larvae  greatly  prefer  natural  substrates  (e.g.  shell)  covered  with 
biofilms  for  colonization  but  the  west  coast  strain  of  C.  ariakensis 
exhibited  greater  attachment  onto  manmade  substrates  (e.g.  fiber- 
glass) than  C.  virginica.  Waterbome  chemical  cues  emitted  by 
adult  oysters  were  also  found  to  enhance  substrate  attachment  for 
all  larval  forms,  whereas  initial  data  suggests  hypoxia  inhibits 
lar\al  attachment  with  the  south  China  strain  of  C.  ariakensis 
perhaps  most  sensitive  to  low  o.xygen  conditions. 


ASSESSMENT  OF  RED  ABALONE.  HALIOTIS  RL'FES- 
CENS.  POPULATIONS  AT  SAN  MIGUEL  ISLAND,  CALI- 
F'ORNIA.  Ian  K.  Taniguch  and  Peter  L.  Haaker,  California 
Department  of  Fish  &  Game. 

San  Miguel  Island  contains  the  southernmost  large  population 
of  red  abalone.  Haliotis  riifescens.  along  the  Pacific  coast,  but 
commercial  and  recreational  abalone  fishing  was  closed  in  1997 
because  of  a  general  decline.  Since  then,  red  abalone  size  fre- 
quency has  improved  at  San  Miguel  Island  and  at  some  surround- 
ing locations.  The  California  Fish  and  Game  Commission  have 
recently  adopted  an  Abalone  Recovery  and  Management  Plan, 
which  includes  a  provision  for  reopening  a  commercial  and  rec- 
reational fishery  at  San  Miguel  Island.  To  address  the  potential 
fishery,  an  assessment  of  the  abalone  resources  will  need  to  be 
completed.  Diving  surveys,  using  2  x  30  m  band  transects  to 
collect  density  and  size  frequency  data,  are  optimized  using  strati- 
fication of  suitable  abalone  habitat  at  San  Miguel  Island  within  one 
nautical  mile  square  ( I  min  x  1  min)  grids.  Maps  of  giant  kelp, 
Macrocystis  pyrijera.  beds  are  used  as  a  surrogate  for  hard  benthic 
abalone  habitat,  and  are  overlain  on  the  one  mile  square  grids  in  a 
geographic  information  system.  Within  the  common  grid-kelp  ar- 
eas, thirty  points  are  randomly  selected  for  diving  surveys.  Data 
will  be  used  to  determine  red  abalone  size  frequency  and  density 
for  management,  and  compared  to  historic  size  frequency  data.  It 
will  also  pnnide  comparisons  between  areas  in  and  out  side  of 
recently  established  marine  protected  areas. 
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EVIDENCE  OF  A  RESPONSE  TO  UNINTENTIONAL  SE- 
LECTION FOR  FASTER  DEVELOPMENT  ASSOCIATED 
WITH  INBREEDINC;  DEPRESSION  IN  C.  GIGAS.  Nicolas 
Tnris',  Frederico  M.  Batista",  Eric  Marissal'  and  Pierre 
Boiidry'.  'INFRHMER-LGP.  Station  de  la  Tremblade.  La  Treni- 
blade.  France.  "INIAP/IPIMAR.  Olhao.  Portugal.  'Grainocean.  St 
Martin  de  Re.  France. 

Direct  and  indirect  consequences  of  selecti\e  breeding  in  ma- 
rine bi\a!\es  still  remain  largely  unexplored.  For  species  with 
two-phase  life  cycles,  like  the  Pacific  oyster  {Crassostrea  f^igus). 
most  studies  have  focused  on  juvenile  and  adult  stages,  but  rela- 
tively few  have  considered  the  larval  stage,  especiallv  in  a  domes- 
tication context.  We  assessed  the  impact  of  hatchery  practices  on 
larval  traits,  notably  on  larval  growth  (due  to  the  culling  of  slow 
growing  lar\ae).  by  the  study  of  larval  progenies.  Larvae  originat- 
ing from  crosses  using  parental  oysters  both  from  natural  beds  and 
from  hatchery  broodstock  which  had  been  selected  for  adult 
growth  and  shell  shape  for  seven  generations.  A  set  of  three  mi- 
crosatellite  loci  was  used  to  compare  genetic  variability  in  the  two 
parental  broodstocks  and  to  establish  the  relatedness  between  pairs 
of  individuals  w ithin  each  broodstock.  The  mean  relatedness  v\as 
nearly  six  times  higher  in  the  hatchery  broodstock  than  m  the  wild 
broodstock.  On  one  hand,  our  results  show  a  lower  mean  survival 
associated  with  larger  variation  of  growth  rate  showing  a  bimodal 
distribution  for  the  hatchery  larval  population.  On  the  other  hand, 
a  higher  success  at  metamorphosis  was  observed  for  the  survix ing 
lar\ae  bied  from  hatchei^  parents.  The  results  suggest  that  some  of 
these  lar\ae  exhibited  inbreeding  depression  but  this  was  balanced  by 
an  overall  positive  response  to  selective  pressures  for  lai-val  growth. 


EVALUATION  OF  SUSPENDED  ADPI®  BAGS  VS.  BOT- 
TOM PLANTING  FOR  USE  AS  BAY  SCALLOP  SPAWNER 
SANCTUARIES.  Steplien  T.  Tettelbach.  Andrew  VVeinstocIv, 
Dennis  Bonal,  Chelsea  Fitzsinions-Diaz.  Ricliard  Ames  and 
Katherine  Newman.  Southampton  College  of  Long  Island  Uni- 
versity. 720  Ni)rtheni  Blvd..  Brookville.  NY  11548. 

An  off-bottom  culture  system  for  bay  scallops  (Ar^opecten 
irradians  irradian.s).  employing  stacks  of  15  mm  mesh  ADPI'^ 
bags  (=  arrays),  was  compared  to  bottom  (free)  planting  as  an 
alternate  method  for  establishing  spawner  sanctuaries.  Two  stocks 
of  hatchery-reared  scallops  were  separately  overwintered  and  then 
deployed  at  one  site  in  Northwest  Harbor.  East  Hampton,  NY  in 
ADPI  arrays  (50,  100,  or  200  scallops/bag  =  117.  234,  or  468 
scallops/nr,  respectively)  or  free-planted  at  a  mean  density  of -95 
scallops/m-  on  30  March  to  1  April  2005.  In  all,  12,600  scallops 
were  stocked  into  ADPI  arrays  and  -235,000  scallops  were  free- 
planted.  Overall  survival,  to  late  September  2005,  of  free-planted 
scallops  (~3IVf)  was  better  than  that  of  scallops  in  ADPI  bags 
(-18%).  Cumulative  mortality  increased  gradually  in  both  scallop 
groups  over  the  course  of  the  study.  Shell  growth,  from  an  initial 
mean  stocking  size  of  38-40  mm,  was  significantly  greater  in 
free-planted  scallops  compared  to  those  held  in  arrays  (t  =  7.10; 


p  <  .0001 ).  The  timing  of  spawning,  as  determined  via  biweekly 
monitoring  of  gonad  indexes,  was  similar  in  both  groups  of  scal- 
lops. After  4.5  months,  biomass  of  epifaunal  fouling  organisms  on 
free-planted  scallops  (mean  =  0.88  g  whole  wet  weight  per  scal- 
lop) was  lower  than  that  on  scallops  held  in  ADPI  bags  (mean  = 
3.78  g  whole  wet  weight  per  scallop).  A  second  field  season  in 
20(16  will  be  used  to  evaluate  a  modified  version  of  the  initial 
ADPI  array  system. 

VARIABILITY  OF  PHYTOPLANKTON  BIOMASS  IN  THE 
DAMARISCOTTA  RIVER  ESTUARY.  Brian  Thompson. 
Mary  ,Iane  Perry'  and  Christopher  Davis".  'University  of 
Maine,  Darling  Marine  Center.  193  Clark's  Cove  Road,  Walpole, 
ME  04573.  -Pemaquid  Oyster  Company.  P.O.  Box  302.  1957 
Friendship  Road.  Waldoboro.  ME  04572. 

Phytoplankton  biomass  and  ensironmcntal  parameters  in  the 
Damariscotta  Ri\er  Estuary,  Maine,  USA.  were  quantified  o\er 
space  and  time  to  better  assess  the  carrying  capacity  of  this  prime 
location  for  shellfish  mariculture.  Water  samples  were  collected 
two  to  five  times  a  week  between  February  and  October  2005  at 
three  stations  in  the  estuary — mouth,  middle,  and  head — and  ana- 
lyzed for  chlorophyll  a  and  phaeopigment  concentrations,  dis- 
solved inorganic  nutrients,  temperature,  and  salinity,  w  ith  less  fre- 
quent collection  for  phytoplankton  taxonomic  identification.  In 
summer,  additional  locations  were  sampled  from  a  small  boat  and 
with  moorings.  Stations  between  the  middle  and  head  of  the  estu- 
ary were  occupied  over  two  separate  fortnightly  tidal  cycles  be- 
tween July  and  September;  moored  instruments  were  deployed 
from  late  August  to  early  September.  Photosynthetically  available 
radiation  was  continuously  recorded  at  the  middle  station  at  the 
Darling  Marine  Center  dock.  An  offshore  mooring.  GoMOOS 
Buoy  E.  pros  ided  additional  data  to  assess  external  forcing  on  the 
estuary.  In  2005.  the  late  winter  phytoplankton  bloom  at  the 
middle  station  was  delayed  and  significantly  smaller  in  both  mag- 
nitude and  duration  in  comparison  to  blooms  in  the  previous  two 
winters.  Nitrate  concentrations  were  highest  at  the  beginning  and 
end  of  the  year,  with  a  significant  draw  down  of  all  nutrients 
concurrent  with  the  late  winter  bloom.  Chlorophyll  concentrations 
were  typically  highest  at  locations  in  the  upper  estuary.  Identifi- 
cation of  regions  with  persistent  occurrence  of  high  phytoplankton 
biomass  throughout  the  growing  season  are  important  to  oyster 
farmers  for  determining  locations  for  culturing. 

GENETIC  AND  ECOLOGICAL  INTERACTIONS  IN  A 
MUSSEL  HYBRID  ZONE.  R.  J.  Thompson.  D.  J.  Innes.  J.  B. 
Lowen  and  M.  B.  Miranda.  Ocean  Sciences  Centre,  Memorial 
University  of  Newfoundland. 

Understanding  the  processes  that  maintain  the  coexistence  of 
closely  related  species  requires  studies  of  life-history  variation, 
competition  and  hybridization.  Mytiliis  edulis  and  M.  trossulus 
coexist  and  hybridize  throughout  Atlantic  Canada.  Nuclear  and 
iiitDNA  genetic  markers  have  shown  that  F,  hybrids  are  very  rare 


784      Abstracts.  2006  Anniuil  Meetinc,  March  26-30.  2006 


National  ShcUfisheries  Association.  Monterey.  California 


(<I%  of  the  population)  but  individuals  of  mixed  genotype  (back- 
crosses)  account  for  about  25%.  Larvae  and  small  mussels  are 
predominantly  M.  trossulm  or  hybrids  whereas  larger  mussels  are 
almost  exclusively  M.  ediilis.  A  cohort  analysis  of  laboratory- 
produced  mussels  of  known  species  composition  transplanted  to 
the  field  showed  that  M.  cJiilis  grew  faster  and  had  a  greater 
survival  rate  than  M.  trossiilns  or  hybrids.  A  detailed  analysis  of 
energy  allocation  to  soft  tissues  and  shell  demonstrated  that  M. 
trossuhis  had  a  greater  investment  in  reproductive  tissue  and  a 
lower  investment  in  shell  mass  than  M.  eJulis.  Hybrids  had  an 
intermediate  allocation  pattern.  A  lower  investment  in  shell  mass. 
adductor  muscle  mass  and  byssus  production  resulted  in  a  greater 
susceptibility  of  M.  trossiilns  to  crab  and  starfish  predation.  Life- 
history  trade-offs  involving  reproduction,  growth  and  survival  are 
probably  instrumental  in  explaining  the  coexistence  of  M.  edidis 
and  M.  trossniiis.  Furthermore,  a  combination  of  reduced  interspe- 
cific fertilization  success  (prezygotic)  and  post-fertilization  mor- 
tality (postzygotic)  results  in  partial  reproductive  isolation,  which 
can  explain  the  observed  frequency  of  hybrids. 


MULTIVARIATE  ANALYSIS  OF  SPATIAL  VARIABIL- 
ITY OF  OYSTER-REEF  COMMUNITIES:  THE  INFLU- 
ENCE OF  SALINITY.  S.  Gregory  Tolley,  Aswan!  K.  Volety. 
Mike  Savarese,  Christ!  M.  L!nardich,  Laura  D.  Walls  and  Ed- 
win M.  Everham  III.  Florida  Gulf  Coast  University,  Coastal  Wa- 
tershed Institute.  10501  FGCU  Blvd.  South,  Ft.  Myers.  FL  33965. 
When  assessing  oyster-reef  habitat  in  estuaries,  it  is  important 
to  understand  the  contribution  of  salinity  to  the  spatial  variability 
of  associated  organisms.  How  comparable  is  community  structure 
among  stations  located  along  the  salinity  gradient  of  an  estuary  or 
among  tidal  tributaries  experiencing  different  levels  of  freshwater 
inflow?  To  address  these  questions,  mulii-variate  techniques  were 
employed  to  analyze  decapod  crustacean  and  fish  abundance  data. 
Organisms  were  collected  at  three  reefs  along  the  salinity  gradient 
(upper,  middle,  lower)  of  three  estuaries:  Caloosahatchee  River. 
Estero  River  and  Bay,  and  Faka  Union  Canal  and  Bay.  Additional 
collections  were  made  in  Estero  Bay  from  oyster  reefs  located  at 
the  mouths  of  five  tidal  tributaries.  Cluster  analysis  did  not  reveal 
any  natural  groupings  by  estuary.  Analysis  of  similarity  did  reveal 
significant  differences  among  sites  along  the  salinity  gradients 
within  estuaries  and  between  Estero  Bay  tributaries.  Multi- 
dimensional scaling  identified  community  structure  present  at  up- 
per stations  as  distinct  from  that  downstream,  and  at  high-flow 
tributaries  as  distinct  from  that  near  low-flow  tributaries.  Upper 
stations  and  stations  near  high-flow  tributaries  were  typified  by  the 
mud  crab,  Ewypanopeiis  depressiis,  and  gobiid  fishes.  Down- 
stream stations  and  stations  near  low-flow  tributaries  were  typified 
by  E.  depressiis  and  the  porcelain  crab,  Petrolisthes  armatus.  Per- 
cent dissimilarity  was  greatest  when  upper  and  lower  .stations  were 
compared  or  when  high-flow  and  low-flow  stations  were  com- 
pared. Variability  in  multivariate  structure  tended  to  he  higher 


upstream  or  in  association  with  high-flow  tidal  tributaries,  a  pat- 
tern suggesting  that  freshwater  inflow  is  disturbing  communities  at 
these  locations. 

CAN  HEAT  SHOCK  PROTEIN  70  EXPRESSION  BE  USED 
AS  A  BIOMARKER  FOR  ENVIRONMENTAL  STRESS  IN 
THE  EASTERN  OYSTER?  Nobuo  Ueda  and  A.  A.  Boettcher. 

University  of  South  Alabama.  LSCB  124.  Mobile.  AL  36688. 

Significant  declines  in  eastern  oyster.  Crassostrea  virf^inica. 
populations  have  occurted  along  the  coasts  of  the  eastern  United 
States  and  Gulf  of  Mexico.  Anthropogenic  disturbances  are 
thought  to  he  the  main  cause  of  these  declines,  with  changes  in 
abiotic  environmental  conditions,  either  in  conjunction  with,  or 
independent  of  these  anthropogenic  factors  contributing  to  in- 
creased mortalitv  in  specific  areas.  Understanding  the  responses  of 
oysters  to  environmental  stressors  and  developing  simple  tools  for 
detecting  their  effects  is  critical  for  the  successful  monitoring  of 
oyster  populations.  As  a  part  of  the  Alabama  Oyster  Reef  Resto- 
ration Program,  we  have  been  examining  the  usefulness  of  heat 
shock  protein  70  (HSP  70)  expression  as  a  biomarker  of  environ- 
mental stress  in  C.  virginica.  As  has  been  shown  w  ith  other  oyster 
species,  three  isoforms  of  HSP  70.  two  constitutive  (77  and  72 
kDa)  and  one  inducible  (69  kDa),  have  been  identified  in  the 
eastern  oyster.  C.  viri^inica.  However,  it  is  not  known  how  differ- 
ent environmental  stresses  impact  the  expression  of  these  three 
isoforms.  This  study  examined  differences  in  expression  of  HSP70 
isoforms  in  C.  virginica  based  on  both  type  of  environmental  stress 
(salinity,  temperature,  and  dissolved  oxygen)  and  age  of  the  oyster. 
Levels  of  environmental  stress,  type  of  stress,  and  age  of  the  oyster 
all  impact  HSP  70  expression,  with  differences  in  the  expression 
levels  among  isoforms  of  HSP  70  associated  with  the  different 
factors.  Clarifying  how  these  factors  interact  will  allow  for  a  better 
evaluation  of  the  effectiveness  of  HSP  70  as  a  biomarker. 

PROTANDRY.  MATURATION,  AND  SPAWNING  IN  CUL- 
TURED INTERTIDAL  GEODUCK  {PANOPEA  ABRUPTA) 
CLAMS.  Brent  Vadopalas'.  Cyrus  S.  Y.  Ma',  Jonathan  P. 
Davis"  and  Carolyn  S.  Friedman'.  University  of  Washington 
School  of  Aquatic  and  Fishery  Science.  1 122  NE  Boat  St..  Seattle, 
WA  98105,  -Bay water.  Inc. 

Among  the  challenges  facing  aquaculture  of  endemic  species 
are  potential  negative  effects  of  gene  flow  from  cultured  to  wild 
populations.  Solutions  include  maturation  control,  monosex  out- 
plants,  spatial  or  temporal  separation,  and  harvest  before  sexual 
maturation.  To  assess  whether  cultured  intertidal  geoduck  clams 
mature  and  spawn  before  harvest,  we  sampled  12  geoduck  ten 
times  over  the  course  of  one  year  (2004—2005)  from  each  of  five 
year  classes  (1999-2003)  planted  conterminously  in  south  Puget 
Sound,  Washington.  Additional  sampling  occurred  through  a  sec- 
ond spawning  season  from  the  2001,  2002,  and  2003  year  classes. 
Individuals  were  sexed.  weighed,  and  measured:  histological  sec- 
tions of  gonad  were  classified  by  developmental  stage  (early  ac- 
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live,  late  active,  ripe,  partially  spawned,  spent).  Using  image 
analysis,  we  calculated  a  gonadal-somatic  index  for  each  indi- 
vidual. Of  geodncks  age  1.5-2.2  years,  appnixiniately  2y/t  exhib- 
ited evidence  of  spawning  and  IWc  were  mature,  compared  to 
68'^/'  and  89<7f  respectively  in  geoducks  age  4.5-5.0  years.  We 
estimate  that  50' <  niatiiralinn  occurs  at  64  mm  shell  length  at  this 
site.  Male:femalc  ratios  in  two  to  five  year  old  geoducks  were 
male-biased  relative  to  the  predominate  1:1  sex  ratios  observed  in 
wild  populations  (p  «  0.05).  proxiding  evidence  of  facultative 
prolandric  dieocy.  Maturation  stage  in  cultured  geoducks  was  lem- 
porallv  correlated  v\  ith  maturation  stage  in  wild  populations,  indi- 
cating no  temporal  separation.  Taken  together,  these  data  suggest 
that  ( 1 )  pre-maturation  harvest  to  prevent  gene  flow  may  be  un- 
tenable and  (2)  future  efforts  be  directed  toward  exploring  the 
viabilitv  of  maturation  control  in  this  species. 


USING  QUANTITATIVE  PCR  AND  DNA  BARCODES  TO 
QUANTIFY  AND  IDENTIFY  MARINE  INVERTEBRATE 
LARVAE.  Brent  Vadopalas,  Joshua  V.  Bounia.  Cheniine  R. 
Jackets  and  Carolyn  S.  Friedman.  University  of  Washington 
School  of  Aquatic  and  Fishery  Science.  1 122  NE  Boat  St..  Seattle. 
WA  98115. 

Information  on  the  relationship  between  behavior  and  disper- 
sion in  marine  invertebrate  larvae  has  been  hampered  by  the  lack 
of  suitably  rapid  techniques  for  identification  and  quantiflcation 
from  field  samples.  The  need  to  understand  larval  dispersal  dy- 
namics of  the  pinto  abalone  (Haliotis  kanitscluitkana).  which  was 
recently  listed  as  a  species  of  concern  (U.S.)  and  threatened 
(Canada),  motivated  the  development  of  a  high-throughput  method 
for  identification  and  quantification  of  abalone  larvae  in  seawater 
samples.  Seawater  was  filtered  through  a  70  (xm  screen  and  DNA 
was  extracted  from  all  organisms  present  in  sample  retentate.  Spe- 
cies-specific Cytochrome  Oxidase  1  (COD  mitochondrial  DNA 
sequence  was  used  as  template  for  Quantitative  PCRs  (QPCR) 
containing  primers  and  a  dual-labeled  hydrolysis  probe.  Direct 
enumeratit)n  of  larvae  using  light  microscopy  was  used  to  verify 
c|uantity  estimates  derived  from  QPCR  standard  curves.  To  avoid 
bias  from  either  underestimation  of  quantity  or  false  negatives, 
abalone-specific  reactions  were  multiplexed  with  primers,  probe 
and  exogenous  template  as  an  internal  positive  control  (IPC)  to 
indicate  partial  or  full  PCR  inhibition.  Differences  between  direct 
counts  (n  =  1-141 )  and  QPCR  estimates  were  not  significant,  and 
the  average  coefficient  of  variation  was  0.56  for  within-run  repli- 
cates, indicative  of  high  accuracy  and  precision.  We  estimate  that 
80  samples  can  be  processed  froin  DNA  extraction  through  QPCR 
in  about  four  hours  at  a  cost  of  approximately  $2/sample.  Our 
results  demonstrate  that  QPCR  may  have  high  utility  for  high 
throughput  identification  and  quantification  of  specific  marine  in- 
vertebrate larvae  in  seawater  samples  via  counts  of  mtDNA  COI 
"barcodes"  usinc  constructed  standard  curves. 


POPULATION  STRUCTURE  IN  THE  EASTERN  OYSTER 
CRASSOSTREA  VIRGINICA  ASSESSED  BY  SINGLE 
NUCLEOTIDE  POLYMORPHISMS.  Robin  L.  Varney  and 
Patrick  Gaffney,  University  of  Delaware.  Smith  Lab.  700  Pilot- 
town  Rd..  Lewes.  DE  19958. 

Single  nucleotide  polymoi'phisms  (SNPs)  are  abundantly  dis- 
tributed throughout  plant  and  animal  genomes.  Because  the  num- 
ber of  loci  is  virtually  unlimited  and  they  are  amenable  to  robust 
high-throughput  genotyping.  SNPs  are  rapidly  becoming  standard 
tools  for  the  analysis  of  population  structure,  genetic  mapping,  and 
taxonomic  identification.  Our  goal  is  to  evaluate  population  struc- 
ture of  the  eastern  oyster  throughout  its  range  from  Atlantic 
Canada  to  the  Yucatan  Peninsula,  using  a  large  number  of  SNPs 
identified  in  known  genes  (Type  1  SNPs).  While  previous  work  has 
shown  a  clear  genetic  break  between  Atlantic  and  Gulf  coast  popu- 
lations in  mitochondrial  DNA.  studies  of  geographic  variation  in 
nuclear  loci  (allo/ymes  and  anonymous  DNA  markers)  have 
yielded  mixed  results.  Existing  genomic  and  expressed  sequence 
tag  (EST)  databases  of  C.  virginica  have  been  mined  for  the  de- 
velopment of  both  anonymous  and  type  I  markers,  with  recent 
efforts  focused  on  genes  thought  to  be  involved  in  disease  re- 
sponse. Direct  sequencing  of  amplified  targets  has  revealed  exten- 
sive polymorphism  in  C.  \iri;ijiica.  We  have  developed  a  set  of 
nuclear  SNP  markers  to  examine  the  genetic  diversity  of  C.  vir- 
ginica throughout  the  species  range  and  provide  multiple  markers 
for  genetic  linkage  mapping.  Significant  heterogeneity  in  allelic 
frequencies  among  the  geographic  locations  was  observed  for  each 
locus.  Our  results  are  consistent  with  the  Gulf-Atlantic  split  pre- 
viously observed  with  other  markers.  In  addition,  clinal  patterns  in 
allelic  frequencies  in  Atlantic  populations  are  suggested  for  some 
loci. 

ASSESSING  IMPACTS  OF  SHELLFISH  AQUACULTURE 
ON  EELGRASS  POPULATIONS  IN  EASTERN  LONG  IS- 
LAND SOUND.  Jamie  Vaudrey'.  Tessa  Getchis'  and  Bob 
Britton-.  'University  of  Connecticut.  Department  of  Marine  Sci- 
ences. 1080  Shennecossett  Road,  Groton.  CT  06340,  '  University 
of  Connecticut,  Connecticut  SeaOrant.  1080  Shennecossett  Road. 
Groton.  CT  06340. 

Eelgrass  {Zasteni  marina)  is  the  dominant  vascular  plant  of 
northern  estuaries  of  the  east  and  west  coasts  of  the  United  States. 
Eelgrass  beds  provide  critical  ecological  functions  such  as  remov- 
ing nutrients  and  .stabilizing  fine  sediments.  Beds  also  provide 
critical  habitat  to  a  myriad  of  marine  organisms  including  juvenile 
fish,  shellfish,  and  crustaceans,  among  others.  Eelgrass  is  on  the 
decline  in  most  estuaries,  coincident  with  urbanization  and  the 
resulting  increase  in  nutrient  loads  to  the  coastal  waters.  The  pres- 
ence of  eelgrass  is  considered  an  indicator  of  a  "healthy"  system 
and  much  attention  has  been  focused  on  investigating  potential 
causes  of  the  loss  of  eelgrass  and  determining  methods  to  mini- 
mize the  decline  in  eelgrass  abundance.  Bivalve  aquaculture.  spe- 
cifically the  utilization  of  submerged  cultivation  and  depuration 
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gear  such  as  cages,  has  been  implicated  as  a  potential  source  of 
negative  impacts  to  eelgrass  populations.  However,  shellfish  aqua- 
culture  gear  has  also  been  shown  to  provide  an  equivalent  or 
greater  degree  of  ecosystem  services  as  submerged  aquatic  veg- 
etation such  as  eelgrass.  This  study  was  conducted  to  determine  the 
type  and  degree  of  impacts  and  benefits  that  oyster  depuration 
bottom  cages  have  on  eelgrass  and  surrounding  water  and  sedi- 
ment quality,  in  order  to  provide  producers  and  policy-makers  w  ith 
the  scientific  data  needed  to  make  informed  decisions  regarding 
the  siting  of  aquaculture  in  Long  Island  Sound.  Preliminary  results 
suggest  an  increase  in  eelgrass  growth  rate,  measured  as  sheath 
length.  No  treatment  effect  was  seen  for  water  column  properties, 
sediment  ■*  organics.  or  benthic  microalgae  concentrations. 

FRESHWATER  MUSSELS:  SPECIES  ROLES,  ECOSYS- 
TEM SERVICES  AND  CONSERVATION.  Caryn  C.  Vaughn. 
Daniel  E.  Spooner  and  Heather  S.  Galbraith.  Oklahoma  Bio- 
logical Survey  and  Department  '.t'i  Zoology.  University  of  Okla- 
homa. Norman.  OK  73019. 

Our  lab  is  using  an  integrative  appriiach  of  comparative  field 
observations,  field  experiments,  and  lahoratiiry  experiments  to  ad- 
dress three  fundamental  questions  concerning  freshwater  mussel 
guild:  (1)  What  is  the  importance  of  the  mussel  guild  to  stream 
ecosystem  function?;  (2)  Do  species  perform  different  ecological 
roles?;  and  (3)  Do  species  roles  vary  with  environmental  context? 
Our  results  indicate  that  many  ecosystem  services  performed  by 
mussels  (algal  clearance,  nutrient  excretion,  hiodeposition)  are  lin- 
early related  to  community  biomass;  thus,  there  is  the  potential  for 
strong  ecosystem  effects  when  mussel  biomass  is  high  and  hydro- 
logic  residence  times  are  long.  Algal  grow  th  is  higher  on  the  shells 
of  living  mussels  compared  to  shells  alone,  and  macroinvertebrate 
richness  and  densities  are  higher  on  the  shells  of  li\ing  mussels 
and  m  mussel  patches  than  in  other  streambed  areas.  Field  and 
laboratory  experiments  demonstrate  strong  effects  of  a  potential 
driver  species,  Actinonaias  liganienlina.  on  factors  such  as  periph- 
yton  biomass,  but  comparatively  weak  diversity  effects.  In  addi- 
tion, species  effects  are  context-dependent  and  regulated  by  abiotic 
factors  such  as  temperature  and  flow.  Our  results  indicate  that 
some  mussel  species  are  performing  differently  in  streams  and  are 
thus  not  redundant,  but  that  performance  and  potential  redundancy 
are  context  dependent.  Using  an  extensive  dataset  on  mussel  com- 
munity composition  and  biomass  from  across  southeastern  Oklahoma 
and  western  Arkansas,  we  ;u'e  scaling  up  our  results  to  make  predic- 
tions about  mussel  contributions  to  ecosystem  ser\ices  in  natural 
streams  and  how  this  may  vary  as  the  en\  ironment  changes. 

MANAGING  A  DUNGENESS  CRAB  (CANCER  MAGISTER) 
FISHERY  FOR  MULTIPLE  USER  C;R0UPS:  THE  PUGET 
SOUND,  WASHINGTON,  EXPERIENCE.  Lisa  Veneroso  and 
Richard  Childers.  Washington  Department  of  Fish  and  Wildlife. 
Intensive  fishery  management  strategies  have  been  adopted  for 
Dungeness  crab  (Cancer  inai;ister)  in  Puget  Sound,  Washington, 
in  response  to  increases  in  fishing  pressure.  In  1994.  a  U.  S.  Dis- 


trict Court  decision  ruled  treaty  Indian  tribes  in  Washington  State 
have  the  legal  right  to  harvest  up  to  50'7r  of  shellfish,  including 
Dungeness  crab,  in  their  usual  and  accustomed  fishing  grounds. 
Prior  to  1995.  Dungeness  crab  were  harvested  exclusively  by  a 
state  commercial  and  recreational  fishery  using  a  passive  "38" 
harvest  strategy  of  minimum  size,  set  season,  and  sex  (male  crab 
only).  The  guiding  assumption  of  the  3S  strategy  being  that  male 
crab  >  61/4  inches  are  surplus  and  can  be  harvested  at  a  high  rate 
and  not  threaten  reproductive  success  or  the  sustainability  of  the 
resource.  Since  199.').  crab  harvest  has  increased  from  three  million 
to  eight  million  pounds,  harvest  seasons  have  been  adjusted  on  a 
regional  basis  to  more  closely  adhere  to  molt  timing,  and  annual 
pre-season  quotas  have  been  established.  Cunently.  the  fishery  is 
managed  through  harvest  sharing  agreements  that  allocate  harvest 
between  15  treaty  tribes  conducting  prediiminantly  commercial 
fisheries,  a  state  commercial  fishery  consisting  of  250  licenses  and 
a  recreational  fishery  with  an  estimated  200.000  anglers.  Fishery 
managers  are  questioning  whether  the  management  scheme 
adopted  for  Puget  Sound  is  sustainable  considering  the  high  ex- 
ploitation rate,  the  handling  mortality  of  female  and  sub-legal  size 
male,  and  the  lack  of  stock  abundance  information  needed  to 
e\  aluate  the  appropriateness  of  the  pre-season  quotas. 


ENERGY  STORAGE  AND  UTILIZATION  IN  RELATION 
TO  GAMETOGENESIS  OF  ARGOPECTEN  VENTRICOSUS. 
Janzel  Rogelio  Villalaz  Guerra.  Juan  A.  Gomez  Herrera  and 
Luis  D'Croz.  Departamento  de  Biologia  Marina.  University  of 
Panama. 

A  laboratory  study  was  carried  out  to  observe  changes  in  re- 
production oi'  A  ri^opccten  ventricosiis  by  using  histological  tech- 
niques in  gonads  and  chemical  analysis  of  digestive  gland,  adduc- 
tor muscle,  mantle-gills  and  gonad.  These  data  allowed  us  to  cal- 
culate energy  storage  related  to  gametogenesis  of  A.  ventricosiis. 
During  66  days,  combinations  of  monocultures  (50:50)  of  C-ISO 
and  CH-I  were  added  daily  to  a  tank  with  filtered  and  aerated 
seawater.  Salinity  and  temperature  of  the  water  were  measured 
with  a  salinity-temperature  probe  meter  (YSIl.  Phytoplankton  den- 
sities were  recorded  by  direct  count  with  a  heniatocytometer.  This 
study  is  a  contribution  to  the  reproductive  biology  oi  A.  ventrico- 
siis and  fisheries  management  of  the  tropical  scallop. 


DIFFERENT  TYPES  OF  NEOPLASIA  IN  CRASSOSTREA 
GIGAS,  VENUS  VERRUCOSA  AND  MYTILUS  GALLOPRO- 
VINCIALIS  FROM  THE  SPANISH  COAST.  Antonio  Villalba, 

Centro  de  Investigacions  Marinas.  Xunta  de  Galicia.  P.O.  Biix  13. 
36620  Vilanova  de  Arousa.  Spain. 

New  cases  of  neoplasia  corresponding  to  three  types  of  neo- 
plastic condition  are  desciibed.  One  out  of  22  oysters,  C.  ,?(g«.v 
taken  from  an  oyster  farming  area  in  the  Ria  de  Arousa  (Galicia. 
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NW  Spain)  showed  disseminated  neoplasia  (DN).  Histological 
analysis  revealed  abundant  abnormal  cells  with  large  (up  to  5  |xm) 
round  nucleus  and  scant  cytoplasm  infiltrating  the  connective  tis- 
sue close  to  the  stomach  and  in  blood  sinuses,  suggesting  inva- 
siveness: mitotic  figures  were  frequent  but  other  organs  appeared 
free  of  abnormal  cells,  suggesting  an  early  stage  of  disease.  DN 
prevalence  in  oysters  Ostrea  edidis  cultured  in  that  area  is  high, 
thus  the  possibility  of  interspecies  transmission  should  be  assessed. 
One  out  of  25  warty  clams  Venus  verrucosa  taken  from  a  bed  close 
to  Mao  (Balearic  Islands,  Spain)  appeared  affected  by  another  type 
of  neoplasia.  Histological  analysis  revealed  abnormal  cells  with 
large,  extremely  elongated  (up  to  10  \x,m  long)  nucleus  and  scant 
cytoplasm  replacing  nornial  cells  of  the  connective  tissue  of  the 
visceral  mass;  mitotic  figures  were  frequent  and  no  abnormal  cell 
was  observed  in  blood  vessels.  One  out  of  thousands  of  mussels 
Mytilus  galloprovincialis  examined  in  a  histopathological  programme 
ran  for  10  years  throughout  the  Galician  Ri'as  were  affected  by  ger- 
minoma.  The  mussel  was  hemiaphrodite.  with  some  gonad  follicles 
containing  either  male  or  female  gametes  and  some  other  follicles 
appeared  filled  with  highly  basophilic  cells,  tightly  packed,  likely 
deriving  from  germinal  epithelium  of  the  follicles.  Mitotic  figures 
were  seen  in  those  masses  but  they  were  not  frequent. 


COMPARISON  OF  IMMUNE  PARAMETERS  BETWEEN 
OYSTER  STOCKS  AND  SPECIES  WITH  DIFFERENT  SUS- 
CEPTIBILITY TO  INFECTION  BY  BONAMIA  OSTREAE. 
Antonio  Villalba,  Pilar  Comesana,  Sandra  M  Casas  and  Asuncion 
Cao.  Cenlro  dc  Investigacions  Marinas,  .\unta  de  Galicia.  Spain. 

The  parasitic  protozoan.  Bonaniia  ostreae.  causes  oyster.  Os- 
trea edutis.  mass  mortalities  throughout  the  European  Atlantic 
coast,  whereas  the  allochthonous  oyster.  Crassostrea  i;if>as.  is  re- 
sistant to  bonamiosis.  Previous  studies  indicated  that  the  O.  ediilis 
strain  "Rossmore"  produced  through  selective  breeding  has  in- 
creased tolerance  to  bonamiosis  compared  to  other  European 
stocks  of  tlat  oyster.  The  immune  capability  of  oyster  O.  edidis 
stocks  with  different  susceptibility  to  bonamiosis  and  that  of  oys- 
ters C.  gi^as  were  compared  to  assess  whether  some  immune 
parameters  could  explain  the  differences  in  susceptibility  to  infec- 
tion by  B.  ostreae  between  oyster  stocks/species.  The  O.  edulis 
stocks  used  in  the  comparisons  were:  Rossmore  (selected  strain). 
oysters  from  Tralee  Bay  (Ireland)  where  the  parasite  had  not  pre- 
viously been  detected,  and  oysters  from  natural  beds  in  Galician 
Ri'as  (Spain)  that  are  affected  by  bonamiosis.  The  immune  param- 
eters selected  for  comparisons  were  total  haemocyte  count  and 
differential  haemocyte  count  of  the  haemolymph:  phagocytic  abil- 
ity of  haemocytes:  intra-  and  extracellular  production  of  superox- 
ide anion,  production  of  hydrogen  peroxide  and  production  of 
nitric  oxide  by  haemocytes:  antibacterial  acli\ity  in  haemocytes 
and  plasma;  phenoloxidase  and  acid  phosphatase  activities  in 
haemocytes  and  plasma:  and  protease  inhibitory  activity  in  plasma. 


Consistent  differences  in  any  of  the  immune  parameters  studied 
between  O.  edidis  stocks  that  explained  differences  in  susceptibil- 
ity to  bonamiosis  were  not  found.  However,  some  of  the  immune 
parameters  would  be  candidates  to  explain  differences  in  suscep- 
tibility to  bonamiosis  between  O.  edidis  and  C.  gigas. 


STOCK-RECRUIT  RELATIONSHIPS  FOR  CRASSOSTREA 
VIRGINICA  AND  C.  ARIAKENSIS  IN  CHESAPEAKE  BAY 
DEVELOPED  FOR  A  DEMOGRAPHIC  OYSTER  POPULA- 
TION MODEL.  Jon  H.  Velstad  and  Jodi  R.  Dew.  Vcrsar.  Inc  . 
9200  Rumsey  Road.  Columbia,  MD  2104.';. 

A  demographic  population  model  is  being  developed  to  support 
an  ecological  risk  assessment  (ERA)  of  the  proposed  introduction 
of  Crassostrea  ariakensis  and  restoration  alternatives  of  C.  vir- 
giiiica  in  Chesapeake  Bay  by  the  states  of  Maryland  and  Virginia. 
As  part  of  the  model,  a  stock-recruit  relationship  was  developed 
and  is  defined  as  the  ratio  of  number  of  spat  recruited  to  October 
(when  the  annual  Fall  survey  is  preformed  by  the  Maryland  De- 
partment of  Natural  Resources  (DNR))  to  number  of  standardized 
(to  77  mm)  female  oysters.  Stock-recruit  relationships  were  esti- 
mated using  empirical  data  collected  from  1980  to  2004  by  the 
DNR  in  annual  surveys  of  oyster  beds  in  Maryland,  shell  length 
data,  sex  ratio  by  size  estimates,  and  fecundity  relationships  be- 
tween shell  length  and  number  of  eggs  produced.  R-square  value 
for  C  virginica  stock-recruit  relationship  was  0.45  with  2.6  spat 
produced  per  standardized  female  oyster.  The  number  of  spat  pro- 
duced was  2.6,  2.8.  and  2.1  per  standardized  female  oyster  when 
the  stock-recruit  relationship  was  examined  per  average,  dry,  and 
wet  rainfall  year,  respectively.  This  stock-recruit  relationship  for 
C.  virginica  is  used  for  C.  ariakensis  to  predict  the  number  of  spat 
produced  per  standardized  C.  ariakensis  stock  to  a  77mm  female 
C.  virginica  oysters,  under  the  assumption  of  similar  mortality 
rates  for  spat  of  both  species  to  October.  The  stock-recruit  rela- 
tionship for  both  species  can  also  be  altered  to  include  gamete  loss 
from  inviable  hybrids  in  cross-fertilization  when  species  are  re- 
producing in  close  proximity  to  each  other. 


ESTIMATION  OF  ANNUAL  MORTALITY  RATES  FOR 
EASTERN  OYSTERS  (CRASSOSTREA  VIRGINICA)  IN 
CHESAPEAKE  BAY  BASED  ON  BOX  COUNTS  AND  AP- 
PLICATION OF  THOSE  RATES  FOR  POPULATION 
GROWTH  PROJECTIONS.  Jon  H.  Velstad'.  Jodi  R.  Dew' 
and  Mitchell  Tarnowski".  'Versar.  Inc..  9200  Rumsey  Rd..  Co- 
lumbia. MD  21045.  "Maryland  Department  of  Natural  Resources. 
In  an  effort  to  restore  the  ecological  role  of  oysters  in  Chesa- 
peake Bay  and  the  economic  benefits  of  a  commercial  fishery,  the 
states  of  Maryland  and  Virginia  are  considering  the  introduction  of 
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the  non-native  Asian  oyster.  Crassostrea  ariakensis.  As  part  of  the 
ecological  risk  assessment  (ERA)  to  evaluate  the  proposed  action 
and  restoration  alternatives,  demographic  modeling  is  applied  to 
project  the  change  in  populations  of  both  Asian  and  eastern  oyster 
populations  in  the  Bay  in  space  and  time.  We  present  two  ap- 
proaches to  parameterize  the  annual  mortality  rates  for  the  Asian 
and  eastern  oyster  for  the  demographic  model.  Mortality  rates  were 
estimated  from  empirical  data  collected  by  the  Maryland  Depart- 
ment of  Natural  Resources  (DNR)  in  annual  surveys  of  oyster  beds 
in  Mars'land.  We  compared  counts  of  recent  boxes  (dead  oysters 
including  gapers  about  two  weeks  old.  in  which  tissue  is  still  found 
within  the  shell,  as  well  as  boxes  with  no  fouling  or  sedimentation 
on  the  inner  valve  surfaces),  old  bo.xes  (dead  oysters  in  which 
fouling  and/or  sedimentation  is  found  on  the  inner  valve  surfaces 
and  no  tissue  remains),  and  live  oysters  in  both  market  and  small 
size  classes.  Our  mortality  estimates  from  recent  box  counts  con- 
sistently differentiated  between  years  with  high  versus  low  disease 
intensity  and  wet  and  dry  years,  and  also  between  salinity  zones.  In 
contrast,  traditional  estimates  of  yearly  mortality  based  on  total 
box  counts  were  often  out  of  phase  with  measured  disease  intensity 
levels,  and  type  of  weather  year  (dry  or  wet). 


UNDERSTANDING  DIET  DEVELOPMENT  IN  RELA- 
TIONSHIP TO  SEA  URCHIN  GAMETOGENESIS.  Charles 
W.  Walker  and  S.  Anne  Boettger,  The  University  of  New  Hamp- 
shire. 

One  challenge  when  culturing  adult  green  sea  urchins  is  the 
formulation  of  diets  yielding  palatable  and  marketable  roe.  Current 
commercial  diet  formulations  vary  and  yield  taste,  color  and  tex- 
ture variation  of  the  product.  High  protein  content  of  diets  related 
to  production  of  large  gonads  yields  poor  taste,  while  color  is 
related  to  carotenoid  content.  Nutrient  uptake  into  nutritive  phago- 
cytes (NPs)  of  the  gonad  (somatic  cells  in  both  sexes)  is  an  im- 
portant factor  as  sea  urchin  gonads  are  large  before  and  during 
gametogenesis  due  to  nutrient  storage  by  NPs.  Initially.  NPs  in- 
corporate nutrients  into  membrane-bound  vesicles  in  the  cyto- 
plasm and  mobilize  them  as  germ  cells  enlarge  during  gameto- 
genesis. Mechanisms  of  nutrient  delivery  to  NPs  and  from  them  to 
genu  cells  have  been  a  focus  of  recent  studies.  At  completion  of 
oogenesis  NPs  contain  basal  amitotic  oogonia  and  small/ 
intermediate-sized  vitellogenic  primary  oocytes,  though  their  ma- 
jor activity  is  enclosure  and  nourishment  of  vitellogenic  oocytes 
prior  to  maturation  and  release.  Mechanisms  regulating  differential 
nutrient  release  by  sea  urchin  NPs  and  their  selective  uptake  by 
germ  cells  at  different  stages  of  gametogenesis  are  unknown 
though  there  is  coordination  between  NPs  and  germ  cells.  Oocytes 
must  be  receptive  to  incorporate  nutrients  released  by  NPs  at  spe- 
cific times.  Endocytosis  by  oocytes  increases  two  fold,  uptake  of 
MYP  increases  10-fold  during  this  time.  It  is  inevitable  that 
changes  in  nutrients  delivered  to  serm  cells  may  be  related  to  the 


quantity/quality  or  kind  of  food  ingested  by  sea  urchins,  which  has 
to  be  taken  into  account  during  diet  development. 


PHYSIOLOGICAL  RESPONSES  TO  SALINITY  STRESS  IN 
THE  FLATBACK  MUD  CRAB  EVRYPANOPEUS  DEPRES- 
SUS.  Laura  D.  Walls  and  S.  Gregory  Tolley,  Florida  Gulf  Coast 
University,  Coastal  Watershed  Institute.  10501  FGCU  Blvd. 
South,  Ft.  Myers.  FL  33965. 

Estuaries  in  Southwest  Florida  experience  highly  altered  fresh- 
water inflow  resulting  in  part  from  anthropogenic  activities.  To 
gage  possible  effects  of  altered  salinity  regimes  on  species  in  these 
systems,  physiological  responses  to  salinity  stress  were  investi- 
gated in  the  tlatback  mud  crab.  Euiypanopeiis  depressus.  a  dom- 
inant member  of  oyster-reef  communities  in  the  region.  Haemo- 
lymph  osmolality  and  oxygen  consumption  were  measured  for 
animals  acclimated  to  5%o,  15%c.  25%c.  and  35'Af.  over  a  period  of 
four  weeks  in  a  laboratory  setting.  Haemolymph  osmolality  varied 
significantly  with  respect  to  salinity,  with  measured  osmolalities  at 
each  salinity  treatment  being  significantly  different  (p  <  0.0001) 
from  one  another.  Oxygen  consumption  also  varied  significantly 
with  salinity,  w  ith  values  recorded  for  the  lowest  salinity  treatment 
(5%c)  being  generally  higher  (p  <  0.0001 )  than  all  other  treatments 
over  the  length  of  the  study.  Oxygen  consumption  did  not  vary 
over  the  first  three  weeks  of  the  study  for  animals  acclimated  to 
59ff  but  declined  significantly  by  week  four.  This  general  pattern 
of  increased  oxNgen  consumption  in  response  to  dilute  salinity 
levels  is  a  trend  that  has  been  documented  previously  in  several 
estuarine  species.  The  results  of  this  study  suggest  that  osmoregu- 
lation requires  greater  energy  expenditure  by  E.  depressus  at  sub- 
normal salinity  levels.  Having  to  expend  additional  energy  to  meet 
osmoregulatory  demands  can  result  in  reduced  amounts  of  energy 
available  for  processes  such  as  growth  and  reproduction,  thereby 
affecting  organism  health.  Suboptimal  salinity  levels  resulting 
from  altered  freshwater  inflow  can  thus  significantly  affect  species 
abundance  and  distribution,  specifically  in  the  upper  reaches  of 
estuaries. 


IMPACT  OF  WATER  MOTION  ASSOCIATED  WITH  REC- 
REATIONAL BOATING  AND  HURRICANES  ON  INTER- 
TIDAL  OYSTER  REEFS.  Linda  Walters'.  Paul  Sacks'.  Loren 
Coen-,  M.  Yvonne  Bobo\  Donnia  Richardson'.  Melinda  Don- 
nelly^. Sarah  Johnson^  and  Heidi  Deutsch^.  'University  of  Cen- 
tral Florida,  "South  Carolina  Department  of  Natural  Resources, 
-'South  Carolina  Department  of  Natural  Resources,  '*University  of 
Central  Florida. 

In  major  recreational  boating  channels  in  shallow-water  estu- 
aries along  the  east  cost  of  Florida,  piles  of  disarticulated  shells 
that  extend  up  to  one  m  above  the  high  tide  line  on  the  seaward 
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edges  of  intertidal  reefs  of  Crassostrea  virginica  are  becoming 
more  and  more  abundant.  As  part  of  a  larger  study  to  understand 
the  impact  of  these  "dead  margins"  on  critical  habitats,  we  ad- 
dressed the  following  questions:  I )  what  is  the  relati\e  importance 
of  boat  wakes  versus  larger-scale,  naturally  generated  (e.g.  hurri- 
cane) wakes  in  shaping  reef  profiles.  2)  what  is  the  prevalence  and 
intensity  of  oysters  with  Pcrl^insiis  niariniis  on  pristine  reefs  versus 
reefs  with  dead  margins,  and  3)  what  is  the  potential  for  dead 
margins  to  be  colonized  by  native  and  invasive  plants.  We  docu- 
mented significant  shell  movement  from  a  single  boat  pass  bv  a 
reef,  while  22  m/s  winds  moved  less  than  l^i-  of  deployed  shells. 
Additionally,  the  three  hurricanes  in  2004  impacting  this  area  had 
negligible  effects  on  reef  profiles.  Likewise,  no  significant  differ- 
ences were  detected  for  Pcrkinsus  in  oysters  between  pre-  and  post 
huiTicane  sampling  on  dead  or  healthy  reef  margins.  Red  man- 
groves produce  seeds  year-round  in  central  Florida  and  these  seeds 
colonized  dead  margins  if  they  recruited  between  winter  and  mid- 
summer. Water  levels  were  higher  each  fall,  preventing  recruit- 
ment of  red  or  late-summer  black  mangrove  seeds  at  this  time. 
Invasive  Brazilian  pepper  seeds  dispersed  each  winter.  Although 
these  seeds  were  frequently  observed  on  dead  margins,  none  were 
retained  lont;  enough  for  recruitment  to  occur. 


TO  PIT  OR  NOT  TO  PIT?:  COMPARISON  OF  OVERWIN- 
TERING  METHODS  FOR  OYSTERS.  William  C.  Walton'. 
Ben  Wright-  and  Diane  C.  Murphy'.  'Cape  Cod  Cooperative 
Extenstion  &  Woods  Hole  Sea  Grant,  "Cape  Cod  AmeriCorps. 
Cape  Cod  Cooperative  Extenstion. 

The  threat  of  ice  damage  has  forced  intertidal  oyster  farmers  to 
devise  strategies  to  reduce  potential  losses.  In  New  England,  some 
oyster  farmers  move  their  oysters  from  the  fann  location  hi  storage 
area,  or  "seed  pit",  that  is  typically  cold  (0— f°C)  and  damp  (over 
90%  relative  humidity).  Qualitatively .  local  farmers  have  reported 
survival  rates  of  over  909r.  We  quantified  survival  and  typical  time 
to  revival  of  oyster.  {Crassostrea  rirgiiiica)  seed  as  a  function  of 
storage  time.  While  survival  was  good  and  did  not  seem  to  vary 
over  the  course  of  the  experiment,  there  was  a  clear  step-wise  drop 
in  time  to  revival.  Furthermore,  a  study  of  survival  of  seed  held  in 
the  pits  of  local  farmers  suggested  survival  remained  high  (2:86%) 
for  seed  held  for  ~4  months  but  dropped  to  82%  for  those  held  an 
additional  month.  Furthermore,  evidence  suggests  that  second  year 
seed  do  not  survive  pitting  as  well  as  first  year  seed.  Alternatives 
to  pitting  include  leaving  the  oysters  on  the  farm  location  or  mov- 
ing them  to  deeper  water,  below  any  ice  that  might  form.  We 
compared  overwintering  survival  and  growth  of  these  three  meth- 
ods, both  immediately  post-winter  and  across  the  200.'i  growing 
season.  The  lowest  survival  was  in  the  treatment  left  on  the  flats, 
apparently  due  to  damage  from  ice,  while  little  to  no  growth  was 


observed  immediately  post-winter.  More  surprisingly,  there  was  a 
tendency  for  growth  across  the  season  to  be  slowest  in  the  treat- 
ment moved  to  deeper  water,  relative  to  the  other  two  treatments. 


IDENTIFICATION  OF  CRASSOSTREA  SPECIES  FROM 
CHINA  USING  SNP-BASED  MARKERS.  Haiyan  Wang  and 
Ximing  Guo,  Haskin  Shellfish  Research  Laboratory,  Rutgers  Uni- 
versity. 

China  is  home  to  17  species  of  oysters  and  among  them,  five 
Crassostrea  species:  C.  hongko)ii;cnsis.  C.  angulata.  C.  gigas,  C 
sikamea  and  C.  ariakensis  are  most  common  and  commercially 
important.  These  five  species  often  co-exist  in  the  same  estuary, 
and  their  identification  using  morphological  characteristics  is 
problematic.  Genetic  markers  are  needed  for  rapid  and  reliable 
identification  of  these  oysters.  Single  nucleotide  polymorphisms 
(SNPs)  are  simple  and  powerful  markers  for  various  genetic  analy- 
ses. In  this  study,  we  developed  species-specific  SNP  markers  for 
the  identification  of  common  oysters  from  China.  The  mitochon- 
drial cytochrome  oxidase  I  (CGI)  gene  and  the  nuclear  28S  ribo- 
somal  RNA  gene  were  used  for  marker  development.  DNA  se- 
quences from  different  species  were  either  obtained  by  direct  se- 
quencing or  downloaded  from  GenBank.  Sequences  were  aligned, 
and  species-  and  genus-specific  SNPs  were  identified.  Primers 
were  designed  for  species/allele-specific  amplification  to  generate 
fragments  of  different  sizes  in  each  species.  A  multiplex  set  of 
species-specific  markers  from  COI  was  able  to  distinguish  all  five 
Crassostrea  species  in  a  single-tube  PCR.  It  also  separated  Ostrea 
and  Saccostrea  species  from  Crassostrea  species  with  the  excep- 
tion of  C  virginica  and  C.  rliizopliorae .  The  28S  primer  set  was 
able  to  separate  C.  hotigkongensis.  C  ariankensis  from  other  spe- 
cies, as  well  as  Saccostrea  and  Ostrea  species  from  Crassostrea 
species  (except  C  virginica  and  C  rliirophorae).  The  SNP-based 
markers  do  not  require  fluorescence-labeling  or  post-PCR  diges- 
tion, providing  a  simple,  fast  and  reliable  method  for  oyster  iden- 
tification. 


DISTRIBUTION  OF  CRASSOSTREA  ARIAKENSIS  IN 
CHINA.  Haiyan  Wang',  Lumin  Qian",  Guofan  Zhang\  Xiao 
Liu"",  Ainiin  Wang^,  Vauhua  Shi^,  Nianzhi  Jiao^  and  Ximing 

Quo'.  'Haskin  Shellfish  Research  Laboratory.  Rutgers  University, 
"Third  Institute  of  Oceanology.  Oceanic  Administration.  PRC.  ""In- 
stitute  of  Oceanology.  Chinese  Academy  of  Sciences,  PRC. 
Ocean  College,  Hainan  University.  ^Center  for  Marine  Environ- 
mental Sciences.  Xiamen  University. 

It  is  commonly  assumed  that  Crassostrea  ariakensis  is  synony- 
mous with  C  rivularis  that,  according  to  the  literature,  is  abundant 
and  widely  distributed  in  China.  However,  at  least  three  species.  C. 
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gigas.  C.  hongkongensis  and  C.  ariakensis.  have  been  reported  as 
C.  rivularis  in  China,  creating  uncertainties  about  the  distribution 
of  C.  ariakensis.  To  determine  the  distribution  of  true  C.  ariakensis 
in  China,  we  collected  and  classified  2.624  oysters  from  50  loca- 
tions along  China's  coast  using  species-specific  DNA  markers.  C. 
ariakensis  was  found  at  10  sites  ranging  from  northern  Shandong 
to  Guangxi.  While  C.  ariakensis  had  a  wide  geographical  distri- 
bution, its  occurrence  within  its  range  is  patchy  or  scarce.  Overall. 
C.  ariakensis  accounted  for  only  9.5''/r  of  all  oysters  collected. 
Large  C.  ariakensis  populations  were  found  in  only  three  areas: 
Jiulong  River  in  Fujian.  Dongzao  Harbor  near  Yangtze  River  and 
Yellow  River  basin  in  Bohai  Sea.  with  none  observed  in-between. 
In  Guangxi  and  Guangdong.  C.  ariakensis  was  present  in  all 
samples  collected  at  low  frequencies  (0.5-17.5%).  All  three  major 
populations  are  found  in  or  near  large  rivers,  and  the  absence  of 
rivers  may  be  a  factor  contributing  to  the  fragmented  distribution. 
At  all  sites,  C.  ariakensis  co-existed  with  other  species:  C.  gigas  in 
Bohai  Sea;  C.  sikcnnca  at  Dong/ao  Harbor;  and  C.  Iiongkongensis. 
C.  angulata.  C.  sikainea  and  Saccostrea  species  in  southern  China. 
C.  ariakensis  tended  to  occur  subtidally.  while  other  species  were 
often  found  intertidally. 


LOSS  OF  ALLELE  DIVERSITY  IN  AN  INTRODUCED 
POPULATION  OF  THE  HERMAPHRODITIC  BAY  SCAL- 
LOP ARGOPECTEN  IRRADIANS.  Llngling  Wang',  Huan 
Zhang".  Linsheng  Song"  and  Xiniing  Guo'.  'Haskin  Shellfish 
Research  Laboratory.  Rutgers.  US.  "Institute  of  Oceanology,  CAS. 
China. 

The  bay  scallop.  Argopecten  irradians.  a  hermaphroditic  bi- 
valve native  to  the  Atlantic  coast  of  the  United  States,  was  intro- 
duced to  China  for  aquaculture  production  in  1982.  Now  bay  scal- 
lops dominate  scallop  farming  in  China  and  account  for  more  than 
half  of  all  scallop  production.  Bay  scallop  aquaculture  is  exclu- 
sively hatchery  based  and  as  the  initial  introduction  consisted  of 
only  27  scallops,  there  have  been  concerns  about  inbreeding  and 
inbreeding  depression  in  cultured  populations  in  China.  In  this 
study,  we  used  1 1  simple  sequence  repeat  (SSR)  markers  to  com- 
pare genetic  variation  in  cultured  populations  from  China  with  that 
in  a  natural  population  from  America.  Eight  of  the  1 1  loci  were 
polymorphic  in  all  populations  studied.  Although  the  difference  in 
heterozygosity  was  small,  the  Chinese  populations  lost  10  of  the  45 
alleles  (22%)  found  in  the  wild  population.  The  reduced  allele 
diversity  suggests  that  the  Chinese  populations  experienced  a  se- 
vere bottleneck  in  genetic  diversity  during  the  introduction  and 
subsequent  hatchery  production.  Interestingly,  the  loss  of  rare  al- 
leles did  not  result  in  significant  changes  in  heterozygosity.  Fixa- 
tion index  of  the  Chinese  populations  were  actually  lower  than  that 
of  the  wild  population,  suggesting  that  the  culture  Chinese  popu- 
lations may  represent  a  mixture  of  scallops  from  different  intro- 
ductions or  populations.  Effects  of  the  reduced  allele  diversity  are 
not  clear  at  this  time,  but  results  o\^  this  study  hiiihliizht  the  need  for 


genetic  monitoring  and  selective  breeding  in  order  to  ensure  the 
genetic  health  of  introduced  populations. 

DEVELOPMENT  AND  CHARACTERIZATION  OF  EST- 
SSR  MARKERS  IN  THE  EASTERN  OYSTER  CRASSOS- 
TREA  VIRGINICA.  Yongping  Wang  and  Ximing  Guo,  Rutgers 
University. 

Simple  sequence  repeat  (SSR)  markers  were  developed  from 
expressed  sequence  tags  (ESTs)  in  the  eastern  oyster  [Crassostrea 
virginica).  ESTs  of  the  eastern  oyster  were  downloaded  from  Gen- 
Bank  and  screened  for  SSRs  that  contained  at  least  eight  units  of 
di-nucleotide  repeals  or  fixe  units  of  tri-.  tetra-,  penta-  and  hcxa- 
nucleotidc  repeats.  The  screening  of  9101  ESTs  identified  127 
( 1 .4'^A  )  SSR-containing  sequences.  Primers  were  designed  for  88 
SSR-containing  ESTs  with  good  and  sufficient  flanking  sequences. 
PCR  amplification  was  successful  for  71  (81%)  of  the  primer  pairs 
including  19  pairs  amplified  fragments  that  were  significantly 
longer  than  the  expected  size,  probably  due  to  introns.  Sixty-six 
pairs  that  produced  fragments  size  shorter  than  800  bp  were 
screened  for  polymorphism  in  five  oysters  from  three  populations 
using  polyacrylamide  gels,  and  53  of  them  (80%)  were  polymor- 
phic. Forty-five  SSRs  were  labeled  and  genotyped  in  30  oysters 
from  three  populations  using  an  automated  sequencer.  Five  of  the 
SSRs  amplified  more  than  two  fragments  per  oyster,  suggesting 
that  they  belonged  to  duplicated  loci,  but  they  can  still  be  used  for 
segregation  analysis.  The  remaining  40  SSRs  had  two  alleles  per 
individual  including  seven  with  null-alleles.  In  the  30  oysters  ana- 
lyzed, the  SSRs  had  an  average  of  9.6  alleles  per  locus,  ranging 
from  2  to  24.  All  45  markers  were  used  for  segregation  analysis  in 
a  family  with  34  progeny.  None  of  the  45  loci  showed  significant 
deviation  from  Mendelian  ratios.  This  study  demonstrates  that 
ESTs  are  valuable  resources  for  the  development  of  genetic  mark- 
ers in  the  eastern  oyster. 

IDENTIFICATION  OF  CRASSOSTREA  ARIAKENSIS  US- 
ING ITS  LENGTH  POLYMORPHISM.  Yongping  Wang  ;ind 
Ximing  Guo,  Haskin  Shellfish  Research  Laboratory.  Institute  of 
Marine. 

Oysters  cannot  be  reliably  identified  using  morphological  char- 
acteristics alone.  In  an  effort  to  develop  genetic  markers  for  oyster 
identification,  we  studied  length  polymorphism  in  internal  tran- 
scribed spacers  (ITS)  between  ribosomal  RNA  genes  in  12  com- 
mon species  of  Ostreidae:  Crassostrea  virginica.  C.  rhizopliorae, 
C.  gigas.  C.  angulata.  C  sikaniea.  C.  ariakensis.  C.  hongkongen- 
sis. Saccostrea  echinata.  S.  glomerata.  Ostrea  cingasi.  O.  ednlis. 
and  O.  concliaphila.  We  downloaded  and  aligned  ribosomal  RNA 
sequences  from  all  oyster  and  some  other  bivalve  species  to  iden- 
tify conserved  sequences  flanking  ITS  1  and  ITS2.  We  designed 
two  pairs  of  primers  and  optimized  PCR  conditions  for  simulta- 
neously amplification  of  ITSl  and  1TS2  in  a  single  tube.  Ampli- 
fication was  successful  in  all  12  species,  and  PCR  products  were 
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visualized  on  high-resolution  agarose  gels.  ITS2  was  longer  than 
ITSl  in  all  Crassostrea  and  Saccostrea  species,  while  they  were 
about  the  same  size  in  three  Ostrea  species.  No  intraspecific  varia- 
tion in  ITS  length  was  detected.  Among  species,  the  length  of  ITSl 
and  ITS2  was  polymorphic  and  provided  unique  identification  of 
eight  species  or  species  pairs:  C.  (aiakcnsis.  C.  hongkongensis,  C. 
sikamea.  O.  conchaphila.  C.  viri^inica/C.  rhizophorae .  C.  gigas/C. 
angiilata.  S.  ccliinata/S.  gloinerata.  and  O.  aiigasilO.  ediilis.  Two 
species  within  a  pair  were  not  distinguishable  by  ITS  length.  The 
ITS  assay  provides  simple,  rapid  and  effective  identification  of  C. 
ahakensis  and  several  other  oyster  species.  Because  the  primer 
sequences  are  conserved,  the  ITS  assay  may  be  useful  in  the  iden- 
tification of  other  bivalve  species. 


NUTRITION  RESEARCH  IN  ECHINOIDS:  CONSIDER- 
ATIONS FOR  METHODOLOGY.  Stephen  A.  Watts'.  M.  L. 
Powell'.  A.  L.  Lawrence"  and  J.  M.  Lawrence'.  'University  of 
Alabama  at  Birmingham.  "Texas  A&M  Uni\ersity  System.  'Uni- 
versity of  South  Florida. 

Recent  interest  in  commercial  echinoid  culture  has  lead  to  stud- 
ies of  the  nutritional  requirements  for  many  .sea  urchin  species.  As 
sea  urchins  are  benthic.  eurythermal,  stenohaline  and.  in  some 
cases,  rheophilic  organisms,  which  feed  at  relatively  slow  or  ir- 
regular rates,  consideration  of  abiotic  and  biotic  factors  that  affect 
feeding  and  growth  characteristics  can  enhance  our  ability  to 
evaluate  nutritional  requirements.  We  are  attempting  to  standard- 
ize protocols  for  nutritional  studies  in  echinoids.  Considerations 
include  standardized  temperatures  (species-specific),  salinity,  pho- 
toperiod.  oxygen  levels,  water  quality  (including  nitrogen  levels, 
pH.  hardness  and  alkalinity,  natural  vs.  artificial  seawater),  (low 
rates,  and  in  siin  bacterial  and  fungal  populations.  System  design 
(tlow -through  or  recirculation!  must  be  coupled  with  appropriate 
statistical  design  and  evaluation  (individual  observations  vs.  group 
trials).  Understanding  life-history  traits,  including  behaviors,  pa- 
thologies, and  natural  growth  variability,  is  essential.  Feeds  can 
include  live  or  preserved  natural  food  and  practical,  semi-purified 
and  purified  feeds.  However,  evaluation  of  natural  food  is  of  lim- 
ited value  in  determining  requirements  because  of  lack  of  infor- 
mation about  their  content.  Formulated  [not  artificial)  feeds  should 
be  composed  of  quality  ingredients  available  from  commercial 
sources,  whether  practical,  semi-purified  or  purified.  Formulated 
feeds  must  have  defined  size,  shape,  texture,  stability,  and  attracta- 
bility.  with  defined  handling  and  storage  characteristics.  Whenever 
possible,  nutrient  content  should  be  determined  empirically.  Feed 
management  strategies  must  be  well  defined,  including  feeding 
rates  and  rations.  Finally,  echinoid  nutritional  studies  should  use 
standardized  metrics  and  responses  for  cross-species  and  cross- 
phylum  comparisons. 


DEVELOPMENT  OF  FORMULATED  FEEDS  IN  ECHI- 
NOIDS. Stephen  A.  Watts',  A.  L.  Lawrence",  M.  L.  Powell' 
and  J.  M.  Lawrence'.  'University  of  Alabama  at  Birmingham, 

"Texas  A&M  University  System,  'University  of  South  Florida. 

Successful  sea  urchin  aquaculture  will  ultimately  depend  on 
high  quality,  nutritionally-complete,  commercially-available 
feeds.  We  are  developing  practical,  semi-purified  and  purified 
feeds  that  promote  high  rates  of  growth  and  survival.  These  feeds 
require  the  use  of  high  quality  ingredients  that  can  be  obtained 
from  reputable  commercial  vendors.  Semi-purified  diets  can  be 
used  to  determine  dietary  requirements  and/or  toxicities  of  proxi- 
mate nutrients  in  urchins.  Purified  diets  can  be  u.sed  to  evaluate 
requirements  for  micronutrients.  including  vitamins  and  minerals. 
We  are  cun'ently  evaluating  semi-purified,  cold-extruded  feeds 
that  range  from  17  to  41%  protein.  15  to  36%  carbohydrate.  4  to 
12%  crude  fat  (marine  and  non-marine  sources).  1  to  5%  crude 
fiber,  and  6  to  30%  ash.  These  nutrients  are  evaluated  using  both 
purified  and  non-purified  sources,  both  in  combination  and  as  the 
sole  source.  Amino  acid  profiles  have  been  calculated  to  ensure 
adequate  availability  of  indispensable  amino  acids.  Fatty  acid  pro- 
files have  been  determined  to  evaluate  requirements  for  PUFA  or 
HUFA.  Data  indicate  that  specific  minerals  and  vitamins  are  re- 
quired for  normal  physiological  function.  High  production  of  go- 
nads with  marketable  color  and  flavor  is  now  possible.  Empiri- 
cally-derived levels  of  experimental  nutrients  are  necessary  as  cal- 
culated levels  may  inaccurately  estimate  actual  levels  in  the  feeds. 


GROWTH  OF  BAY  SCALLOPS,  ARGOPECTEN  IRRADI- 
ANS  IRRADIANS,  FED  VARYING  TETRASELMIS  CHUl 
CONCENTRATIONS  AND  ITS  EFFECT  ON  AMMONIA 
CONCENTRATION.  James  C.  Widman  Jr..  Shannon  Meseck. 
David  J.  Veilleux  and  Mark  Dixon.  USDOC.  NOAA.  National 
Marine  Fisheries  Service  Milford  CT. 

Bay  scallops.  Argopcclcn  irnuliinis  irnulians.  were  grown  in 
semi-static  culture  systems  containing  Tetrasehnis  chui  at  concen- 
trations of  1.000.  3,500,  8,000  and  1 1,000  cells/ml.  Our  objective 
was  to  determine  whether  phytoplankton  concentrations  would  af- 
fect ammonia  levels  in  the  culture  system.  Microalgal  cell  concen- 
trations were  continuously  monitored  and  maintained  by  a  com- 
puter control  system.  F  media  was  used  to  grow  the  T.  chui.  Daily 
buckets  were  drained  and  filled  with  15  L  of  filtered  seawater. 
Twice  weekly  scallops  were  removed  from  the  containers  and 
placed  in  clean  15  L  buckets.  Every  week  ammonia  levels  were 
measured  during  a  24  hour  period.  Scallops  grew  from  initial  mean 
shell  heights  of  10.5-10.9  mm  to  final  mean  shell  heights  of  15.2- 
17.9  mm.  Scallops  grew  at  similar  rates  for  the  first  14  days.  After 
21.  days  scallops  grown  at  a  cell  concentration  of  1 1.000  cells/ml 
were  significantly  smaller  than  those  grown  at  1000  cells/ml. 
Throughout  the  experiment  scallops  grown  at  1.000  and  3.500 
cells/ml  were  not  significantly  different  (p  >  0.05)  from  one  an- 
other. Similarly  scallops  grown  at  3,500  and  8,000  cells/ml  grew  at 
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similar  rates  (p  >  0.05).  Scallops  grown  at  8,000  and  1 1.000  cells/ 
nil  were  always  similar  (p  >  0.051  to  one  another.  These  results 
contrast  with  a  previous  study  that  had  shown  no  growth  differ- 
ences when  scallops  were  fed  varying  concentrations  of  T.  chid 
grown  in  E  media.  Ammonia  ct)nceiitrations  were  never  measured 
above  10  umol/L.  There  was  no  relationship  between  ammonia 
concentrations  observed  and  scallop  growth  rates.  Scallop  survival 
was  greater  than  83Vf  in  all  treatments. 

OYSTER  AQUACULTURE  MAY  POSITIVELY  AFFECT 
EELGRASS  {ZOSTERA  MARINA  L.)  THROUGH  EN- 
HANCED SEED  PRODUCTION  AND  GERMINATION. 
Lorena  M.  Wisehart'.  Sally  D.  Hacker',  Brett  R.  Dumbauld" 
and  Jennifer  L.  Ruesink'.  'Oregon  State  University,  Zoology 
Department,  Ciirdley  3029,  Corvallis.  OR  97331-2914,  "USDA/ 
ARS,  ""University  of  Washington. 

The  interactions  between  oyster  aquaculture  and  eelgrass  need 
to  be  explored  to  assist  shellfish  growers  in  the  development  of 
sustainable  farms  while  ensuring  ecological  integrity  in  aquacul- 
ture areas.  Past  studies  have  identified  both  positive  and  negative 
effects  of  shellfish  aquaculture  on  eelgrass  but  researchers  have  yet 
to  address  how  such  activities  may  affect  eelgrass  recruitment.  We 
conducted  surveys  in  Willapa  Bay.  WA  and  found  higher  seedling 
densities  in  dredged  beds  than  in  longlines  or  eelgrass  beds.  We 
hypothesized  that  this  pattern  was  due  to  variations  in  seed  density 
and/or  differences  in  germination.  We  estimated  seed  density  by 
counting  the  number  of  seeds  produced  per  shoot  in  each  habitat 
type  and  found  this  to  be  highest  in  dredged  beds  and  lowest  in 
longlines.  We  also  tested  the  hypothesis  that  dredging  positively 
influences  germination  by  adding  seeds  to  each  of  the  three  habitat 
types  in  areas  with  eelgrass  present  and  adjacent  plots  where  adult 
plants  were  removed.  Germination  was  highest  in  the  eelgrass 
beds,  where,  interestingly,  eelgrass  removal  had  a  positive  effect. 
We  found  a  similar  result  when  seeds  were  added  to  control  and 
removal  plots  at  five  different  eelgrass  beds  throughout  the  bay. 
Higher  germination  in  removal  plots  suggests  that  reduced  com- 
petition for  light  and  other  resources  may  positively  influence 
recruitment.  Greater  recruitment  in  dredged  beds  may  thus  be  due 
to  both  enhanced  seed  densities  as  well  as  removal  of  neighboring 
adults.  Together  these  studies  suggest  ground  culture  practices 
may  positively  affect  eelgrass  recruitment  while  longlines  may 
have  a  negative  effect. 

GENETIC  DIFFERENTIATION  AMONG  FOUR  CRASSOS- 
TREA  ARIAKENSIS  POPULATIONS  IN  ASIA  BY  MICRO- 
SATELLITE  POLYMORPHISM.  Jie  Xiao,  Jan  F.  Cordes  and 
Kimberly  S.  Reece.  Virginia  Institute  of  Marine  Science.  1208 
Create  Road,  Gloucester  Point,  VA  23062. 

Crassostrea  ariakensis  is  being  considered  fi>r  introduction  into 
Chesapeake  Bay  to  help  revive  the  declining  native  oyster  industry 
and  bolster  the  local  ecosystem.  Little  is  known,  however,  about 


wild  populations  of  C.  ariakensis  in  its  native  region,  including 
native  distributions,  overall  genetic  diversity,  genetic  structure, 
and  levels  of  gene  flow.  Several  discontinuous  natural  populations 
have  been  identified  along  a  wide  geographic  range  in  the  western 
Pacific.  It  is  still  unclear  whether  these  all  are  natural  populations 
or  whether  some  are  a  result  of  anthropogenic  transportations.  We 
studied  the  genetic  variance  among  four  wild  populations  of  C. 
ariakensis  from  Ariake  Bay,  Japan,  Kahwa  River.  South  Korea, 
the  Yellow  River  basin  in  northern  China,  and  Beihai  in  .southern 
China,  using  novel  microsatellite  makers.  Initial  results  are  re- 
ported for  3  loci  (CarGl  10,  Carl  19-6a,  Carl  1-70)  developed  from 
C.  ariakensis  partial  genomic  libraries  and  screened  for  the  pres- 
ence of  null  alleles  in  eight  family  crosses.  Estimated  multi-locus 
F.S7  (0.0168)  values  were  highly  significant  for  all  samples,  indi- 
cating heterogeneous  populations  exist  in  these  regions.  Single 
locus  Fst  and  P  values  are  quite  variable  among  these  loci,  and 
additional  markers  are  being  developed  to  further  test  the  null 
hypothesis  of  population  homogeneity.  These  preliminary  results 
indicate  genetic  structure  exists  among  populations  of  C.  ariaken- 
sis in  its  native  region  and  suggest  that  microsatellite  markers 
could  serve  as  efficient  genetic  tags  for  monitoring  C.  ariakensis 
introduced  into  the  Chesapeake  Bay  from  different  native  gene 
pools. 

GENETIC  VARIATION  IN  SURVIVAL  AND  POST- 
STARVATION  GROWTH  RECOVERY  OF  BIVALVE  LAR- 
VAE {CRASSOSTREA  GIGAS).  Pauline  C.  Yu  and  Donal  T. 
Manahan,  University  of  Southern  California.  Department  of  Bio- 
logical Sciences,  Division  of  Marine  Environmental  Biology.  Los 
Angeles.  CA  90089-0371. 

Defining  the  "point  of  no  return"  is  of  importance  for  larvae 
growing  in  nutrient-poor  environments.  We  tested  different  larval 
families  of  C.  gigas  for  their  starvation  tolerance  and  ability  to 
recover  once  fed.  following  prolonged  starvation.  Larvae  were 
capable  of  surviving  for  over  six  weeks  without  food,  representing 
a  >6-fold  increase  over  theoretical  limitations  based  on  utilization 
of  energy  reserves  in  eggs.  Such  larvae  grew  upon  feeding  at  rates 
comparable  to  sibling  larvae  fed  at  day  two.  Under  our  experimen- 
tal conditions,  the  "point  of  no  return"  for  some  fraction  of  a  larval 
cohort  far  exceeded  theoretical  expectations.  Larvae  did  not  down- 
regulate  metabolism,  as  respiration  rates  v\ere  maintained  at  -12 
pmol  lar\a  '  lir"'  throughout  the  period  tested  for  food  depriva- 
tion. Also,  protein  content  of  larvae  was  conserved  in  the  absence 
of  food  w  ilh  up  to  479f  of  day-2  content  being  present  even  after 
24  days.  Genotypic  differences  in  larval  survival  and  recovery 
were  observed.  Eggs  from  single  females  showed  2-fold  differ- 
ences in  starvation  resistance  when  fertilized  with  different  males, 
implying  important  genetic-physiological  interactions  regarding 
use  of  egg  energy  reserves.  When  comparing  sibling  larvae  from 
multiple  genetic  crosses,  size  at  day  6  for  larvae  fed  from  day  2 
("growth  heterosis")  conelaled  positively  (P  =  0.02)  with  lime  to 
SO'^f  survivorship  for  larvae  of  the  same  family  that  were  unfed 
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from  day  two.  We  propose  that  common  meL-hanisms  of  physi- 
ological efficiency  might  be  the  bases  for  growth  heterosis  under 
high-food  conditions  and  increased  larval  sur\i\al  in  the  absence 
of  food. 


EFFFXTS  OF  FLUID  SHEAR  ON  RED  ABALONE  SPERM- 
EGG  INTERACTIONS.  Richard  Zininier  and  Jeffrey  A. 
Riffell.  UCLA. 

Fertilization  rate  is  an  important  factor  mediating  the  produc- 
tion of  offspring  and,  hence,  populatit)n  dynamics.  For  marine 
organisms  that  broadcast  their  sperm  and  eggs  into  the  sea.  sur- 
prisingly little  is  known  about  the  mechanisms  controlling  sperm- 
egg  interactions.  Here,  we  investigated  hydrodynamic  effects  on 
fertilization  in  red  abalone  (Haliofis  nifescen.s).  Experiments  were 


performed  in  laminar-shear  flows  that  siiiiulated  important  aspects 
of  small-scale  turbulence  within  natural  habitats.  Fertilization  rales 
were  determined  o\er  a  wide  range  of  gamete  concentration  and 
shears  created  in  a  Taylor-Couette  flow  tank  and  using  a  new 
application  of  infrared  laser  and  computer-assisted  video  imaging 
technologies.  For  red  abalone,  shears  of  <  0.1 /s  maximized  sperm 
chemotaxis,  gamete  encounter  rates,  and  fertilization  success.  Fer- 
tdi/ation  was  subsequently  well  explained  by  numerical  models 
that  took  into  account  cell  shapes,  sizes,  and  propulsive  forces 
generated  by  sperm  swimming,  as  well  as  shear  forces  imposed  by 
the  flow.  These  models,  thus,  established  the  relative  contributions 
of  active  sperm  behavior  and  passive  physical  transport  to  sexual 
reproductive  processes.  Combined  findings  have  value  in  forecast- 
ing field  sites  that  maximize  offspring  production,  for  transplants, 
or  outplants,  of  adult  brood  stock. 
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ABSTRACT  Over  five  million  spat  of  the  king  scallop.  Pecteii  maximiis  (L.)  were  collected  accidentally  in  the  North  Water  of 
Mulrin  Ba\  in  County  Donegal.  Ireland  in  the  summer  of  1979.  This  large  natural  settlement,  hy  far  the  greatest  number  obtained  at 
the  time  in  any  European  trial,  led  to  research  investigations  in  1980  and  I9.S1  to  support  the  development  of  this  site  as  a  scallop  spat 
collection  center.  A  combination  of  gonad  monitoring,  plankton  sampling,  spat  settlement  and  spat  collection  trials  were  used  to 
develop  a  technique  for  predicting  the  date  of  the  scallop  spatfall  to  maximize  the  yield  of  scallop  spat.  A  technique  for  forecasting 
the  date  of  peak  spatfall  involving  installation  of  spat  collectors  when  the  mean  shell  length  of  scallop  larvae  was  180  ^.m  and  50% 
of  the  larval  cohort  exceeded  this  size  was  developed.  Unlike  other  sites  studied,  peak  spat  collection  occurred  at  4  m  beneath  the  water 
surface.  Since  its  development,  this  technique  for  prediction  of  the  date  of  the  peak  collection  has  been  used  commercially,  and  for 
illustrative  purposes  data  from  2002  have  been  provided.  The  development  and  application  of  this  forecasting  technique  has  assisted 
in  the  collection  of  millions  of  scallop  spal  for  ongrowing  trials  by  the  scallop  culture  industry. 

KEY  WORDS:     Pet  ten  nnrxinnis.  prediction,  scallop  settlement,  spat  collection,  spatfall 


INTRODUCTION 

Many  commercial  scallop  fisheries  cuirently  exploited  in  Eu- 
ropean waters  are  protected  against  overfishing  hy  legislation  ap- 
plied to  fishing  gear;  in  terms  of  the  number,  type  and  specification 
of  dredges;  to  landings  in  terms  of  the  quantity  and  minimum  shell 
length  of  the  catch  and  to  the  duration  of  the  fishing  season.  All  of 
these  precautionary  measures  are  designed  to  prevent  existing  re- 
sources becoming  further  diminished  or  potentially  e.xhausted  be- 
yond repair  and  to  allow  time  for  the  natural  recovery  of  the 
resource. 

Faced  with  similar  restricti\e  practices,  fishermen  in  Japan 
adopted  a  more  proactive  role  towards  conservation  and  imple- 
mented measures  to  expand  resources  by  the  transplanta- 
tion or  reseeding  of  aquatic  animals.  The  development  of  methods 
for  the  mass  production  of  juveniles  of  selected  species  in  waters 
suitable  for  breeding  and  the  subsequent  release  of  these  juveniles 
to  the  oceans  has  resulted  in  dramatically  increased  yields  from 
several  fisheries.  Noteworthy  in  this  context  is  the  successful  ex- 
pansion of  Japanese  scallop  cultivation,  annual  landings  increas- 
ing from  approximately  9.000  t  during  the  1960s  to  consistently 
over  500,000  t  since  1995.  The  success  of  this  approach 
to  scallop  fishery  management  and  resource  expansion 
encouraged  many  European  countries  to  implement  scallop  re- 
search programs  during  the  1980s  with  a  view  to  emulating  this 
success. 

Early  spat  collection  trials  in  France,  Spain,  Scotland.  Isle  of 
Man  and  England  showed  considerable  annual  fluctuations  in  the 
number  of  spat  per  collector  and  generally  disappointing  yields 
compared  with  results  in  Japan  (Buestel  et  al.  1976,  Pickett  1977, 
Ventilla  1977a.  1977b.  Mason  &  Drinkwaater  1978,  Brand  et  al. 
1980,  Roman  et  al.  1985).  Scottish  trials  in  which  spat  collectors 
were  installed  at  regular  intervals  over  a  4-6  wk  period  demon- 
strated the  existence  of  an  optimum  date  for  peak  spat  collection. 
Temporal  variations  in  the  date  of  the  peak  spat  collection  over 
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five  years  ranged  from  late  June  to  early  August  (Ventilla  1977a, 
1977b,  Slater,  1978,  1979,  1980).  In  some  years  this  peak  could 
rise  and  fall  within  a  one-week  period  and  in  other  years  be  ex- 
tended over  a  two-  to  three-week  period  (Ventilla  1977a.  1977b). 
Installing  spat  collectors  in  the  sea  either  before  or  after  the  date  of 
peak  spatfall  could  dramatically  reduce  the  yield  of  spat  by  up  to 
75'7f.  Clearly  for  natural  spat  collection  to  be  successful  in  the 
provision  of  an  abundant  and  reliable  source  of  seed  for  aquacul- 
ture  and  fishery  enhancement,  there  was  a  need  for  a  spatfall 
prediction  technique  similar  to  that  used  in  Japan. 

Despite  significant  research  effort  on  king  scallops  since  the 
early  80' s  commercial  scallop  cultivation  in  Europe  has  not  de- 
veloped and  in  countiles  where  fishery  landings  have  been  ex- 
panded, such  increases  have  resulted  only  from  further  exploita- 
tion of  already  overfished  natural  resources.  The  major  limitation 
to  the  scale  of  any  scallop  farming  or  stock  enhancement  pro- 
gram remains  as  the  availability  of  a  consistently  large  and  reliable 
source  of  juvenile  scallops  or  spat.  Worldwide  in  those  coun- 
tries where  commercial  scallop  cultivation  has  developed,  for  ex- 
ample Japan,  China  and  Chile,  problems  associated  with  the 
provision  of  a  regular  supply  of  scallop  spat  have  first  been  over- 
come. 

In  1979,  a  local  aquaculture  co-operative,  the  North  Water 
Co-operative  Soc.  Ltd.,  during  attempts  to  capture  mussel  spat, 
Mytihis  edulis  (L.),  accidentally  collected  on  12-mm  diameter 
polypropylene  rope  over  5  million  scallop  spat  in  the  North  Water 
of  Mulroy  Bay  in  County  Donegal,  by  far  the  greatest  number 
obtained  at  the  time  in  any  European  trial  (Minchin  1980).  As  a 
result  of  this  exceptionally  large  settlement,  research  trials  com- 
menced to  support  the  exploitation  of  the  site  as  a  scallop  spat 
collection  center. 

Research  during  1980  and  1981  focused  on  gonad  monitoring, 
plankton  analysis,  spat  settlement  and  spat  collection  trials  to  de- 
velop a  technique  for  prediction  of  the  date  and  location  of  the 
peak  scallop  spatfall.  This  study  provides  results  from  these  in- 
vestigations that  led  to  the  development  of  techniques  for  pre- 
diction of  the  date  of  peak  spatfall  and  provides  for  illustrative 
purposes  results  obtained  during  commercial  application  of  this 
predictive  technique  in  2002. 
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MATERIALS  AND  METHODS 


The  iMcalion 


Mulroy  Bay  is  located  in  County  Donegal  in  the  northwest  of 
Ireland  (Fig.  I).  It  is  a  sheltered,  marine  lough  connected  to  the 
open  sea  by  a  series  of  long  and  narrow  channels.  The  Bay  is  well 
sheltered  from  excessive  exposure  and  no  oceanic  swells  are  able 
to  penetrate  into  the  two  main  parts,  the  Broad  Water  and  the  North 
Water.  Seawater  enters  the  Bay  through  the  Narrows  and  flows 
into  the  Broad  Water  before  passing  through  the  Moross  Channel 
into  a  further  and  even  more  enclosed  sea  lough,  the  North  Water, 
which  is  approximately  }•  km  by  1  km  in  size.  Water  depths 
extend  to  5 1  m  in  the  North  Water  and  the  bathymetry  of  the  lough 
is  available  on  Admiralty  Chart  No.  2698.  Resulting  from  this 
topography,  the  tidal  range  within  the  Bay  and  water  exchange 
with  the  open  sea  is  much  diminished.  The  Bay  provides  an 
ideal  location  for  shellfish  spat  production,  because  larvae  pro- 
duced by  natural  populations  in  the  Bay  are  retained  and  settle 
within  the  system  rather  than  being  dispersed  as  occurs  in  more 
open  waters. 

The  sea  lough  is  sun-ounded  by  poor  quality  land  with  a  low 
population  density  supporting  an  agricultural  community  domi- 
nated by  small  farms.  At  the  head  of  the  lough  is  the  village  of 
Milford  (population  1.334)  that  forms  the  gateway  to  both  the 
Fanad  Peninsula  down  the  eastern  side  of  Mulroy  Bay  and  the 
Rosguill  Peninsula  down  the  western  side  of  Mulroy  Bay.  The  only 
significant  employers  in  the  area  are  Marine  Harvest  (Fanad).  a 
salmon  farming  company  with  approximately  150  staff. 


Gonad  Monitoring 

Samples  of  adult  king  scallops  for  gonad  assessment  were 
dredged  from  around  the  Stookans.  Massmount  Bay.  North  Water 
of  Mulroy  Bay  using  a  lightweight  converted  oyster  dredge  (Fig. 
1).  In  1980  samples  comprising  22-27  individuals  of  mean  shell 
height  1  13.4  ±  1.8  mm  were  collected  at  intervals  ranging  from 
4-13  days  (mean  =  8.4  days)  between  June  5  and  August  30. 
1980.  In  1981  samples  comprising  23-25  individuals  of  mean  shell 
height  113.8  ±  1.2  mm  were  collected  at  intervals  ranging  from 
5-10  days  (mean  =  6.8  days)  between  June  10  and  July  8.  1981. 
Soft  tissues  were  dissected  from  each  scallop,  pooled  and  weighed. 
Gonad  index  was  determined  according  to  the  following  formula: 


Gonad  Index  (Vr)  =  ; 


Total  wt.  of  eonad  (a) 


100 


Figure  1.  Mulroy  Bay  on  the  northwest  toast  of  Ireland. 


Total  wt.  of  soft  tissue  (g)        1 

To  account  for  minor  \ariations  in  the  size  of  scallops  from  week 
to  week,  the  relative  gonad  height  (RGH)  was  calculated  using  the 
equation: 

Mean  wt.  of  aonad  in  s 

RGH  (i!.mnr- )  = ^  x  10" 

(Mean  shell  ht.  in  mm) 

Following  the  introduction  into  Irish  legislation  of  the  Mulroy  Bay 
(North  Water  and  Moross  Channel)  (Prohibition  on  Dredging  for 
Escallops)  Bye  Law  No.  625.  1982  to  protect  broodstock  scallops 
in  this  site  from  exploitation  and  hence  conserve  the  area  as  a 
national  center  for  scallop  spat  collection,  farmed  scallops  from  a 
single  year-class  and  of  a  size  greater  than  90  mm  shell  height 
were  held  at  5-m  depth  on  longlines  at  Deegagh  Point  in  the  Broad 
Water  of  Mulroy  Bay  (Fig.  1 )  and  used  as  a  source  of  adult  stock 
for  gonad  monitoring. 

Larval  Sampling 

In  1980  plankton  samples  for  monitoring  the  occurrence  and 
development  of  scallop  larvae  were  obtained  from  a  site  at  Lur- 
gacloghan  on  the  western  side  of  the  North  Water  (Fig.  1 )  within 
the  site  licensed  to  Deegagh  Point  Shellfish  Ltd.  for  scallop  aqua- 
culture.  Samples  comprising  a  single  vertical  haul  were  collected 
using  a  63-|jLm  mesh  plankton  net  with  a  30-cm  diameter  opening, 
hauled  at  a  rate  of  5  m.min"'.  from  20  m  to  the  water  surface.  All 
planktonic  larvae  were  added  to  a  1-L.  wide-mouthed,  plastic  jar 
containing  100  mL  of  formaldehyde  to  immediately  preserve  the 
living  material.  In  the  laboratory,  samples  were  placed  in  a  1-L 
beaker  and  gently  stined.  Bivalve  larvae,  being  slightly  heavier 
than  most  other  planktonic  organisms,  rapidly  accumulated  in  the 
center  of  the  beaker  as  a  result  of  the  gentle  centrifugal  force  and 
were  transferred  to  25  mL  Sterilin®  storage  containers  using  a  1 0 
mL  pipette.  Larvae  were  examined  on  a  Sedgewick  Rafter  count- 
ing cell  using  x40  and  xlOO  magnification  on  an  Olympus  KH 
series  inicroscope.  Scallop  larvae  were  identified  from  their  mor- 
phological features  and  measured  using  an  eyepiece  graticule  at 
xlOO  magnification  (Slater  2005b).  Identification  was  possible 
as  a  result  of  expertise  gained  during  hatchery  rearing  studies  with 
P.  Diii.xinuis  (L.). 

The  distribution  of  scallop  larvae  in  the  North  Water  was  in- 
vestigated by  measuring  larval  abundance  at  eight  sites  in  the 
North  Water  of  Mulroy  Bay.  Samples  comprising  a  single  vertical 
plankton  haul  from  15  m  to  the  water  surface  were  collected  on 
July  16.  1980  between  10.00  pm  to  12.00  pm  and  repeated  on  July 
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18.  I9<S()  between  9.00  pm  and  1  LOO  ['m.  Weutlier  and  sea  condi- 
tions on  both  these  occasions  were  ideal  lor  quantitative  work  of 
this  type. 

In  198 1  plankton  samples  for  monitoring  the  occurrence  and 
development  of  scallop  larvae  were  obtained  from  the  same  site  at 
LurgacloL'han  on  the  western  side  of  the  North  Water  using  similar 
techniques  to  those  outlined  earlier.  A  single  vertical  haul  from  20 
m  to  the  water  surface  provided  sufficient  numbers  of  scallop 
larvae  for  analysis.  From  1985  onwards,  following  use  of  TBT 
(tributyl-tin)  antifoulants  by  salmon  farms  in  the  Bay.  three  verti- 
cal hauls  were  collected  at  this  site  to  provide  sufficient  scallop 
larvae  for  analysis  (Minchin  et  al.  1987). 
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Figure  2.  Gonad  monitoring  (A),  larval  growth  rate  (B).  spat  settle- 
ment (C)  and  scallop  spat  collection  at  the  site  north  of  Croaghan 
Island  (D)  during  1980. 


Iiidkaliir  Collectors 

Indicator  collectors  were  used  to  provide  data  on  time  and 
intensity  of  settlement  of  scallop  spat.  These  consisted  of  a  piece 
of  6-nim  Netlon®  mesh  of  0.8  m  x  0.3  m  diinensions,  rolled  twice 
along  the  long  axis  into  a  cylindrical  shape  and  fixed  using  cable 
ties. 

In  1980  indicator  collectors  were  attached  to  ropes  at  4  m.  8  m 
and  1 2  m  above  the  seabed  and  installed  in  a  15-m  deep  site  at  the 
north  of  Croaghan  Island  (Fig.  1).  After  10-11  days  immersion, 
these  indicator  collectors  were  exchanged  for  a  new  set  of  collec- 
tors for  spat  settlement.  Bivalve  spat  settling  during  the  10-  to 
1 1-day  period  were  removed  from  the  collectors  by  immersion  in 
20%  sodium  hypochlorite  in  fresh  water  for  3  min.  The  solution 
was  sieved  through  a  90-p.m  mesh  sieve  to  collect  the  recently 
settled  bivalve  spat  (Davies  1974).  Examination  of  bivalve  spat 
was  performed  on  a  Sedgewick  Rafter  counting  cell  at  x40  and 
xlOO  magnification.  Scallop  spat  were  identified  and  counted  from 
each  indicator  collector. 

In  1981  trials  with  indicator  collectors  were  repeated  in  a  23-m 
deep  site  in  Bally  Hork  Bay.  the  site  exhibiting  higher  spat  col- 
lection results  than  the  north  of  Croaghan  island  site  in  1980  (Fig. 
1 1.  Collectors  were  attached  at  5  m.  10  m  and  15  m  beneath  the 
water  surface,  irrespective  of  the  tidal  state,  based  on  the  1 980  data 
on  variation  in  settlement  intensity  with  depth.  Because  the  1980 
results  showed  a  small  settlement  in  early  June,  the  indicator  col- 
lector trial  in  1981  was  extended  to  cover  the  period  May  27  to 
September  4. 

Spat  Collection 

Spat  collectors  used  in  1980  consisted  of  polyethylene  woven- 
filament  mesh  bags  of  0.45  ni  x  0.45  m  dimensions  and  inesh  size 
6  mm  X  3  mm.  Each  inesh  bag  contained  2  m  of  monofilament 
nylon  salmon  netting  provided  by  the  North  Western  Regional 
Fisheries  Board,  following  confiscation  from  illegal  fishing  activi- 


16"^  July  1980  18'"  July  1980 

Figure  3.  The  number  of  scallop  larvae.  P.  maximus  in  one  vertical 
plankton  haul  on  July  16  and  July  18  1980. 
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TABLE  1. 

The  number  of  king  scallop  spat  from  collector  bags  installed  between  2-10  m  above  the  seabed  at  the  site  north  of  Croaghan  Island 

between  July  2  to  September  8,  1980. 


Distance  Above 
Seabed  (m) 


Number  of  Scallop  Spat  per  Collector  Bag 


Jul 


Jul  11         Jul  16        Jul  18        Jul  21         Aug  2        Aug  18        Sept  4        Sept  8 


Total  Number 
from  Each  Depth 


10 
8 
6 

4 

2 

Total  number  from  each  date 
Mean  number  per  collector 


775 

920 

845 

3  SO 

200 

21 

440 

685 

455 

270 

145 

TO 

355 

335 

440 

24(1 

165 

6 

135 

320 

145 

160 

yo 

5 

1(10 

150 

170 

110 

65 

T 

S()5 

2410 

2055 

1160 

665 

56 

361 

482 

411 

232 

133 

11 

43 
38 
36 
16 
20 
153 
31 


41 

31 

63 

30 

51 

41 

66 

36 

40 

20 

61 

158 

3256 

2148 

1669 

973 

677 


ties.  Collector  bags  were  attached  to  iiidi\iduall\  anchored  12-nim 
diameter  polypropylene  ropes  at  2-m  interxals  from  2- 10  in  abo\e 
the  seabed  to  provide  information  concerning  the  optimal  depth  for 
collection  in  the  15-m  deep  site  north  of  Croaghan  Island.  A  20-cm 
diameter  subsuiface  float  was  attached  to  each  rope  at  1 1  m  above 
the  seabed  to  reduce  the  action  of  wind  and  waves  on  collector 
bags.  A  30-cm  diameter  marker  hiioy  was  attached  to  the  top  of  the 
rope  to  mark  the  position  of  the  collector  line.  A  total  of  nine  such 
ropes  were  positioned  in  the  site  from  July  2  to  September  2.  1980. 

Following  the  larval  distribution  study,  two  ropes,  each  with 
five  collector  bags  attached  as  previously  mentioned,  were  posi- 
tioned on  July  17.  1980  in  Bally  Hork  Bay.  the  site  with  the 
highest  larval  numbers.  Because  of  limited  supplies  of  the  poly- 
ethylene vvoven-filament  collectors,  collector  bags  at  this  site  com- 
prised I  m  X  0.5  m  Netlon®  oyster  bags  of  6  mm  x  6  mm  mesh 
size  containing  6  m  of  monofilament  mesh  salmon  netting  with 
the  ends  of  the  bags  closed  at  right  angles  to  each  other.  The 
spat  collection  efficiency  of  this  type  of  collector,  which  had 
been  successfully  used  in  previous  Scottish  trials,  was  compared 
with  the  polyethylene  woven  filament  collector  in  the  north  of 
Croaghan  island  site.  Sorting  of  all  collector  bags  commenced 
from  late  October  onwards  and  continued  over  a  two-week  period. 
Collector  bags  and  inner  net  tiller  were  individually  washed  into 
tanks  of  seawater  and  live  scallop  spat  from  each  bag  counted 
individually. 

Following  the  1980  trials,  which  demonstrated  increased  ntnn- 
bers  of  Pecten  spat  with  increased  distance  from  the  seabed  at  two 
sites  in  the  North  Water,  collector  bags  used  during  1981  were 
positioned  at  2-m  intervals  from  2  m  to  10  m  beneath  the  water 
surface.  All  collector  bags  used  were  of  the  polyethylene  woven- 
filament  type  and  were  positioned  in  Bally  Hork  Bay.  the  more 
productive  of  the  two  sites  in  the  North  Water  and  four  sites  in  the 
Broad  Water  investigated  during  1980. 

Spat  collection  data  from  2002  were  pro\ ided  by  the  pioneering 
scallop  farming  company.  Deegagh  Point  Shellfish  Ltd.,  estab- 
lished in  1980  to  commercially  exploit  king  scallop  spat  collection 
in  Mulroy  Bay.  Collector  bags  used  for  commercial  spat  collection 
were  0.8  m  x  0.3  m  dimensions  and  5  mm  x  3  mm  mesh  size  and 
filled  with  2  m  x  I  m  of  lightweight  garden  netting  (Netlon®)  of 
6  mm  X  6  mm  mesh  size.  All  collector  bags  were  suspended  from 
300  m  longlines,  submerged  4  m  beneath  the  water  surface  and 
attached  to  the  shore  at  one  end  in  a  site  at  Lurgacloghan  (Fig.  I ). 
Spat  collectors  were  installed  over  a  3-day  period  at  the  date  of 
peak  spatfall  determined  using  gonad  analysis  and  scallop  larval 
nionitorinc. 


RESULTS 


19H0  Gonad  Moiiiloring 


A  large  partial  spawning  was  recorded  from  June  23  to  July  I, 
GI  decreasing  from  16.0%  to  11.9%.  Following  a  rematuration 
phase  over  one  week,  a  second  smaller  partial  spawning  was  re- 
corded from  July  6  to  13.  with  GI  decreasing  from  13.9%  to 
13.0%.  This  smaller  second  partial  spawning  was  more  clearly 
evident  in  the  RGH  results,  which  accounted  for  shell  size,  there 
being  a  3-mm  increase  in  shell  length  of  scallops  used  for  the 
assessment  on  July  13,  compared  with  July  6.  Following  gonad 
filling  during  the  remainder  of  July,  a  larger  and  more  complete 
spawning  commenced  in  early  August  and  continued  throughout 
that  month  (Fig.  2A). 

The  trend  in  results  for  gonad  index  (GI).  which  relates  the 
gonad  weight  to  the  total  soft  tissue  weight,  was  very  similar  to 
that  for  relative  gonad  height  (RGH).  which  relates  the  gonad 
weight  to  the  size  of  the  adult  shell  (Fig.  2A).  There  was  a  highly 
significant  correlation  between  GI  and  RGH  (f|.n  =  300.158, 
P  <  0.001). 

I9S0  Larval  Monitoring 

Larvae  of  the  scallop.  Pecten  inaxiimis.  were  first  recorded  on 
July  7  at  a  mean  shell  length  of  148.5  \x,m  and  were  present  in  all 
samples  until  July  3 1 .  The  number  of  scallop  larvae  measured  in 
each  sample  ranged  from  3-100  during  this  period.  Larval  growth 
rate  was  approximately  4.54  |j.m.day"'  (Fig.  2B).  Extrapolation  of 
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Figure  4.  Variation  in  king  scallop  spat  collection  with  depth  above 
the  seabed  at  the  site  north  of  Croaghan  Island  during  1980. 
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the  larval  growth  trendhne  to  a  shell  length  of  100  |j.m.  a  size 
usually  achieved  in  the  hatchery  at  three  days  old.  suggested  that 
these  larvae  originated  from  a  spawning  on  June  22.  corresponding 
with  the  first  partial  spawning  recorded  by  gonad  monitoring  be- 
tween June  23  and  July  1  ■  The  final  result  on  July  3 1  of  2 1 2.7  jim. 
based  on  only  three  larvae,  showed  a  decline  from  the  previous 
result  on  July  23  of  221.7  pm.  This  decline  was  attributed  to  the 
settlement  of  larger  lar\  ae  from  the  plankton  at  the  same  time  as 
the  few  remaining  planktonic  larvae  continued  to  grow. 

Quantitative  assessment  of  the  distribution  of  scallop  larvae  on 
July  16  and  July  18  showed  greater  abundance  of  scallop  larvae  in 
Bally  Hork  Bay  (Fig.  3). 

Scallop  larvae  on  the  two  sampling  dales  had  an  average  shell 
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Figure  5.  Gonad  monitoring  (A),  larval  groMlli  rate  (B).  spat  settle- 
ment (C)  and  scallop  spat  collection  at  the  site  in  Ball)  Hork  Bay 
(D)  during  1981. 


TABLE  2. 

.Abundance  and  mean  shell  length  data  of  two  batches  of  scallop 
larvae  P.  maximiis  in  the  North  Water  of  Mulroy  Bay  during  1981. 
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arval  Batch  1 
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al  Batch  2 

from 

Mean  Shell 

Mean  Shell 

Date 
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n 

Length  (fim) 
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Length  (pnil 

01.06.S1 

1 

20.06.S1 

20 
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22.06.S1 
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24 
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59 
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03.07.81 
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07.07.81 
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13.07.81 
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LS.07.S1 
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198 

18.07.81 
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— 
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200 

20.07.81 
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— 

70 

201 

24.07.81 

54 

— 

— 

28 

196 

27.07.81 

57 

— 

— 

79 

202 

30.07.81 

60 

— 

— 

15 

197 

length  of  194. .5  (xm  and  208.5  (jliii  respectively  (i.e..  near  settle- 
ment size). 

1980  Indicator  Collectors 

Low  numbers  of  scallop  spat  settled  on  the  first  set  of  indicator 
collectors  immersed  on  June  10  and  lifted  on  June  24  in  the  site 
north  of  Croaghan  Island,  showing  that  some  spawning  activity 
had  occurred  prior  to  June  10.  Peak  settlement  intensity  occurred 
between  July  13-23  with  an  average  of  204  spat  per  collector 
(Fig.  2C).  Settlement  intensity  varied  with  distance  above  the  sea- 
bed in  this  15-m  deep  site  with  the  indicator  collectors  situated 
8  m  above  the  seabed  (i.e..  in  midwater  exhibiting  the  highest 
settlement  intensity). 

1980  Spat  Collectors 

Results  of  the  spat  collection  trial  at  the  site  north  of  Croaghan 
Island,  a  site  exhibiting  only  7  and  3  scallop  larvae  on  July  16  and 
July  18  respectively  are  provided  in  Table  1.  Peak  scallop  spat 
collection  occurred  from  July  1 1-16  with  an  average  of  450  Peclen 
spat  per  collector  (Fig.  2D).  Given  a  20-day  larval  life  for  this 
species,  a  typical  value  from  hatchery  production  of  this  species, 
peak  spat  collection  conesponded  to  the  large  partial  spawning 
recorded  from  June  23  to  July  I .  A  much  smaller  peak  in  spat 
collection  on  September  4  yielding  approximately  50  Pe(  ten  spat 
per  collector  coiiesponded  to  the  more  complete  August  spawning. 
Spat  collectors  installed  in  Bally  Hork  Bay,  the  site  with  the  high- 
est larval  counts  on  July  16  and  July  18,  yielded  an  average  of 
2,100  Peclen  spat  per  collector,  although  these  results  are  not 
comparable  because  different  collectors  were  used  in  the  two  sites. 
In  both  sites  increased  nuiubers  of  Pccten  spat  were  obtained  with 
increased  distance  of  the  collector  bag  above  the  seabed  (Fig.  4). 
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Figure  6.  Size  distribution  analysis  of  P.  maximus  larval  shell  length  from  July  7  to  July  27,  1981. 
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Figure  7.  \  ariation  in  the  percentage  of  P.  maximus  scallop  larvae 
>17()  \im.  18(1  (jni.  19(1  )xm.  2(((l  jim.  210  jini  and  220  pni  in  Bally  Hork 
Bay  during  1981. 

I9SI  Gonad  Monitoring 

A  small  partial  spawning  occuiTed  between  June  10-20.  with 
GI  decreasing  from  \-i39r  to  13.39^.  followed  by  a  short  reniatu- 
ration  phase  and  a  second  larger  partial  spawning  from  26  June  to 
July  2  with  GI  decreasing  from  14.07c  to  11.4%  (Fig.  5A).  Similar 
to  1980  there  was  a  highly  significant  correlation  between  GI  and 
RGH  in  1981  (F,  ,  =   1083.71.  P  <  0.001 ). 

I9SI  iMrval  Monitoring 

Larvae  of  the  scallop.  P.  nui.xiiiiici.  were  first  recorded  on  June 
20  at  a  mean  shell  length  of  146  |j.m  (Table  2).  On  the  July  7  size 
distribution  analysis  of  larvae  showed  the  presence  of  two  larval 
batches  (Fig.  6).  The  larval  batch  comprising  larger-sized  larvae 
was  not  recorded  after  July  13.  Between  July  13  to  July  30  size 
distribution  analysis  showed  the  presence  of  only  one  larval  batch. 

Scallop  larval  growth  rates  were  approximately  4.36  |j,m.day"' 
for  the  first  larval  batch  and  5.68  ixm.day"'  for  the  second  larval 
batch  (Fig.  5B).  Extrapolation  of  the  larval  growth  trendlines  to  a 
shell  length  of  100  (jliti.  a  size  usually  achieved  in  the  hatchery  at 
three  days  old.  suggested  that  the  first  larval  batch  originated  from 
a  spawning  on  June  6.  a  time  prior  to  the  commencement  of 
scallop  gonad  monitoring  and  the  second  larval  batch  originated 
from  a  spawning  on  June  25  corresponding  with  the  spawning 
recorded  using  GI  between  June  26  to  July  2.  Above  200  jjim  both 
larval  batches  exhibited  deviations  from  the  straight  line  best-fit 
attributed  to  the  settlement  of  larger  larvae  from  the  plankton  at  the 
same  time  as  remaining  planktonic  larvae  continued  to  grow. 


Larval  shell  length  data  from  the  more  abundant  second  batch 
of  larvae  (Table  2)  were  analyzed  in  terms  of  the  percentage  of 
larvae  greater  than  or  equal  to  170  p.m.  180  |a.ni.  190  (jim.  200  |j.m. 
210  )j.m  and  220  ^xm  on  each  sampling  occasion  between  July  7 
and  27  (Fig.  7).  The  objective  of  this  analysis  was  the  development 
of  a  predictive  model  similar  to  that  used  in  Japan  in  which  a 
critical  size  and  a  percentage  greater  than  or  equal  to  that  size  are 
used  to  identify  the  date  of  the  peak  spat  collection. 

I9SI  Indicator  Collectors 

Data  from  indicator  collectors  in  Bally  Hork  Bay  demonstrated 
that  scallop  spat  settlement  during  May  and  June  was  negligible. 
Heavy  settlement  intensity  occurred  on  the  two  sets  of  indicator 
collectors  used  during  the  period  June  30  to  July  20.  with  a  mean 
settlement  intensity  of  688  and  849  spat  per  indicator  collector 
respectively  (Fig.  5C).  Settlement  intensity  varied  with  distance 
from  the  water  surface  in  this  23-m  deep  site  with  the  indicator 
collectors  situated  10  m  below  the  water  surface  exhibiting  the 
highest  settlement  intensity. 

/9.S7  Spat  Collectors 

Spat  collection  in  Bally  Hork  Bay  peaked  from  July  8-14. 
slightly  earlier  than  in  1980  (Table  3.  Fig.  5D).  Collector  bags 
immersed  during  this  period  yielded  over  3,000  spat  per  collector. 
Spatfall  corresponded  with  the  spawning  period  identified  by  GI 
from  June  26  to  July  2  and  the  spawning  date  on  June  25  estimated 
by  extrapolation  of  the  larval  trendline  from  the  second  larval 
batch  monitored  over  the  period  July  7-30.  Peak  scallop  spat  col- 
lection at  the  Bally  Hork  Bay  site  in  1981  occurred  4  m  beneath  the 
water  surface  (Fig.  8). 

Snmmary  of  the  I9S0  and  1981  Experimental  Programs 

The  1980  experiniental  program  demonstrated  that  a  spawning 
from  June  23  to  July  1  resulted  in  larvae  that  were  first  iden- 
tified on  July  7  at  a  mean  shell  length  of  approximately  150  ixm. 
Larval  growth  rate  was  4.54  ijim.day^'.  Spat  collection  intensity 
peaked  from  July  1 1-16.  a  time  at  which  the  mean  shell  length  of 
larvae  was  between  174  |xm  to  194.5  ixm.  Increased  spat  collection 
intensity  occurred  in  Bally  Hork  Bay,  a  site  in  which  the  highest 
larval  concentration  was  recorded,  compared  with  the  north  of 
Croaghan  Island  site.  In  both  sites  increased  spat  collection  oc- 
curred with  increased  distance  from  the  seabed. 

The  1 98 1  experimental  program  reported  two  spawnings  from 
June  10  to  20  and  June  26  to  July  2  resulting  in  larvae  from  each 


TABLE  3. 

The  number  of  king  scallop  spat  from  collector  bags  installed  between  2-10  ni  belo«  the  «ater  surface  at  the  site  in  Bally  Hork  Bay 
between  July  3-27.  1981.  (N/A  =  Collector  bags  missing  at  the  time  of  retrieval.) 


Number  of  Scallop  Spat  per  Collector  Bag 

Water  Surface  (m) 

Jul  3 

Jul  8 

Jul  10 

Jul  13 

Jul  15 

Jul  18 

Jul  20 

Jul  27 

from  Each  Depth 

T 

3060 

4060 

3260 

3865 

N/A 

N/A 

1355 

620 

16220 

4 

3010 

3640 

3320 

5070 
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2020 

790 

17850 

6 

2905 

3530 

3320 

3900 

2670 
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18985 
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1970 
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I6I75 
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2430 

2135 
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1555 
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14215 
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Figure  8.  Variation  in  kin;;  scallop  spat  collection  with  depth  from  the 
water  surface  at  the  Bally  Hork  Bay  site  during  1981.  (Data  from  the 
July  IS  and  18  excluded  because  of  missing  collectors). 

that  were  first  identified  on  June  20  and  July  7  respectively  at  a 
mean  shell  length  of  approximately  150  \x.m.  Larval  growth  rate  for 
the  two  larval  batches  were  4.36  fxm.day"'  and  5.68  jjim.day"'. 
Spat  collection  intensity  in  Bally  Hork  Bay  peaked  froiTi  July  8  to 
14,  a  time  at  which  the  mean  shell  length  of  larvae  was  between 
156  ixm  to  194.5  p.m.  Scallop  spat  collection  peaked  4  m  beneath 
the  water  surface. 

Both  experimental  programs  demonstrated  that  peak  spat  col- 
lection could  be  predicted  using  a  combination  of  gonad  monitor- 
ing and  larval  development.  Gonad  monitoring  demonstrated  that 
a  spawning  had  occurred,  though  this  did  not  necessarily  infer  that 
significant  numbers  of  larvae  has  been  produced  or  that  spat  col- 
lection would  occur.  Larval  development  was  more  useful  as  a 
means  of  spatfall  prediction,  because  it  focused  on  the  develop- 
mental stage  immediately  prior  to  settlement.  Based  on  the  data 
from  the  two  years  of  experimental  investigation  a  hypothesis  was 
proposed  that  the  date  of  peak  spat  collection  occuiTed  when  the 
mean  shell  length  of  larvae  was  180  p.m  (Fig.  5B)  and  50%  of  the 
larval  cohort  exceeded  180  (xm  (Fig.  7).  Using  these  two  models 
the  dates  for  peak  spat  collection  in  1981  would  have  been  pre- 
dicted as  the  July  1 1-12  by  the  mean  shell  length  model  and  July 
11-12  by  the  percentage  greater  than  l80-(xm  model.  The  instal- 
lation of  collector  bags  on  these  dates  would  have  resulted  in 
excellent  yields  of  scallop  spat  in  1981. 

Commercial  application  of  the  technique  in  21)02 

Since  its  development  in  the  early  80s  these  techniques  for 
prediction  of  the  date  of  the  scallop  spatfall  have  been  used  com- 
mercially in  the  North  Water  of  Mulroy  Bay.  Data  from  the  2002 
commercial  collection  of  spat  have  been  provided  for  illustrative 
purposes.  Monitoring  of  GI  and  RGH  of  scallops  indicated  that  a 
partial  spawning  occurred  from  July  4  to  July  1 1,  2002  with  Gl 
decreasing  from  15.6%  to  14.0%  (Fig.  9A). 

Low  numbers  of  larvae  of  the  scallop.  Paten  iiia.ximiis.  were 
recorded  on  June  24.  the  first  day  of  sampling  at  a  mean  shell 
length  of  133.6  p.m  (Table  4).  The  growth  rate  of  these  larvae  was 
approximately  4.19  ixm.day"'  (Fig.  9B).  Extrapolation  of  the  lar- 
val growth  trendline  suggested  that  this  larval  batch  originated 
from  a  spawning  on  June  13,  a  time  prior  to  the  commencement  of 
gonad  monitoring.  Size  distribution  analysis  of  larvae  collected  on 
July  9  showed  the  presence  of  an  abundant  larval  batch  of  shell 
length  120  p.m  to  140  p,m  and  the  presence  of  at  least  one  less 
abundant  cohort  corresponding  to  an  earlier  spawning(s).  Micro- 
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Figure  9.  Gonad  monitoring  (A)  and  larval  growth  rale  at  Lurga- 
cloghan  in  the  North  Water  of  Mulroy  Bay  (B)  during  20(12. 

analysis  of  the  size  distribution  data  of  samples  from  July  15  to 
July  22  could  be  used  to  suggest  that  these  scallop  larvae  repre- 
sented one,  two.  three  or  even  four  larval  cohorts  with  overlapping 
size  distributions.  However,  because  each  larval  size  distribution 
in  this  period  represented  from  28-100  larval  measurements,  a 
number  considered  too  low  for  microanalysis  of  data,  this  was  not 
performed  in  this  study  (Fig.  10).  Instead  larvae  from  July  9 
and  July  12,  samples  have  been  considered  as  comprising  two 
larval  batches  and  larvae  from  July    15  onwards  as  one  larval 

TABLE  4. 

.Abundance  and  mean  shell  length  data  of  two  batches  of  scallop 
larvae  P.  nia.\imn>^  in  the  North  Water  of  Mulroy  Bay  during  20(12. 


Larval  Batch  1 

Larval  Batch  2 

Ref.  Day 

from 

Mean  Shell 

Mean  Shell 

Date 

Jun  01 

n 

Length  (pm) 

n 

Length  (fim) 

24.06.02 

24 

24 

133.6 

— 

— 

01.07.02 

31 

7 

158.3 

— 

— 

09.07.02 

39 

5 

196.2 

95 

1 3 1 .9 

12.07.02 

42 

5 

196.4 

95 

143.5 

15.07.02 

45 

— 

— 

28 

153.8 

17.07.02 

47 

— 

— 

100 

167.4 

18.07.02 

48 

— 

— 

84 

175.4 

19.07.02 

49 

— 

— 

63 

183.1 

22.07.02 

52 

— 

— 

100 

191.9 

24.07.02 

54 

— 

— 

66 

206.5 

26.07.02 

56 

— 

— 

40 

202.6 

01.08.02 

62 

— 

— 

13 

223.8 

06.08.02 

67 

— 

— 

9 

214.9 

09.08.02 

70 

— 

— 

13 

215.5 

13.08.02 

74 

— 

— 

7 

219.6 
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1Sth  July  2002 
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22nd  July  2002 
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24th  July  2002 
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Figure  10.  Size  distribution  anal>si.s  of  P.  iimximus  larval  shell  length  between  July  9  and  August  1,  2002. 
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50  60 

Reference  Day  from  01-Jun 

Figure  11.  The  percentage  of  P.  iiiaxiiiiiis  larvae  >18()  fim  from  the 
second  larval  hatch  during  20(12. 

batch.  The  growth  rate  of  larvae  in  the  second,  more  abundant, 
larval  batch  was  approximately  -'i.04  (j[.m.day"'  (Fig.  9B).  Extrapo- 
lation of  the  larval  growth  trendline  suggested  that  the  second 
larval  batch  originated  from  a  spawning  on  June  30,  somewhat 
earlier  than  the  July  4-1 1  spawning  period  identified  using  GI 
monitoring.  Growth  rate  of  the  second  larval  batch,  as  in  1980  and 
1 98 1 .  decrea.sed  above  200  jxm  and  was  attributed  to  the  settlement 
of  larger  larvae  at  the  same  time  as  the  remaining  planktonic 
larvae  continued  to  grow.  Using  the  prediction  model  developed  in 
1981.  date  of  peak  spat  collection  in  2002  was  forecast  as  July  19, 
using  both  the  mean  shell  length  model  (Fig.  9B)  and  the  50Vc 
greater  than  180  |xni  model  (Fig.  1 1). 

Commercial  scallop  spat  collection  yields  in  excess  of  .^,000 
per  collector  bag  were  obtained  from  collector  bags  installed  on 
July  19.  2002  and  sorted  in  October  2002. 

DISCUSSION 

Deterinination  of  the  spawning  time  of  the  scallop.  P.  luaximus 
and  thus  the  time  at  which  larvae  should  be  present  in  the  water 
can  be  elucidated  using  either  GI  or  RGH  calculated  from  pooled 
tissue  weights  and  mean  shell  size.  The  benefit  of  using  more  than 
one  measure  of  reproductive  condition  was  evident  from  the  re- 
sults of  the  second  spawning  in  1980;  the  small  difference  in  GI 
results  being  more  clearly  evident  in  the  RGH  results,  which  ac- 
counted for  the  increased  shell  length  between  the  samples.  Al- 
though individual  tissue  weights  and  shell  sizes  would  have  pro- 
vided a  measure  of  the  dispersion  in  reproductive  condition  within 
the  sample,  analytical  equipment  required  for  individual  measure- 
ment was  not  available  in  1980  and  I9SI.  Frequent  gonad  moni- 
toring at  regular  weekly  intervals  was  used  to  ensure  the  provision 
of  meaningful  data.  Partial  spawnings  during  the  summer,  which 
can  be  all  important  in  terms  of  scallop  spat  production,  may  be  of 
short  duration  and  be  followed  by  rapid  rematuration  to  prespawn- 
ing  levels  (Slater  200.'ia|.  Sampling  intervals  greater  than  weekly 
could  fail  to  record  such  partial  spawnings.  Even  with  a  weekly 
sampling  interval,  gonad  monitoring  alone  is  not  suitable  as  a  tool 
for  spatfall  prediction.  For  example,  in  1980  three  spawnings  were 
recorded  over  the  duration  of  the  sampling  program,  however  sig- 
nificant numbers  of  scallop  larvae  were  only  recorded  from  the 
larger  of  the  two  partial  spawnings  occurring  between  late  June  to 
early  July.  These  results  demonstrate  one  inherent  weakness  of 
using  gonad  monitoring  alone,  namely  that  based  on  gonad  results 


it  would  be  reasonable  to  assume  that  three  spawnings  should  have 
resulted  in  three  larval  batches  and  hence  three  spatfalls,  with  the 
larger  more  complete  spawning  in  late  August  possiblv  providing 
the  largest  spat  collection. 

Scallop  larval  growth  rates  under  natural  conditions  of  4.54 
jjLm.day"'  in  1980,  4.36  p,m.day"'  and  5.68  |j.m.day"'  for  the  two 
batches  in  1981,  and  4.19  ixm.day"'  and  5.04  [jim.day  '  in  2002 
were  comparable  with  figures  reported  from  hatcheries  (Comely 
1972.  Gniffydd  &  Beaumont  1972.  Le  Pennec  1974.  1978).  Back 
extrapolation  of  the  larval  growth  rate  trendline  can  be  used  to 
estimate  the  spawning  date.  Comparison  of  spawning  dates  pro- 
vided by  gonad  monitoring  with  those  provided  by  back  extrapo- 
lation of  the  larval  growth  rate  revealed  a  second  weakness  of  the 
former,  namely  that  GI/RGH  identified  a  "spawning  period" 
within  which  spawning  was  assumed  to  have  occurred,  whereas 
back  extrapolation  of  the  larval  growth  rate  provided  a  "spawning 
date."  The  occuirence  of  a  "spawning  date"  prior  to  the  com- 
mencement of  the  "spawning  period"  (Table  5)  may  occur  as  an 
artifact  of  the  sampling  frequency  used  in  gonad  monitoring, 
spawning  having  already  commenced  before  the  high  GI  result  at 
the  commencement  of  the  "spawning  period"  but  not  having  been 
recorded  because  of  the  sampling  frequency. 

In  summary,  gonad  inonitoring  can  at  best  be  used  to  provide 
an  indication  of  the  time  period  when  larvae  may  be  present, 
whereas  larval  monitoring  can  be  used  to  provide  confirmation  that 
spawning  has  occuired  and  that  scallop  larvae  have  been  produced 
and  are  developing  normally. 

To  obtain  an  indication  of  the  spatial  distribution  of  scallop 
larvae,  numbers  of  scallop  larvae  in  a  single  vertical  haul  from 
15  m  to  the  water  surface  at  eight  sites  in  the  North  Water  were 
determined.  Other  studies  have  reported  that  for  quantitative  work, 
plankton  samples  collected  with  a  pump  rather  than  plankton  net 
provide  a  better  estimate  of  abundance,  however  such  equipment 
was  not  available  for  this  study.  Although  significant  variation  in 
larval  numbers  between  hauls  have  been  reported  in  the  literature, 
a  single  haul  in  the  late  evening  was  used  in  this  investigation  to 
allow  rapid  examination  of  all  samples  and  the  installation  of 
collectors  the  following  day  in  the  site  showing  highest  larval 
abundance.  Quantitative  analysis  of  the  numbers  of  scallop  larvae 
in  a  single  vertical  haul  in  eight  sites  demonstrated  similar  distri- 
bution patterns  in  the  North  Water  on  two  dates  in  July  1980  (Fig. 
3).  The  higher  spat  collection  intensity  in  Bally  Hoik  Bay  com- 

TABLE  5. 

Summary  of  scallop  spavining  "dates"  using  larval  growth 

extrapolation  and  spawning  "periods"  using  gonad  index  in  1980. 

l^Sl  and  2002. 


Spawning  "Date" 

from  Larval  CJrowth 

Extrapolation 


Spawning  "Period" 
from  Gonad  Index 


1980  larvae 

June  22 

June  2.VJulv  1 

1981  larvae 

(batch  1) 

June  6 

Before  sampling  commenced 

1981  larvae 

(batch  2) 

June  2.S 

June  26-Julv  2 

2002  Uirvae 

(batch  1) 

June  1.^ 

Before  sampling  commenced 

2002  larvae 

(batch  2) 

June  30 

July  4-Jul\   1  1 

Prediction  of  the  Scallop  Spatfall 
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pared  with  north  of  Croaghan  Island,  the  fonner  site  having  the 
highest  larval  abundance  on  both  ol  the  qnantitati\e  sampling 
dates,  suggested  that  quantitative  larval  assessment  using  a  single 
vertical  haul  with  a  plankton  net  could  be  used  to  provide  an 
indication  of  larval  distribution  in  this  sheltered  location  and  se- 
lection of  more  productive  areas  for  scallop  spat  collection.  A 
similar  study  into  the  distribution  of  larvae  of  Patinopecten  yes- 
soeiisis  in  Mutsu  Bay.  Japan  reported  that  after  initial  widespread 
distribution  in  all  regions,  larvae  accumulated  in  the  eastern  part  of 
the  Bay  where  spat  settlement  was  highest  (Ito  et  al.  1975). 
Changes  in  larval  spatial  distribution  as  larvae  increased  in  si/e 
were  attributed  to  regional  water  cun'ents  (Venlilla  19S0). 

The  series  of  indicator  collectors  immersed  for  lO-day  periods 
throughout  the  June  to  August  period  in  1980  exhibited  three  peaks 
in  settlement,  a  small  peak  occurring  in  early  June,  the  main  settle- 
ment peak  occuning  in  mid  July  and  a  small  peak  occuiring  in  late 
August.  In  19S1.  the  main  settlement  peak  again  occuned  in  mid 
July,  however  the  early  June  peak  appeared  to  have  moved  to  late 
June  and  the  late  August  peak  was  of  a  smaller  size.  Experimental 
results  for  these  two  years  demonstrated  the  dominant  mid  July 
peak  settlement  compared  with  other  peaks  in  settlement  activity. 
The  importance  of  installing  collectors  al  the  time  of  maximum 
settlement  is  clearly  exhibited  in  the  1980  results  with  a  9-fold 
increase  at  peak  settlement  time  compared  with  the  previous  10- 
day  period  and  a  4-fold  increase  compared  with  the  10-day  period 
after  peak  settlement.  Similar  5-fold  changes  in  spat  settlement 
intensity  within  a  10-day  period  of  the  peak  settlement  have  been 
reported  with  Japanese  scallop.  P.  yessoensis  in  Mutsu  Bay 
(Kanno  1970,  Ito  1977).  Such  wide  variation  in  spat  settlement 
intensity  over  a  short  time  period  either  side  of  the  peak  settlement 
raises  doubts  about  the  validity  of  results  of  much  of  the  published 
work  undertaken  with  natural  spat  collection  where  the  poor  settle- 
ments reported  in  some  years  could  be  attributed  to  the  installation 
of  collectors  in  the  wrong  time  period  (Mason  1969.  Minchin 
1981,  1983,  Brand  et  al.  1980.  Cashmore  et  al.  1998.  McDonough 
1998,  Maguire  &  Buniell  1999). 

Indicator  collectors  have  no  role  in  prediction  of  the  time  of  the 
scallop  spatfall  because  their  results  are  only  available  postsettle- 
nient.  Nevertheless,  as  a  tool  for  optimizing  site  selection,  for 
investigating  peak  settlement  depths  or  providing  an  early  indica- 
tion of  settlement  intensity  as  a  means  of  estimating  equipment 
requirements  for  intermediate  culture  they  can  be  of  significant 
value. 

Spat  collection  results  from  collector  bags  in  1980  and  1981 
reflected  the  pattern  of  results  obtained  with  indicator  collectors.  A 
sharper  peak  in  spat  collection  intensity  occurred  in  1980  com- 
pared with  1981  and  is  attributed  to  movement  of  the  early  June 
settlement  peak  to  late  June  during  the  1981  season.  The  1980  and 
1981  results  from  Bally  Hork  Bay  and  the  commercial  result  from 
2002  demonstrated  that  the  North  Water  of  Mulroy  Bay  in  County 
Donegal  has  significant  development  potential  as  a  scallop  spat 
collection  center  and  is  capable  of  exceeding  the  1 ,000  spat  per 
collector  bag  level  identified  in  Japan  as  the  standard  for  good  and 
poor  collection  years  (Taguchi  &  Walford  1976). 

The  experimental  results  obtained  in  1980  and  1981  provided 
the  foundation  for  a  scallop  spatfall  prediction  technique  for  use  in 
Mulroy  Bay.  Since  its  development,  the  technique  has  been  ap- 
plied commercially  resulting  in  the  provision  of  millions  of  scallop 
spat  for  ongrowing  trials  by  the  Hedgling  scallop  culture  industry 
in  Ireland.  The  prediction  technique  involved  the  installation  of 
spat  collectors  when  the  mean  shell  length  of  scallop  larvae  was 


180  (xm  and  50%  of  the  larval  batch  exceeded  this  size.  By  com- 
parison, in  Mutsu  Bay  with  the  Japanese  scallop,  P.  yessoensis.  the 
time  recommended  for  the  installation  of  collectors  to  corre 
spond  with  peak  collection  is  when  5095^  of  umbonate  larvae  ex- 
ceed 200  |xm  in  size  (Ventilla  1980).  In  previous  studies  in  Scot- 
land with  P.  mcixiniKs.  a  mean  larval  shell  length  of  200  |jLm  was 
shown  to  coiTespond  with  the  peak  spat  collection  of  this  scallop 
(Slater  1980).  These  differences  in  the  critical  size,  even  with  the 
same  species,  are  attributed  to  the  difference  in  settlement  size  of 
the  larvae,  settlement  in  Mulroy  Bay  occurring  at  approximately 
220  pim  compared  with  245-250  |j.m  in  Scotland  and  280-.'?nO  |j.m 
with  P.  yessoensis  in  Japan. 

Other  techniques  for  prediction  of  the  scallop  spatfall  in  Japan 
have  been  developed.  Yamamoto  (1964)  repoiled  an  association 
between  the  spatfall  time  and  cumulative  water  temperatures  over 
4°C.  which  allowed  prediction  of  the  scallop  spaw  nine  period  and 
thus  the  spat  settlement  period.  Ito  et  al.  (1975)  reported  a  rela- 
tionship between  the  date  of  the  scallop  spatfall  and  the  blooming 
of  cherry  blossom  trees  in  Gappo  Park.  Aomori  City.  Because  the 
Meteorological  Department  issued  the  blooming  forecast  one 
month  in  advance  for  the  different  regions  of  Japan,  spat  settlement 
dates  could  also  be  predicted.  Although  reported  in  the  literature, 
these  methods  are  capable  of  providing  only  a  general  guide  to  the 
settlement  date  (Ventilla  1980). 

Peak  collection  of  scallop  spat  in  Bally  Hork  Bay.  a  site  with  a 
water  depth  of  23  m.  occun'ed  4  m  beneath  the  water  surface  in 
1981.  By  contrast,  most  other  studies  have  reported  peak  scallop 
spat  collection  with  this  species  nearer  the  seabed  (Buestel  et  al. 
1976;  Ventilla  1977a;  1977b;  Slater  1978;  1979;  1980;  Brand 
et  al.  1980;  Thouzeau  1991)  or  in  midwater  (Bumell  et  al.  1991. 
Maguire  &  Burnell  1999).  Comparison  of  the  peak  depth  of  settle- 
ment on  indicator  collectors  and  the  peak  depth  of  collection  on 
collector  bags  did  not  provide  any  clear  explanation  for  the  dif- 
ference in  depth  profile  between  Mulroy  Bay  and  the  other  sites 
reported  in  the  literature.  One  factor  that  may  contribute  to  the 
differences  between  sites  may  be  the  calmer  less  turbulent  waters 
in  Mulroy  Bay,  resulting  in  a  reduced  loss  of  spat  nearer  the  water 
surface  by  comparison  with  the  more  open  water  sites  reported 
elsewhere  (Pearce  et  al.  1998).  Recently  the  intensity  of  water 
column  stratification,  which  might  be  more  intense  in  calmer  wa- 
ters, was  shown  to  influence  the  depth  distribution  of  scallop  larval 
settlement  (Pearce  et  al.  2004). 

On  a  note  of  caution  regarding  the  commercial  application  of 
data  of  this  nature,  difficulties  in  the  management  of  this  unique 
scallop  resource  resulted  when  some  of  the  results  from  the  1980 
and  1981  investigations  were  made  available.  For  example,  local 
awareness  of  the  fact  that  scallop  larval  concentrations  were  high- 
est in  Bally  Hork  Bay  resulted  in  an  over-focus  on  this  area,  with 
every  scallop  fanning  entrepreneur  demanding  access  to  this  site. 
This  resulted  in  the  installation  of  longlines  and  collector  bags 
across  each  other,  threatening  behavior  between  potential  farmers, 
malicious  damage  to  equipment  and  unfortunately  compensation 
claims  for  damages  through  the  courts.  Good  publicity  directed  at 
the  potential  of  scallop  farming  combined  with  adverse  media 
coverage  focused  on  the  court  actions  attracted  the  attention  of 
commercial  divers  and  resulted  in  the  illegal  removal  of  much  of 
the  scallop  broodstock.  despite  the  fact  that  diver  removal  of  shell- 
fish is  prohibited  in  Ireland.  The  diminished  broodstock  population 
resulting  from  diver  removal  coupled  with  the  effects  of  poor 
recruitment  caused  by  the  use  of  TBT  antifoulants  on  salmon  cage 
nets  durina  the  mid  198()s  (Minchin  et  al.  1987)  resulted  in  reduced 
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numbers  of  scallop  larvae  and  necessitated  the  collection  of  three 
vertical  plankton  hauls  to  ensure  sufficient  larval  numbers  in 
plankton  samples  for  application  of  the  prediction  technique.  De- 
spite these  difficulties  the  spatfall  prediction  techniques  developed 
have  been  demonstrated  over  the  last  20  years  to  be  an  effective 
technique  for  prediction  of  the  date  of  peak  scallop  spat  collection. 
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ABSTRACT  Heterosi.s  between  two  stock.s  (A  and  B)  of  the  bay  icaWop  Argopeclen  irmdkms  imulicms  (Lamarck.  1819)  was  studied 
by  aimparing  performance  in  hatching  success,  larval  survival,  larval,  spat  and  adult  growth  of  reciprocal  hybrid  crosses  ( AB  and  B  A ) 
and  that  of  two  parental  groups  (AA  and  BB).  Stock  A  is  derived  from  the  initial  1482  introduction  from  Connecticut.  USA  and 
e,\pected  to  be  highly  inbred  because  of  the  small  founder  population  (26  individuals)  and  the  long  breeding  history  (20  +  generations). 
Stock  B  is  the  fourth  generation  from  a  IW9  introduction  from  Virginia  and  Massachusetts.  USA.  which  is  expected  to  have  higher 
heterozygosity  caused  by  a  larger  founder  population  (2()U  wild  and  206  first  generation  cultured  individuals)  and  a  short  breeding 
history.  Both  hybrid  crosses  demonstrated  positive  heterosis  for  all  traits  studied,  although  the  magnitude  of  heterosis  varied  among 
traits  and  life  history  stages.  Midparent  heterosis  was  1.9%  for  hatching  success,  10.8%  and  3.0%  for  larval  survival  and  growth  and 
8.4%  and  10.9%  for  juvenile  and  adult  growth.  Single-parent  heterosis  also  varied  among  traits.  For  fitness  related  traits  such  as 
hatching  success  and  larval  survival,  single-parent  heterosis  was  positive  for  both  parental  stocks.  Single-parent  heterosis  for  growth, 
a  morphological  trait,  was  positive  in  stock  A  and  negative  in  stock  B. 

A'£)'  WORDS:     heterosis,  scallop.  Ar^iopeclcn  inadums  hradiuns.  stocks,  pair-crosses 


INTRODUCTION 

Observations  of  heterosis  or  hybrid  vigor  (Shull  1914)  are  cen- 
turies old.  Shull  (1952)  defined  the  term  heterosis  as  '•the  inter- 
pretation of  increased  vigor,  size,  fruitfulness,  speed  of  develop- 
ment, resistance  to  disease  and  to  insect  pests,  or  to  climatic  rigors 
of  any  kind,  manifested  by  crossbred  organisms  as  compared  with 
corresponding  inbreds.  as  the  specific  results  of  unlikeness  in  the 
constitutions  of  the  uniting  parental  gametes."  This  definition, 
however,  is  often  interpreted  as  not  implying  a  genetic  basis  for 
heterosis,  because  the  definition  basically  describes  the  phenotype 
that  results  from  crossing  two  different  inbred  lines  (Lamkey  & 
Edwards  19981.  Therefoie.  the  definition  of  heterosis  or  hybrid 
vigor  as  the  difference  between  the  Fl"s  and  the  mean  of  the  two 
parents  (Falconer  1981)  is  commonly  used  in  the  literature,  and 
this  heterosis  is  often  called  midparent  heterosis. 

Despite  its  tremendous  success  in  plant  and  animal  breeding, 
the  genetic  basis  of  heterosis  lemains  uncertain  (Griffing  1990, 
Luo  et  al.  2001 ).  Three  hypotheses  of  nonadditive  gene  action  may 
explain  heterosis:  overdominance  (Shull  1908.  East  1936).  domi- 
nance (Bruce  1910)  and  epistasis  (Stuber  et  al.  197.3.  Wright 
1977).  In  contrast  with  overdominance.  neither  dominance  nor 
epistasis  requires  heterozygote  superiority  at  any  locus  (Hedge- 
cock  et  al.  1996).  In  spite  of  the  tremendous  success  of  utilizing 
heterosis  in  crop  improvement  (Crow  1998),  its  exploitation  in 
marine  bivalves  has  been  limited  and  more  recent.  Heterosis  in 
bivalves  was  first  suggested  by  Singh  and  Zouros  ( 1978)  based  on 
a  positive  correlation  between  allozyme  heterozygosity  and  fit- 
ness-related traits  in  individuals  from  natural  populations.  Mallet 
and  Haley  (1983)  first  demonstrated  the  presence  of  heterosis  in 
marine  bivalves  using  experimental  crosses  between  different 
populations  of  the  American  oyster  Crassostrea  virgiiiica.  Hedge- 
cock  et  al.  (1995)  measured  heterosis  for  quantitative  traits  using 
crosses  among  inbred  lines  of  Pacific  oyster  Crus.soslrea  gigas.  In 
recent  year,  quantitative  studies  of  heterosis  using  experimental 
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crosses  have  been  conducted  in  several  marine  bivalves  (Hedge- 
cock  et  al.  1996,  Cruz  &.  Ibarra  1997,  Cruz  et  al.  1998,  Beaumont 
et  al.  2004). 

The  bay  scallop  Argopecien  irradians.  a  marine  bivalve  of 
considerable  economic  importance,  is  a  functional  hermaphrodite 
that  simultaneously  spawns  eggs  and  sperm  for  external  fertiliza- 
tion. Like  other  functional  hermaphrodites,  self-fertilization  is 
common  and  can  result  in  rapid  inbreeding  (Stiles  &  Choromanski 
1995.  Zhang  et  al.  2003).  In  1982.  the  northern  subspecies.  .4.  /. 
irradians.  was  first  introduced  into  China  successfully  from  the 
United  States  and  developed  into  one  of  the  most  important  mari- 
culture  industries  in  China  (Zhang  et  al.  1986).  By  early  1990.  the 
annual  production  of  bay  scallops  in  China  had  reached  about 
200.000  tons  (Guo  et  al.  1999).  For  many  years,  however,  bay 
scallop  production  in  China  was  from  the  26  founders  introduced 
in  1982  and  as  a  result,  a  greater  proportion  of  mtDNA  variation 
was  lost  in  the  intervening  generations  of  hatchery  breeding  (Blake 
et  al.  1997).  Additional  scallops  (406  including  200  of  wild  and 
206  from  the  first  generation  of  a  captivity  population)  were 
brought  from  the  United  States  to  China  in  December  1998  and 
February  1999  (Gu  Z..  personal  communication),  which  currently 
are  the  main  culture  stock  in  China. 

In  China,  bay  scallop  aquaculture  has  matured  to  include  a 
series  of  well-defined  phases  such  as  broodstock  conditioning, 
larval  culture,  nursery  and  grow-out.  Broodstock  conditioning  and 
larval  culture  are  conducted  in  hatcheries  under  strict  control. 
Nursery  and  growth  use  bags  and  lantern  nets  respectively,  and 
adults  are  harvested  before  sexual  maturation.  Although  the  scal- 
lops deriving  from  different  stocks  are  often  cultured  in  the  same 
sea  area,  no  mixing  of  the  stocks  has  occurred.  Also,  natural  popu- 
lations of  bay  scallop  have  been  not  found  in  China  (personal 
observation).  Therefore,  gene  flow  between  different  stocks  is  be- 
lieved to  be  limited.  The  two  stocks  of  bay  scallop  in  China  may 
represent  different  genetic  stocks.  When  genetic  improvement  pro- 
grams are  planned,  the  design  should  be  based  not  only  on  the 
distinction  of  available  stocks,  but  also  on  the  genetic  character- 
istics of  important  production  traits  at  different  life  stages  during 


807 


808 


Zheng  et  al. 


hatchery  and  field  grow-out  phases  (Cruz  &  Ibarra  1997).  In 
China,  the  bay  scallop  has  been  exclusively  produced  in  hatcheries 
for  more  than  two  decades,  and  hatchery  production  of  seed  pro- 
vides an  opportunity  for  genetic  improvement. 

To  determine  if  heterosis  exists  and  can  be  used  for  genetic 
improvement  in  the  bay  scallop,  four  groups  including  two  recip- 
rocal hybrid  crosses  and  their  parental  controls  were  produced  by 
pair-mating  between  two  .stocks  and  mass-spawning  within  each 
stock.  The  four  groups  were  reared  under  the  same  conditions  to 
minimize  effects  of  environmental  factors.  Heterosis  was  esti- 
mated and  compared  for  several  traits  at  different  life  stages,  in- 
cluding hatching  success  of  fertilized-eggs,  larval  survival,  and 
growth  at  larvae,  spat  and  adult  stages. 

MATERIAL  AND  METHODS 

Parental  Stocks  and  Conditioning 

The  two  parental  stocks  of  bay  scallops  used  in  this  study, 
named  "A"  and  "B".  were  the  same  age  and  had  been  cultured 
under  the  same  environmental  conditions  in  the  Laizhou  Bay  of 
Bohai  Sea,  but  they  differed  in  their  origin  and  breeding  history. 
Stock  A  is  derived  from  the  first  introduction  from  Connecticut. 
USA  in  1982  and  has  been  successively  cultured  in  China  for  more 
than  20  generations.  Stock  B  is  the  forth  generation  from  a  recent 
introduction  from  Virginia  and  Massachusetts  USA  in  1999.  The 
two  parental  stocks  used  in  the  present  study  were  produced  as  the 
control  lines  (nonselected)  for  a  selection  experiment  in  2002 
(Zheng  et  al.  2004a).  In  March  2003,  shell  lengths  of  a  random 
sample  of  200  individuals  from  each  stock  were  measured  with  a 
vernier  caliper  (accuracy,  0.02  mm),  and  300  individuals  of  the 
two  stocks  were  conditioned  using  the  method  described  by  Zheng 
et  al.  (2004a).  In  short,  scallops  of  two  stocks  were  placed  sepa- 
rately in  lantern  nets  (8  layers/net  and  20  scallops/layer)  and  con- 
ditioned in  a  50  m*  concrete  tank.  Each  scallop  was  fed  with  4  x 
10"  cells  of  Nitzschiti  closteriiim  daily.  Water  temperature  was 
raised  from  7-8°C  to  16"C.  and  kept  at  16°C  for  a  week.  Next. 
temperature  was  gradually  raised  from  I6°C  to  18°C.  and  kept  at 
18"C  thereafter.  Salinity  ranged  from  30-31  ppt.  Water  was 
changed  and  feces  removed  by  siphoning  from  the  bottom  of  the 
tank  daily.  After  approximately  one  week  at  I8°C.  most  of  the 
breeders  were  ripe  or  reached  ripeness  stage  IV,  as  visually  deter- 
mined according  to  Sastry  (1963). 

Experimental  Design  and  Treatments 

On  May  4,  10  sexually  mature  scallops  with  gonadal  condition 
at  stage  IV  (Sastry  1963)  were  chosen  from  each  stock  for  spawn- 
ing. To  induce  spawning,  the  combined  method  of  by  injecting 
serotonin  into  scallop's  adductor  muscle  (Cruz  &  IbaiTa  1997)  and 
thermal  shock  by  raising  water  temperature  from  18"C  to  23"C 
was  used,  and  the  following  procedure  was  able  to  prevent  self- 
fertilization.  First,  each  scallop  was  injected  with  0.1  mL  of  0.02 
mM  serotonin  (5-hydroxytryptamine.  Sigma)  into  the  adductor 
muscle.  Next,  each  spawner  was  separately  placed  in  one  5-1  poly- 
ethylene bucket  containing  3-1  of  23°C  seawater  (filtered  to  30 
(ji,m).  After  15-20  min,  all  animals  began  to  release  sperms.  Each 
spawner  released  sperm  several  times  during  a  1-h  period.  Then, 
each  spawner  was  taken  out  and  rinsed  2-3  times  with  23'"C  sea- 
water  and  individually  placed  in  one  5-L  bucket  containing  3-L 
filtered  seawater  at  23°C.  In  general,  most  individuals  began  to 
release  eggs  after  about  20  min.  Each  spawner  released  eggs  in  2-3 


expulsions  during  approximately  30  min.  After  spawning,  eggs 
were  washed  on  a  30-|jim  screen  to  remove  sperm  if  any  and 
placed  into  one  40-L  bucket,  respectively.  Fecundity  was  esti- 
mated by  counting  the  number  of  eggs  from  each  scallop.  The 
diameter  of  20  eggs  from  each  spawner  was  measured  under  mi- 
croscope (xlOO).  Eggs  were  sampled  and  double-checked  under 
microscope  for  fertilization  caused  by  sperm  contamination,  and 
eggs  were  discarded  if  they  were  contaminated. 

Eggs  of  each  female  were  divided  in  two  parts,  one  was  pair- 
crossed  to  a  male  from  the  other  stock,  and  the  other  part  was 
pooled  first  within  one  stock  and  then  mass-crossed  with  mixed 
sperm  from  the  same  stock.  Therefore,  four  distinct  groups  were 
made  and  used  in  the  study,  including  two  reciprocal  hybrid 
crosses  AB  (A  9  x  Bc5 )  and  BA  (B '?  x  Ad  )  produced  by  pair- 
crossing  between  two  stocks  and  two  parental  groups  AA  (A9  x 
AS)  and  BB  (B2  x  B6)  produced  by  mass-crossing  within  each 
stock.  Fertilized  eggs  were  placed  in  polyethylene  buckets  for 
incubation.  Twenty  reciprocal-crosses  were  placed  respectively  in 
twenty  40-L  buckets,  and  each  parental  group  was  separated  into 
three  replicates,  and  then  each  replicate  was  placed  in  one  80-L 
bucket.  Water  temperature  and  salinity  during  incubation  were 
23°C  and  30  ppt.  respectively. 

Thirty  hours  after  fertilization.  D-stage  larvae  hatched,  and 
hatching  success  of  fertilized-egg  was  estimated  by  counting  the 
number  of  normal  D-stage  larvae  per  replicate.  Afterward,  the 
larvae  from  the  same  reciprocal  cross  group  were  collected  from 
each  bucket  using  a  30-|jim  sieve,  placed  mixed  in  one  80-L  poly- 
ethylene bucket  with  seawater  and  divided  into  three  parts  equally, 
conforming  3  replicates  as  with  the  parental  stocks.  Initial  stocking 
density  was  10  larvae  mL~'  for  all  groups. 

To  minimize  environmental  effects,  all  four  groups  were  reared 
under  the  same  condition  during  larval  culture,  spat  nursery  and 
adult  grow-out  according  to  methods  described  by  Zheng  et  al. 
(2004a).  No  culling  of  small  individuals  was  conducted  at  any 
stage,  therefore  reducing  potential  effects  of  altering  the  evaluated 
traits. 

Trait  Assays 

Four  traits  were  measured;  ( 1 )  parental  fecundity,  measured  as 
the  average  number  of  eggs  spawned  by  each  spawner:  (2)  hatch- 
ing success,  measured  as  the  ratio  of  the  number  of  normal  D-stage 
larvae  to  the  number  of  fertilized  eggs;  (3)  larval  survival,  as  the 
ratio  of  the  numbers  of  viable  larvae  at  culture  days  4,  7,  and  10  to 
the  numbers  of  larvae  on  day  1 ;  and  (4)  growth,  measured  as  shell 
length  at  larval,  spat,  and  adult  life  stages. 

The  numbers  of  eggs,  normal  larvae  at  day  I ,  and  larvae  at  days 
4,  7  and  10  were  estimated  as  the  average  of  three  samples  of  I  mL 
each  using  a  dissecting  microscope  (x20),  extrapolating  numbers 
then  to  total  volume.  Shell  length  (the  longest  anterior-posterior 
distance)  of  30  randoinly  taken  individuals  per  replicate  was  mea- 
sured using  different  methods,  depending  on  the  life  stage.  Larvae 
were  killed  with  47f  formaldehyde,  and  measured  on  days  1,4,7 
and  10  after  using  a  microscope  (xlOO)  equipped  with  an  ocular 
micrometer.  Spats  were  measured  alive  on  days  20,  30,  40  and  50 
using  a  dissecting  microscope  (x20-40)  equipped  with  an  ocular 
micrometer.  Adults  were  also  measured  alive  at  days  70,  100,  130 
and  160  using  a  Vernier  caliper  (accuracy;  0.02  mm). 

Estimate  of  Heterosis 

Because  .scallops  in  commercial  hatcheries  have  been  consis- 
tently produced  by  the  method  of  mass  spawning,  the  two  mass- 
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crossed  groups  (AA  and  BBl  can  be  considered  as  a  representative 
sample  of  the  two  populations  to  estimate  heterosis  in  this  study. 
In  this  study,  midparent  heterosis  (W^p)  is  defined  as  the  dif- 
ference between  the  mean  of  the  reciprocal  hybrid  crosses  and  the 
mean  of  the  two  parents  (Falconer  19S1)  and  calculated  by  the 
following  equation: 


FC-P 


Hmp%=-    p 


X  100 


where,  FC  =  average  phenotypic  value  of  the  reciprocal  crosses, 
P  =  average  phenotypic  value  of  two  parental  populations. 

Additionally,  single-parent  heterosis  (genetic  gain  or  improve- 
ment) is  defined  as  the  proportional  increment  in  the  phenotypic 
values  of  single-parent  stock  caused  by  criissing  and  calculated  by 
the  following  equation  (Cru/.  &  Ibarra  1997): 


//v%  =  - 


FC  -  P(X) 
P{X) 


X  100 


where,  H^  =  single-parent  heterosis  (genetic  gain  or  improve- 
ment) of  stock  X;  P(X}  =  phenotypic  value  of  parental  stock  X:  FC 
as  defined  before. 

Statistical  Analyses 

Differences  between  parental  stocks  in  fecundity,  egg  size  (di- 
ameter) and  shell  length,  as  well  as  single-parent  heterosis  (genetic 
gain  or  improvement)  for  each  stock  were  tested  using  the  student 
/-test.  Differences  in  hatching  success,  larval  survival  and  growth 
among  the  four  groups  and  in  heterosis  among  different  life  history 
stages,  ages,  and  types  (midparent  heterosis  //m,,,  single-parent 
heterosis  for  stock  A  Z/^,  and  single-parent  heterosis  for  stock  B 
A/g)  were  analyzed  by  multiple  comparisons  of  means  using  a 
1-way  ANOVA.  Shell  length  when  appropriate  was  converted  to 
logarithms  to  increase  normality  and  homoscedasticity  (Neter  et  al. 
198.'5).  Because  data  on  hatching  success,  larval  survival  and  het- 
erosis were  in  percentages,  they  were  transformed  to  arcsine  before 
analysis  (Rohlf  &  Sokal  1981).  Analyses  were  done  using  SPSS 
(Statistical  Program  for  Social  Sciences)  11.5  software  for  Win- 
dows. Significance  level  for  all  analyses  was  set  to  P  <  0.05  unless 
noted  otherwise. 

RESULTS 

Differences  Relween  the  Two  Parental  Slocks 

The  two  parental  stocks  were  significantly  different  in  body 
size  and  fecundity  but  not  in  egg  size  (Table  I ).  Body  size  of  stock 
B  as  measured  in  shell  height  was  79c  larger  than  that  of  stock  A. 
Fecundity  of  stock  B  was  1 .07  times  higher  than  that  of  stock  A. 

TABLE  L 

Parental  shell  size,  fecundity  and  egg  size  (diameter)  of  two  stocks 

of  Argopecten  irradians  irradians.  Standard  deviation  and  samples 

size  are  given  in  parenthesis. 


Stock 


Parental 
Size  (mm)' 


Fecundity 

(xlO'*eggs/spawner) 


Egg  Size  (fim) 


A  SI.?"  (5.3,200) 

B  54.9"  (10.4,  200) 


78.0- (17.9,  10) 
161.1"  (62.2,  10) 


SS.O"  (2.8,  200) 
58.3"  (3.2,  200) 


'  Within  each  column,  means  with  the  same  letter  are  not  statistically 
differcnl  iP  >  0.05). 
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60 
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AA  AB  BA 
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BB 


Figure  1,  Hatching  success  of  the  four  genetic  groups  of  Argopecten 
irradians  irradians.  \.\  and  BB  are  the  two  parental  groups  (A9xAd 
and  BVxBu  ),  AB  and  B,\  are  the  reciprocal  hybrid  crosses  (A9xB(J 
and  B9xAu  ).  Error  bars  are  ±1  SD.  Means  with  the  same  letter  above 
error  bars  are  not  statistically  different  (P  >  0.05). 

Hatching 

Hatching  success  of  the  hybrid  cross  AB  was  the  highest,  al- 
though it  did  not  differ  significantly  from  that  of  AA  or  the  recip- 
rocal hybrid  cross  BA  (Fig.  1).  The  lowest  hatching  success  was 
seen  in  the  parental  BB  stock,  but  the  differences  among  BB,  AA 
and  reciprocal  hybrid  cross  BA  was  not  significant.  The  difference 
between  the  best  (AB)  and  worst  (BB)  perfonning  groups  was 
significant.  Midparent  heterosis  for  hatching  success  (Wmp  = 
1.9%)  fell  between  single-parent  heterosis  .\  {H^  =  10.6%)  and  B 
(ffg  =  5.3%),  all  were  significantly  bigger  than  zero  (P  <  0.01). 
W^  was  significantly  bigger  than  H^  (P  <  0.01)  (Table  2). 

Larval  Survival 

No  significant  differences  (P  >  0.05)  for  larval  survival  existed 
among  four  groups  at  days  4  and  7.  but  survival  of  hybrid  AB  were 
significantly  higher  than  that  of  randomly  mated  BB  (P  <  0.05)  at 
days  10  (Fig.  2).  Midparent  heterosis  (Hmp),  single-parent  hetero- 
sis A  (H^)  and  single-parent  heterosis  B  (//g)  for  larval  survival 
were  presented  in  Table  2.  All  heterosis  was  positive,  and  no 
significant  differences  were  observed  among  them  at  the  sair)e  age. 
Both  W^^p  and  //a,  increased  significantly  (P  <  0.05)  with  increas- 

TABLE  2. 

Heterosis  (%)  for  hatching  success  and  larval  survival  in  Argopecten 

irradians  irradians  al  days  4,  7  and  10.  //,„,  is  the  mid-parent 

heterosis.  H^  and  //„  are  the  single-parent  heterosis  of  stock  A  and 

B,  respectively. 

Traits 


Heterosis 


Hatching 
Success' 


Larval  Survival' 


Day  4 


Day? 


Day  10 


Hmp  m 

7.9-'"  (3.6) 

6.0"  (3.0) 

11.2°"  (3.7) 

15.1"(1.9) 

Wa  (%) 

10.6" (3.3) 

2.8^(7.2) 

12.3°"  (3.2) 

17.3"  (3.3) 

Hei%) 

5.3"  (4.8) 

9.2^(1.4) 

10.2°  (4.9) 

12.8-"(5.1) 

'  Means  that  share  the  same  letter  within  a  column  (for  hatching  success) 
or  row  (for  larval  survival)  are  not  slallstically  different  (P  >  0.05). 
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Figure  2.  Lar\al  sur\ival  of  the  four  jjenetic  groups  of  Ar^npecten 
irradians  irradians  at  Day  4,  7  and  1(1.  AA  and  BB  are  the  two  parental 
groups  (A9xAd  and  BVxBc5).  AB  and  BA  are  the  reciprocal  hybrid 
crosses  (ASxBcJ  and  BVxAd).  Error  bars  are  ±1  SD.  At  the  same 
larval  age,  means  with  the  same  letter  above  error  bars  are  not  sta- 
tistically different  [P  >  (1.(15). 

ing  age.  although  H^  showed  no  significani  increase  iP  >  0.05). 
f/^,[,.  H^  and  //g  were  all  significantly  bigger  than  zero  (P  <  0.01 ), 
which  were  10.8%,  10.8%  and  10.77f.  respectively. 

Growth 

Shell  length  of  the  two  parental  stocks  was  significantl>  dif- 
ferent from  day  4  on,  with  the  shell  length  of  the  BB  stock  always 
being  larger  than  the  AA  stock  (Table  3).  Shell  length  of  both 
hybrid  crosses  were  intermediate  between  the  two  parental  stocks 
and  significantly  larger  than  the  shell  length  of  the  AA  stock  from 
day  7  to  the  end  of  the  experiment  (days  160).  The  BA  cross  was 
significantly  larger  than  the  AB  cross  and  as  large  as  the  BB  stock 
on  days  4  and  30. 

Mid-parent  heterosis  (Wmp)  for  growth  clearly  fell  between  two 
single-parent  heterosis  and  increased  with  age  (Fig.  3).  W^p  at  the 
larval  stage  (3.0%)  was  significantly  smaller  than  that  at  spat 
(8.4%)  (P  <  0.05)  and  adult  (10.1%)  stages  (P  <  0.01 )  (Table  4). 


0 


150 


175 


25  50  75         100        12 

Days  after  larvae  hatched 

Figure  .^.  Heterosis  for  growth  at  different  ages  after  hatching  in  Ar- 
gopecleii  irradians  irradians.  H^,f,  is  the  midparent  heterosis.  H^  and 
W„  represent  single-parent  heterosis  of  stock  A  and  B,  respectively. 

For  single-parent  heterosis,  positive  values  were  observed  for 
stock  A  throughout  the  studying  period,  whereas  negative  values 
were  observed  for  stock  B.  Analysis  of  variance  further  demon- 
strated that  the  average  of  single-parent  heterosis  of  stock  A 
(23.0%)  was  significantly  bigger  than  that  of  stock  B  (-4.0%) 
(P<Q.QO\,t  =  9.22  !,(//'=  10).  Moreover,  single-parent  heterosis 
of  stock  A  varied  significantly  among  the  three  life  stages  (Table 
4).  ranging  from  9.8%  at  larval  stage,  to  29.8%  at  adult  stages. 

DISCUSSION 

This  study  provides  two  major  observations  on  heterosis  in  bay 
scallops.  First,  crosses  between  the  two  evaluated  stocks  of  A. 
irradians  irradians  revealed  midparent  heterosis  for  all  traits,  al- 
though in  no  case  where  heterosis  was  useful  (i.e.,  the  hybrid 
crosses  outperformed  both  parental  stocks).  Secondly,  the  magni- 
tude of  heterosis  was  not  constant,  but  varied  among  traits  and  life 
history  stages;  and  different  traits  exhibited  different  single-parent 
heterosis. 


TABLE  3. 

Shell  length  (SD)  of  the  four  genetic  groups  in  Argnpeclin  irradians  irradians  at  different  ages.  AA  and  BB  are  the  two  parental  groups 

(A  9  xB(5  and  B5  x  Ac?). 


Stage  and 
Age 


Experimental  Genetic  Groups' 


AA 


AB 


BA 


BB 


Larvae  (jjLni) 

1 

90.1"  (4.3) 

4 

112.3"  (8.9) 

7 

131.0'' (12.3) 

10 

148.8-'(15.9) 

Spat  (mm) 

20 

0.241' (0.039) 

30 

0.637-' (0.142) 

40 

1.932^(0.348) 

.SO 

3.923"  (0.794) 

Adult  (mnil 

70 

11.12-'(2.78) 

100 

20.02-' (2.80) 

L^O 

29.78-' (?.33) 

160 

-^9.42-' ((1.21) 

'  Within  each  rciw 

means  with  the  same  letter 

91.0-'(2.9) 
116.3-"  (7.9) 
139.3"  (10.0) 
168.5"  (17.4) 

0.287"  (0.053) 
0.760"  (0.1 12) 
2.392'-'  (0.346) 
4.997"  (0.808) 

14.34"  (2.42) 
25.44"  (2.95) 
38.02"  (3.64) 
48.49"  (5.79) 


90.8"  (3.6) 
122.3"  (7.5) 
145.1"'- (11.7) 
172.7"  (16.6) 

0.301"  (0.055) 
0.854'-'  (0.092) 
2.494'^  (0.344) 
5.134"  (0.718) 

14.70"  (2.16) 
27.33"' (2.92) 
39.43"  (3.60) 
5 1.46"  (4.89) 


91.5-"  (4.0) 
124.0"  (1 1.4) 
147.0' (18.1) 
174.3"  (22.14) 

0.312"  (0.072) 
0.870'=  (0.158) 
2.524"  (0.483) 
5.255"  (1.120) 

15.13" (2.86) 
28.13' (3.66) 
40.-35"  (6.05) 
,50.45"  (S.  19) 
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TABLE  4. 

Average  heterosis  (SD)  for  growth  in  Argopecten  irradians  irradians 

cliiriii};  Ihrii-  difTirent  life  stages.  //,„.  is  the  mid-parent  heterosis. 

H^  and  //„  are  single-parent  heterosis  tor  sCoclv  .\  and 

B,  respectively. 


Stage 

Heterosis 

Larvae 

Spat 

Adult 

Ha  W 

Hg  (%) 

3.0-'"  (2.8) 

9.8"  (4.3) 

-3.0"  (0.9) 

8.4'  (1.91 
26.1'' (3.0) 
-5.0"  (1.9) 

10.9'  (111 
29.8'' (2.1) 
-3.8"  (2.2) 

'  Within  each  row  or  line,  means  with  the  same  letter  are  not  statistically 
different  iP  >  0.05). 

The  observed  ditferences  in  parental  si/e  and  fecrindity  be- 
tween stock  A  and  B  (Table  1 )  imply  that  there  may  be  genetic 
differences  between  these  stoclss.  Two  reasons  can  potentially  ex- 
plain such  results.  First,  the  two  parental  stocks.  A  and  B.  have 
different  origin  and  breeding  history.  The  breeding  history  of  stock 
A  includes  its  reproduction  under  artificial  conditions  for  16  more 
generations  than  stock  B.  Because  of  this,  il  is  expected  that  stock 
A  has  experienced  a  stronger  accumulation  of  inbreeding,  whereas 
stock  B  might  be  less  inbred.  Second,  the  origin  of  stock  A  and 
stock  B  are  also  different,  with  the  former  being  derived  from  only 
26  individuals  (Zhang  et  al.  1986).  whereas  the  later  one  was 
derived  from  406  individuals,  including  200  of  wild  origin  and  206 
from  a  one  generation  in  captivity  population  (Gu.  Z — one  of  the 
introducers,  personal  communication).  Because  of  the  small  initial 
number  of  stock  A  and  the  mass  spawning  for  so  many  genera- 
tions, it  is  expected  that  stock  A  has  accumulated  high  levels  of 
inbreeding  that  is  affecting  fitness-related  traits.  The  molecular 
evidence  of  reduced  genetic  diversity  in  stock  A  was  provided  by 
comparing  with  other  natural  populations  (Blake  et  al.  1997). 
Stock  B,  however,  may  have  retained  high  genetic  diversity  be- 
cause of  its  shorter  breeding  history  and  larger  initial  population 
size. 

Crosses  between  genetically  differentiated  subpopulations  are 
expected  to  increase  heterozygosity,  reduce  effects  of  recessive 
lethal  genes  and  enhance  fitness,  resulting  in  heterosis  or  hybrid 
vigor  (Whitlock  et  al.  2000).  The  hybrid  crosses  in  this  study 
exhibited  positive  midparent  heterosis  for  hatching  success,  larval 
survival  and  growth.  The  presence  of  heterosis  (positive  or  nega- 
tive) has  been  reported  for  other  marine  bivalves  (Mallet  &  Haley 
198.3.  Hedgecock  et  al.  1995.  1996.  Bayne  et  al.  1999)  and  other 
hermaphroditic  pectinid  species  (Cruz  &  Ibarra  1997.  Cruz  et  al. 
1998,  Beaumont  el  al.  2004).  In  the  present  study,  the  means  for 
the  hybrid  crosses  for  all  traits  were  always  higher  than  that  of  the 
parental  stocks,  indicating  a  positive  association  between  heterozy- 
gosity and  the  traits.  Sheridan  (1981)  stated  that  the  positive  as- 
sociation is  a  common  consequence  of  crossbreeding.  Classical 
quantitative  genetic  studies  of  crossbreds  produced  by  crossing 
inbred  lines  have  uncovered  remarkable  heterosis  in  growth  and  its 
physiological  components  at  larxal.  ju\enile  and  adult  stages  and 
has  implicated  epistasis  as  a  significant  cause  of  this  heterosis 
(Hedgecock  et  al.  1996). 


In  this  study,  we  found  the  magnitude  of  heterosis  is  not  con- 
stant but  varies  among  traits  and  life  stages.  Midparental  heterosis 
for  fitness-related  traits  such  as  hatching  success  (7.9%)  and  larval 
survi\al  ( 10.8%)  is  bigger  than  that  for  morphological  traits  such 
as  larval  shell  length  (_3.09r).  Similar  results  have  previously  been 
obtained  by  comparing  pair-crosses  between  the  two  stocks  with 
their  self-fertilization  in  this  species  (Zheng  et  al.  2004b).  and 
heterosis  for  larval  survival  (32.9%)  was  bigger  than  that  for  larval 
shell  length  (8.5%)  at  days  7.  Why  fitness-related  traits  such  as 
survival  exhibit  greater  heterosis  than  morphological  traits?  It  is 
known  that  heterosis  depends  on  the  presence  of  directional  domi- 
nance for  the  loci  involved  in  the  specific  trait  (Falconer  1981. 
Lamkey  &  Edwards  1998.  1999).  and  the  coefficient  of  dominance 
variance  is  larger  in  fitness-related  traits  than  in  morphological 
traits  (Roff  1998).  Then,  as  stated  by  Lynch  and  Walsh  (1998). 
fitness-related  traits  are  expected  to  present  directional  dominance 
because  mutations  affecting  those  traits  are  typically  deleterious 
and  recessive.  DeRose  and  Roff  ( 1999)  also  emphasized  that  mor- 
phological traits  exhibit  little  or  no  directional  dominance.  It  is  also 
known  that  life-stage  specific  difference  in  inbreeding  depression 
are  common  and  may  depend  on  environmental,  developmental  or 
genetic  factors  (Husband  &  Schemske  1996).  Therefore,  comple- 
mentary to  the  phenomenon  of  inbreeding  depression,  it  is  not 
uncommon  for  heterosis  to  be  life-stage  specific,  as  seen  in  this 
study,  where  midparent  heterosis  for  growth  was  3.0%  at  larval 
stage.  8.4%  at  juvenile  stage  and  10.1%  at  adult  stage.  It  is  also 
possible  that  heterosis  is  masked  by  maternal  effects  at  early 
stages.  Similar  results  have  been  reported  in  other  marine  bi\  alves. 
For  example,  in  hard  clam  Mevcenaria  mercenaria.  crossbred  off- 
spring were  not  consistently  faster  growing  than  purebred  off- 
spring (Manzi  et  al.  1991).  In  catarina  scallop  A.  ciniiUiris.  het- 
erosis values  for  larval  growth  were  0  at  day  1 1  and  6.8%  at  day 
17  (Cruz  &  Ibarra  1997).  and  over  10%  at  adult  stages  (Cruz  et  al. 
1998).  In  the  Pacific  oyster  Crassostrea  gigas.  heterosis  for  body 
size  were  1.0%  at  day  2  and  7.7%  at  day  340  (Hedgecock  et  al. 
1995). 

Finally,  we  found  single-parent  heterosis  for  growth  between 
the  two  stocks  was  significantly  different.  The  difference  in  single- 
parent  heterosis  (genetic  gain  or  improvement)  for  growth  between 
the  two  stocks  could  be  caused  by  genetic  differences  between  the 
two  parental  stocks.  For  stock  A.  performance  may  have  been 
depressed  by  inbreeding  and  improved  by  crossing  with  stock  B 
with  higher  genetic  diversity;  thus  the  value  of  single-parent  het- 
erosis (genetic  gain  or  improvement)  for  growth  is  always  positive. 
For  stock  B,  there  is  little  or  no  inbreeding  depression,  and  the 
stock  is  performing  better  than  stock  A;  thus  the  value  of  single- 
parent  heterosis  (genetic  gain  or  improvement)  for  growth  is  nega- 
tive. 
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ABSTRACT  We  examined  sediment  .selection  by  juvenile  sea  scallops  {PIcicopecten  magellankus)  and  their  predators,  sea  stars 
(Asterias  vulgaris)  and  rock  crabs  (Cancer  irrorams).  In  laboratory  trials,  groups  of  scallops  (-30  mm  shell  height)  were  simulta- 
neously offered  four  sediment  types  in  the  presence  and  absence  of  a  sea  star  or  a  rock  crab:  ( 1 )  glass  representing  a  homogeneous, 
hard  bottom:  (2)  sand:  (3)  granule  and  (4)  pebble.  As  well,  individual  predators  were  offered  the  four  sediinent  types  without  scallops. 
The  number  of  scallops  and  the  proportion  of  time  predators  spent  on  each  sediment  type  were  monitored  over  time.  When  compared 
with  the  expected  distribution,  scallops  avoided  glass  and  tended  to  select  granule  and  pebble  sediments  when  alone.  In  the  presence 
of  a  rock  crab,  scallops  also  avoided  glass.  However,  scallop  distribution  was  similar  to  the  expected  distribution  when  a  sea  star  was 
present,  because  sea  star  encounters  are  an  important  trigger  of  scallop  swimming,  leading  to  frequent  redistribution  of  scallops.  Sea 
stars  spent  less  time  than  expected  on  glass,  whereas  crabs  spent  more  time  than  expected  on  sand.  For  both  predators,  distribution  did 
not  change  significantly  in  the  presence  or  absence  of  scallops.  In  sum.  scallop  distribution  appears  more  dependent  on  predator 
distribution  than  the  reverse.  Predation  of  scallops  by  sea  stars  and  rock  crabs  was  not  influenced  by  sediment  type.  Our  results  have 
implications  for  the  bottom  culture  of  scallops.  Because  scallops  select  heterogeneous  sediments  over  homogeneous  ones,  dispersal  of 
scallops  may  be  important  on  unsuitable  sediments.  Also,  dispersal  may  be  higher  when  sea  stars  are  present  at  an  aquaculture  site. 

KEY  WORDS:  bottom  culture;  distribution,  rock  crab.  Cancer  irrorams:  sea  scallop.  Placupccten  magellanicns.  sea  star.  Anerias 
vulgaris,  sediment  type,  selection,  substrate 


INTRODUCTION 

The  bottom  culture  of  sea  scallops  (Placopccten  magellankus). 
where  juvenile  scallops  are  released  (seeded)  onto  the  sea  bottom 
and  allowed  to  grow  to  commercial  size,  has  gained  considerable 
interest  in  the  last  two  decades  on  the  coast  of  the  northwest 
Atlantic  (Couturier  et  al.  19951.  However,  the  success  of  this  type 
of  scallop  aquaculture  has  been  limited  because  large  portions  of 
seeded  scallops  (40%  to  99%)  often  do  not  survive  (Barbeau  et  al. 
1996.  Hatcher  et  al.  1996.  Nadeau  &  Cliche  2004).  The  two  main 
processes  influencing  loss  of  seeded  scallops  are  predator-related 
mortality  (specifically  by  predatory  sea  stars  Asterias  spp.  and  rock 
crabs  Caneer  irroratus  in  coastal  areas  of  Atlantic  Canada),  and 
dispersal  of  seeded  scallops  away  from  the  culture  site  (Barbeau  et 
al.  1996.  Wong  et  al.  2005).  Both  of  these  processes  can  be  influ- 
enced by  the  physical  characteristics  of  the  bottom  culture  site. 
such  as  sediment  type,  water  temperature  and  current  velocity.  In 
this  study,  we  focus  on  sediment  type.  Certain  sediment  types  may 
reduce  a  predator's  searching  and  handling  ability  of  prey,  or 
provide  prey  with  physical  refuges  that  reduce  detection  by  preda- 
tors (Sponaugle  &  Lawton  1990.  Arsenault  &  Himmelman  1996). 
Additionally,  predators  and  prey  may  disperse  from  habitats  where 
sediments  inteifere  with  feeding  behaviors,  chemoreception,  or 
general  movement  (Sponaugle  &  Lawton  1990).  Previously,  Wong 
and  Barbeau  (200.^)  examined  the  effects  of  sediment  type  on 
predator-prey  interactions  when  sea  stars  and  rock  crabs  preyed  on 
juvenile  sea  scallops.  This  previous  study,  while  directly  investi- 
gating effects  of  sediment  type  on  predation.  did  not  examine 
choice  of  sediment  by  predators  or  prey.  If  offered  a  number  of 
sediment  types  simultaneously,  sea  stars,  rock  crabs  and  juvenile 
scallops  may  select  a  particular  sediment  type  to  which  they  will 
disperse  and  spend  the  majority  of  time  there. 
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Field  observations  of  sea  star,  rock  crab  and  scallop  abundances 
in  a  variety  of  habitats  suggest  that  these  animals  select  specific 
sediments.  Juvenile  sea  scallops  (P.  magellanieiis)  «50  mm  shell 
height.  SH).  although  rarely  observed  in  the  field,  have  been  ob- 
served on  smaller  gravel  sediments  (2.00-15.00  mm  diameter; 
Thouzeau  et  al.  1991).  gravel  and  shells  embedded  in  a  silt  matrix 
(Barbeau  et  al.  1996.  Wong  et  al.  2005)  or  attached  to  substrates 
that  provide  vertical  relief  such  as  hydixizoan  branches  or  amphi- 
pod  tubes  (Larsen  &  Lee  1978).  Adult  sea  scallops  (>50  mm  shell 
height)  are  found  on  a  variety  of  sediment  types,  but  they  are  more 
commonly  found  on  gravel  (2.00-64.00  mm  diameter)  or  gravelly- 
sand  (0.0625-16.00  mm  diameter)  sediments  (Langton  &  Uzmann 
1989.  Langton  &  Robinson  1990.  Stokesbury  &  Himmelman 
1995,  Stokesbury  2002.  Wong  et  al.  2005).  Sea  stars  (Asterias 
vulgaris)  and  rock  crabs  (C.  irroratus)  are  often  observed  on  the 
same  sediment  types  as  adult  and  juvenile  sea  scallops  (Wong  et  al. 
2(J05).  Sea  stars  tend  to  be  more  abundant  on  coarser  sediments 
(Langton  &  Uzmann  1989,  Himmelman  &  Dutil  1991),  but  are 
found  on  most  sediment  types  ranging  from  mud  to  boulders  (0,06 
|jiin-I024  mm).  Rock  crabs  are  also  common  on  all  sediment  types 
(Scarratt  &  Lowe  1972.  Bigford  1979.  Drummond-Davis  et  al.. 
1982);  those  found  on  sand  (0.0625-2.00  mm  diameter)  are  often 
wholly  or  partially  buried  (Scarratt  &  Lowe  1972). 

Dispersal  from  one  sediment  type  to  another  requires  a  well- 
developed  locomotory  ability.  Juvenile  sea  scallops  are  able  to 
actively  disperse  and  potentially  select  specific  sediment  types  by 
swimming.  Rapid  clapping  of  the  valves  causes  enclosed  water  to 
be  forced  out  near  the  shell  hinge  and  the  scallop  is  propelled 
forward  by  jet  propulsion.  Scallops  1 1-80  mm  in  shell  height  (SH) 
are  efficient  swimmers  and  capable  of  extended  horizontal  flight 
(-0.5-3  m)  (Dadswell  &  Weihs  1990.  Carsen  et  al.  1996).  Smaller 
scallops  (<1 1  mm  SH)  tend  to  swim  vertically  up  into  the  water 
column  with  little  horizontal  displacement  (Manuel  &  Dadswell 
1991).  Large  adult  scallops  (>100  mm  SH)  are  limited  by  heavy 
shells,  and  can  only  shuffle  for  short  distances  along  the  seabed 
(Dadswell  &  Weihs  1990).  Sea  stars  and  rock  crabs  are  highly 
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mobile  and  likely  have  little  dit't'iciilty  dispersing  to  certain 
sediment  types.  Sea  stars  use  tube  feet  to  travel  at  moderate  ve- 
locities (~2  cm  min~'),  whereas  rock  crabs  use  tour  pairs  of  walk- 
ing legs  to  travel  at  relatively  high  velocities  (-66  cm  min~') 
(Barbeau  et  al.  1994). 

Sediment  selection  by  juvenile  sea  scallops,  sea  stars  and  rock 
crabs  is  likely  to  have  important  consequences  for  the  survival  of 
seeded  scallops  during  bottom  culture.  For  example,  seeding  scal- 
lops onto  a  sediment  type  that  enhances  filter  feeding  and  is 
avoided  by  sea  stars  and  crabs  may  increase  survival  of  scallops. 
The  objective  of  our  study  was  to  determine  the  sediment  selection 
by  juvenile  sea  scallops,  sea  stars  and  rock  crabs  when  offered  four 
different  sediment  types  simultaneously.  A  laboratory  experiment 
was  conducted  in  which  the  distribution  of  scallops  on  the  four 
sediment  types  when  predators  were  present  and  absent  was  quan- 
tified over  time.  Additionally,  the  proportion  of  time  sea  stars  and 
rock  crabs  spent  on  each  sediment  type  in  the  presence  and  ab- 
sence of  scallops  was  quantified. 

MATERIALS  AND  METHODS 

Experimeiilal  Materials 

Sediment  selection  by  juvenile  sea  scallops  [Placopectcii  imi- 
gellankus).  sea  stars  (.Asteruis  vulgaris)  and  rock  crabs  (Cancer 
irroratiis)  was  investigated  from  29  July  to  13  August  200 1,  using 
a  laboratory  experiment  at  the  Hunstman  Marine  Science  Center. 
St.  Andrews.  New  Brunswick.  Canada.  Fiberglass  circular  tanks 
(measuring  120  cm  in  diameter  and  27  cm  high)  were  used.  Flow- 
through  sea  water  was  sand  filtered  to  20  |xm  and  regulated  be- 
tween 0.6-2  L  min"'.  the  light  regimen  was  14  h  light:  10  h  dark, 
and  water  temperature  ranged  between  12°C  and  14°C. 

Juvenile  sea  scallops  were  obtained  from  Sea  Perfect  Culti- 
vated Products,  Arichat.  Nova  Scotia.  They  were  held  in  260  L 
tanks  for  six  days  before  the  experiment  began.  Scallops  were  fed 
algae  paste  (Innovative  Aquaculture  Products  Ltd)  prior  to  and 
during  the  experiments  at  a  concentration  of  1.0  x  10"*  cells  mL"' 
of  water  (Hollett  &  Dabinett  1989).  Scallops  wei-e  31.2  ±  3.9  mm 
(mean  ±  S.D..  u  =  30)  in  shell  height  (SH),  measured  as  the 
distance  between  the  middle  of  the  dorsal  hinge  to  the  furthest 
ventral  edge  of  the  shell. 

All  predators  originated  fiom  Passamaquoddy  Bay  in  the  Bay 
of  Fundy,  New  Brunswick.  Sea  stars  were  collected  by  trawling, 
and  were  held  in  small  tanks  (measuring  60  cm  long  x  30  cm  wide 
X  30  cm  high)  for  3  wk  before  the  experiments  began.  Only  intact 
sea  stars  with  all  5  arms  were  used.  Sea  stars  were  213.5  ±  35.3 
mm  (mean  ±  S.D..  n  =  16)  in  diameter,  measured  as  the  distance 
between  the  tip  of  an  average  sized  arm  to  the  middle  of  the  oral 
region,  multiplied  by  two.  Rock  crabs  were  obtained  by  trawling  or 
from  local  crab  fishers,  and  were  held  in  separate  small  tanks  for 
3  wk  before  the  experiment  began.  Only  male  crabs  with  both 
chelae  and  all  walking  legs  were  used.  Crabs  were  108.4  +  7.0  mm 
(mean  ±  SD.  n  =  16)  in  carapace  width  (CW),  measured  as  the 
distance  between  the  two  most  distal  marginal  teeth.  To  standard- 
ize hunger  level,  both  predator  species  were  fed  blue  mussels  until 
6  d  prior  to  the  experiment.  .Animals  were  only  used  once  during 
the  experimental  trials. 

Experimeiilal  Design 

Trials  of  12-h  duration  were  conducted  in  which  groups  of 
scallops  and/or  individual  sea  stars  and  rock  crabs  were  placed  in 


tanks  with  four  different  sediment  types:  glass,  sand,  granule  and 
pebble.  Glass  consisted  of  a  flat.  0.625-cm  thick  Lexan  sheet,  and 
represented  a  homogeneous,  hard  substrate.  Sand  consisted  of  21% 
granule  and  79%  sand,  and  granule  was  12%  sand.  29%  pebble  and 
59%  granule.  Pebble  was  uniform  with  no  sand  or  granule  present, 
and  ranged  from  30  x  10  mm  to  75  x  35  mm  in  particle  size  (Wong 
&  Barbeau  2003).  These  sediment  classifications  follow  Went- 
worth  scale  of  particle  sizes,  where  sand  is  0.0625-2.00  mm,  gran- 
ule 2.01—1.00  mm.  and  pebble  4.01-64  mm  in  diameter  (Went- 
worth  1922.  Folk  1974).  Sediments  were  allowed  to  soak  over- 
night in  seawater  before  each  trial  to  allow  a  biofilm  to 
accumulate.  For  each  trial,  sediment  types  were  placed  into  spe- 
cific, randomly  chosen  pie-shaped  sections  that  prevented  mixing 
of  the  sediment  types  using  a  separation  apparatus  (Wright  2002). 
Sediments  were  -15  cm  in  depth.  Replicates  of  the  following 
treatments  were  randomly  allocated  into  the  tanks:  scallops  alone 
(group  of  40),  scallops  with  one  sea  star,  scallops  with  one  rock 
crab,  one  sea  star  alone,  and  one  rock  crab  alone.  Eight  replicates 
of  each  treatment  were  conducted,  for  a  total  of  40  trials.  In  trials 
with  a  sea  star  or  crab,  the  predator  was  placed  on  a  randomly 
chosen  sediment  12  h  prior  to  the  beginning  of  the  trial.  In  trials 
with  scallops.  10  scallops  were  released  onto  each  sediment  near 
the  center  of  the  tank  and  allowed  to  acclimate  for  5  min  before  the 
start  of  the  trial. 

Colleclioii  of  Data 

To  determine  sediment  selection  by  scallops,  the  number  of 
scallops  on  each  sediment  type  was  noted  at  hourly  intervals  dur- 
ing the  12-h  trial.  For  sea  stars  and  rock  crabs,  the  time  spent  on 
each  sediment  type  was  quantified  during  five  continuous  1-h  ob- 
servation periods,  randomly  chosen  during  the  12-h  trial.  The  pro- 
portion of  time  predators  spent  on  each  sediment  type  was  calcu- 
lated as  the  total  time  spent  on  one  sediment  type  divided  by  the 
total  observation  time.  Animals  were  considered  on  a  certain  sedi- 
ment type  when  >50%  of  the  body  surface  was  in  contact  with  that 
sediment.  Sea  stars  were  observed  on  the  walls  of  the  tank,  and  so 
this  was  designated  as  a  fifth  substrate  ("other")  in  trials  involving 
sea  stars.  If  a  scallop  was  consumed,  it  was  immediately  replaced 
in  the  center  of  the  sediment  type  on  which  consumption  took 
place. 

Slatislieal  Analyses 

Scallop  and  predator  data  were  analyzed  separately.  Sediment 
selection  by  scallops  was  investigated  using  two  methods.  In  the 
first  scallop  analysis,  a  one-sample  Hotelling  T'  test  was  con- 
ducted to  determine  if  scallop  distribution  at  the  end  of  the  trial 
(720  min)  differed  from  the  expected  distribution  of  10  scallops  on 
each  sediment  type.  F  values  were  calculated  as: 
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where  n  =  number  of  replicates.  /;  =  number  of  sediment  types 
and  7""  =  calculated  Hotelling  7""^  statistic  (Johnson  &  Wichem 
1998).  A  separate  Hotelling  T'  test  was  conducted  for  scallops 
alone,  scallops  with  sea  stars  and  scallops  with  rock  crabs.  If 
scallop  distribution  differed  significantly  from  the  expected  distri- 
bution, 95%  confidence  intervals  were  calculated  for  each  sedi- 
ment type  by: 
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where  A,  =  iiieaii  luiniber  of  scallops  on  sedinienl  lype /.  iiiul  ,v,^  = 
sample  variunee  tor  sediinent  type  /  (Johnson  &  Wichern  1998).  A 
sediment  type  contributed  to  the  sjgniticanl  result  when  the  con- 
fidence interval  did  not  include  the  expected  value  (Roa  1992). 

In  the  second  scallop  analysis,  .scallop  distribution  over  time  in 
the  presence  and  absence  of  predators  was  analyzed  using  a  split- 
plot  inultivariate  analysis  of  variance  (MANOVA).  with  predator 
presence  (3  levels:  no  predator  present,  sea  star  present,  crab 
present)  as  a  fixed  factor,  time  (13  levels  from  0-12  h)  as  the 
split-plot  factor,  and  tank  (8  replicate  tanks)  as  the  random  plot 
factor.  Significant  results  were  identified  using  PiUai's  trace.  This 
is  a  robust  statistic  that  is  not  influenced  by  violation  of  multivari- 
ate normality,  which  could  have  resulted  from  our  relatively  small 
sample  size  (Scheiner  2001).  When  significant  results  were  ob- 
tained, we  conducted  canonical  analyses  for  the  significant  factors. 
We  observed  the  squared  canonical  correlation  of  each  canonical 
variate  generated  to  determine  the  percentage  of  variance  ex- 
plained by  the  model.  We  also  observed  the  magnitude  and  sign  of 
the  coefficients  of  the  first  standardized  canonical  variate  to  aid 
interpretation  of  significant  main  effects.  .Similar  signs  of  coeffi- 
cients indicate  that  dependent  variables  are  positively  coiTelated 
across  treatments;  in  other  words,  selection  for  sediment  changes 
in  a  similar  direction  across  treatments.  Magnitude  of  values  in- 
dicates the  relative  contribution  of  each  sediment  type  to  the  sig- 
nificant result  (Scheiner  2001). 

Sediment  selection  by  predators  was  also  investigated  using 
two  methods.  In  the  first  predator  analysis,  one-sample  Hotelling 
T'  tests  were  used  to  determine  if  the  proportion  of  time  predators 
spent  on  each  sediment  type  was  different  from  the  expected  dis- 
tribution (i.e..  sea  star:  0.126  on  each  of  the  four  sediments  and 
0.446  on  "other";  rock  crab:  0.25  on  each  sediment;  calculated  by 
di\  iding  the  area  covered  by  the  substrate  by  the  total  area  avail- 
able to  the  predator).  Separate  tests  were  conducted  for  predators 
alone  and  in  the  presence  of  scallops.  In  the  second  predator  analy- 
sis, two-sample  Hotelling  T'  tests  were  used  to  compare  the  pro- 
portion of  time  predators  spent  on  each  sediment  type  when  scal- 
lops were  present  and  when  scallops  were  absent.  F  values  for 
two-sample  tests  were  calculated  as: 

{n,+n.-p-  1)7^ 
F  =  — ; . 

Significant  results  in  above-mentioned  Hotelling  T'  tests  were 
investigated  by  calculating  95%  confidence  intervals  as  described 
for  the  scallop  analyses.  A  two-sample  ?-test  was  also  used  to 
compare  the  proportion  of  time  sea  stars  spent  on  vertical  surfaces 
(i.e.,  "other"  substrate)  in  the  presence  and  absence  of  scallops. 

One-sample  Hotelling  7"~  tests  were  also  used  to  determine  if 
predation  rate  on  scallops  on  each  sediment  type  by  predators  was 
different  from  the  expected  predation  rate.  Expected  predation  rate 
on  each  sediment  type  took  into  account  the  distribution  of  scal- 
lops; therefore,  expected  predation  rate  for  a  particular  sediment 
type  was  calculated  by  multiplying  the  sum  of  observed  predation 
rates  over  all  sediment  types  (averaged  over  the  8  replicates)  by  the 
proportion  of  scallops  on  that  sediment  type  at  720  min  (averaged 
over  the  8  replicates). 

In  most  Hotelling  7"^  tests  conducted,  linear  dependence  be- 
tween columns  of  the  data  matrix  existed  because  the  data  were 
restricted  to  total  to  40  scallops  (when  analyzing  distribution  of 


scallops)  or  to  1  (when  analyzing  proportion  of  time  predators 
spent  on  each  sediment  type).  This  linear  dependence  leads  to  an 
undefined  inverse  covariance  matrix  and  the  Hotelling  T~  statistic 
cannot  be  calculated  (see  Johnson  &  Wichern  1998  for  matrix 
algebra).  To  alleviate  this  problem,  we  removed  data  for  one  sedi- 
ment type  that  was  similar  to  another  .sediment  type  (.see  Table 
captions  for  the  exact  data  removed).  Data  were  not  removed  from 
analyses  of  scallop  distribution  when  sea  stars  and  crabs  were 
present,  because  some  scallops  were  consumed  and  data  were  not 
restricted  to  total  to  40.  The  assumption  that  data  came  from  a 
normal  multivariate  population  was  tested  using  probability  plots 
for  data  on  each  sediment  type  (Roa  1992).  This  assumption  was 
not  violated  for  any  case.  The  assumption  of  equal  covariance 
matrices  between  groups  for  two-sample  Hotelling  7""  tests  were 
tested  using  Cochran  test  for  data  on  each  sediment.  For  the 
MANOVA,  equal  covariance  was  determined  when  the  sign  of  the 
coirelation  between  dependent  variables  at  each  level  of  the  treat- 
ment variables  were  the  same  (Scheiner  2001).  In  all  cases,  the 
assumption  of  equal  covariance  between  treatment  levels  was  not 
violated. 

RESULTS 


Sediment  Selectiun  hy  Scallops 

At  the  end  of  the  experiment,  the  number  of  scallops  on  each 
sediment  type  in  the  absence  of  a  predator  was  significantly  dif- 
ferent from  the  expected  distribution  (10  scallops  per  sediment 
type)  (Table  1 ;  Fig.  1 ).  The  number  of  scallops  was  significantly 
lower  than  expected  on  glass  (Table  1 ).  When  a  rock  crab  was 
present,  the  number  of  scallops  was  also  significantly  lower  than 
expected  on  glass  (Table  1 ;  Fig.  1 ).  Scallop  distribution  was  not 
different  than  expected  when  a  sea  star  was  present  (Table  1 ; 
Fig.  1). 

Scallop  distribution  on  the  different  sediment  types  over  the 
duration  of  the  experiment  was  influenced  by  predator  presence 
and  time  (Table  2;  Fig.  2).  When  alone,  the  number  of  scallops  was 
highest  on  granule  and  pebble  and  lowest  on  glass  (Fig.  2).  Scal- 
lops selected  all  sediment  types  over  glass  when  crabs  were 
present  (Fig.  2),  but  did  not  select  a  specific  sediment  type  when 
sea  stars  were  present.  Scallop  distribution  changed  from  the  initial 
distribution  to  selected  sediments  after  60  min  when  alone  and 
after  180  min  when  a  crab  was  present,  and  remained  fairly  stable 
for  the  rest  of  the  trial.  In  contrast,  scallop  distribution  when  a  sea 
star  was  present  did  not  stabilize  over  the  duration  of  the  trial  (Fig. 
2).  MANOVA  generated  four  eigenvectors  (i.e..  squared  canonical 
correlation)  that  explained  65.6%  and  56.5%  of  the  total  variation 
in  the  model,  for  the  predator  presence  and  time  effect,  respec- 
tively. Of  these,  the  first  eigenvector  explained  54.4%  and  48.17^ 
of  the  variation  for  predator  presence  and  time  effect,  respectively. 
We  interpreted  the  coefficients  of  the  standardized  canonical  vari- 
ates  associated  with  these  first  eigenvectors  (Scheiner  2001) 
(Table  2).  For  the  predator  effect,  the  number  of  scallops  on  gran- 
ule and  pebble  contributed  most  to  the  significant  MANOVA  re- 
sult, followed  by  sand  and  glass  (Table  2).  All  coefficients  had  the 
same  sign,  indicating  that  the  various  sediments  contributed  in  a 
similar  direction  to  the  predator  effect  (Table  2).  For  the  time 
effect,  sand  and  granule  contributed  most  to  the  significant  result. 
All  coefficients  had  the  same  sign,  and  .so  the  various  sediments 
contributed  in  a  similar  direction  to  time  effect. 
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TABLE  1. 

Results  of  one-sample  Hotellinj;  T'  tests  for  the  number  of  scallops  iPlacopectcn  iiiat;illaniciis)  on  each  sedimcnl  t)pe  at  the  end  of  the 

experiment  (720  min)  and  the  total  proportion  of  time  sea  stars  {Asterias  vulgaris]  and  rock  crabs  [Cancer  irroraliis)  spent  on  each  sediment 

type  compared  to  the  expected  distributions.  Expected  distribution  for  scallops  =  10  scallops  on  each  of  glass,  sand,  granule,  pebble;  sea 

stars  =  0.126  on  each  of  glass,  sand,  granule,  pebble,  and  0.494  on  "other":  rock  crabs  =  0.25  on  each  of  glass,  sand,  granule,  pebble.  For 

scallop  distribution  when  alone,  linear  dependenc\  in  the  data  matrix  was  corrected  by  removing  data  on  granule.  Data  on  granule  and  on 

pebble  were  removed  for  the  sea  star  and  rock  crab  analyses,  respectively. 


Analvsis 


Treatment 


Mean  ±95%  CI 


Scallop  distrihution 


Sea  star  dislrihution 


Rock  crab  distribution 


Alone 

75.51 

17.97,., 

0.004 

Glass:  -2.095  s  2.875  s  7.845 
Sand:  6.263  <  9.375  <  12.49 
Pebble:  9.819  <  14.50  £  19.18 

With  sea  star 

28.02 

4.00^4  4 

0.104 

With  rock  crah 

10.^.1 

14.7244 

0.012 

Glass:  -2.945  s  3.500  £  9.945 

Alone 


With  scallops 


Alone 


With  scallops 


144.7 


352.5 


243.2 


388.4 


20.674.4 


50.344.4 


57.90, 


92.48, ., 


0.006 


0.001 


<0.001 


<0.001 


Sand:  1.544  s  12.25  s  22.96 
Grannie:  -2.469  £  12.37  ==  27.22 
Pebble:  1.678  <  11.63  £  21.57 
Glass:  0  s  0.020  s  0.091* 
Sand:  0  s  0.047  s  0.157 
Pebble:  0  s  0.062  <  0.376 
Other:  0.282  s  0.804  <  1 .00 
Glass:  0  s  0.016  <  0.075* 
Sand:  0  £  0.1 14  s  0.555 
Pebble:  Os  0.361  s  1.00 
Other:  0  <  0.381  ^  1.00 
Gla.ss:  0£  0.049  £0.1 17* 
Sand:  0.536  £  0.826  £  1.00* 
Granule:  0  £  0.058  s  0.166* 
Glass:  0  <  0.043  £  0.1 14* 
Sand:  0.503  £  0.829  s  1.00* 
Granule:  0  £  0.086  £  0.249* 


dfl  =  numerator  df;  df2  =  denominator  df;  CI  =  confidence  interval. 

Significant  results  are  indicated  in  bold,  and  sediment  types  that  contributed  to  the  significant  result  (based  on  CI  calculations)  are  indicated 

with  an  asterisk. 


SedhneiU  Selection  by  Sea  Stars 

Sea  stars  spent  significantly  less  time  than  e.xpected  on  glass 
when  alone  and  when  scallops  were  present  (Table  1;  Fig.  3). 
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Figure  1.  Mean  number  of  juvenile  sea  scallops  (Placopeclen  magel- 
laniciis)  on  each  sediment  type  at  the  end  of  the  experiment  (720  mini 
when  alone  and  in  the  presence  of  a  sea  star  (Asterias  vulgaris)  and  a 
rock  crab  (Cancer  irroraliis).  Dashed  line  represents  the  expected  dis- 
tribution of  10  scallops  per  sediment  type.  Error  bars  are  1  SE,  n  =  8. 


When  sea  stars  alone  and  sea  stars  in  the  presence  of  scallops  were 
directly  compared,  the  distribution  did  not  change  significantly 
(Table  3).  In  both  situations,  sea  stars  spent  a  large  proportion  of 
time  on  "other"  substrate.  However,  sea  stars  spent  less  time  on 
vertical  surfaces  in  the  presence  of  scallops  than  when  alone  U]4  = 
2.83.  P  =  0.013).  Sea  star  predation  rate  on  scallops  on  the  4 
different  sediments  did  not  differ  from  the  expected  rate  (Table  4, 
Fig.  4). 

Sediment  Selection  by  Rock  Crabs 

Rock  crabs  spent  significantly  nmre  time  than  expected  on 
sand,  and  so  significantly  less  time  than  expected  on  the  other 
sediment  types  (Table  1;  Fig.  3).  When  on  sand,  crabs  spent  large 
proportions  of  the  total  observation  time  (-80%)  wholly  or  par- 
tially buried  in  the  sand  with  little  activity.  When  crabs  alone  and 
crabs  in  the  presence  of  scallops  were  directly  compared,  the  dis- 
tribution did  not  change  (Table  3).  Rock  crab  predation  rate  on 
scallops  on  the  4  different  sediments  did  not  differ  from  the  ex- 
pected rate  (Table  4;  Fig.  4). 

DISCUSSION 

Sediment  Selection  by  Animals 

Our  study  showed  that  juvenile  sea  scallops  (Pkicopecten  nui- 
gelkinicus.  -30  mm  SH)  selected  .specific  sediment  types.  In  the 
absence  of  a  predator,  scallops  selected  granule  and  pebble  bottom 
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TABLE  2. 

Split-plot  MANOVA  results  for  distribution  of  scallops  (Placopeclen  magellanicus)  over  timt  In  the  presence  and  absence  of  a  predator 

[Asterim  vulgaris.  Cancer  irroratus). 


Source  of 

Variation 

Error  Term 

rciti.<ll2 

P 

Glass 

Sand 

Granule 

Pebble 

P 

M(P) 

2.32,.,, 

0.039 

-0.962 

-1.267 

-1.458 

-1.464 

T 

TxM(P) 

-'■-'■^4S.HH)S 

<0.001 

0.887 

1 . 1 34 

1.130 

0.945 

PxT 

TxMlPl 

l.23,„, K 

(1.075 

P  =  prediitor  presence.  T  =  time.  M  =  tank.  F  =  F-ratio  for  Pillai  trace.  Significant  results  are  indicated  in  hold.  Coefficients  of  the  first  standardized 
canonical  variate  are  provided  to  aid  interpretation  of  significant  main  effects.  Similar  signs  of  coefficients  indicate  a  positive  correlation  between 
sediment  tvpes.  and  magnitude  of  values  indicates  the  relative  contribution  of  each  sediment  type  to  the  significant  result. 


over  the  other  sediment  types.  Similar  results  were  observed  by 
Barbeati  (unpublished  data)  when  smaller  juvenile  scallops 
(9.0-10.4  mm  SHl  v\'ere  offered  glass  bottom,  sand,  granule,  and 
a  pebble/cobble  mi.xture  simultaneously.  Also,  using  pair-wise 
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b)  Scallops  with  a  sea  star 


c)  Scallops  with  a  rock  crab 
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Kiyure  2.  Number  of  juvenile  sea  scallops  {Placopcctcn  magellanicus) 
observed  on  each  sediment  type  at  I-h  intervals,  when  (a)  alone,  (b) 
with  a  sea  star  iAslerias  vulgaris)  and  (c)  with  a  rock  crab  (Cancer 
irroratus).  Observations  began  after  a  5  niin  acclimation  period.  Mean 
±  SE,  H  =  8. 


choice  experiments.  Bourgeois  (2004)  found  that  juvenile  scallops 
(-25  mm  SH)  selected  granule  and  a  coarse  sand/shell  sediment 
over  homogeneous  sand.  In  our  current  experiment,  sediment  se- 
lection of  scallops  changed  in  the  presence  of  sea  stars  (Asterias 
viilgdris).  Scallops  no  longer  avoided  glass  bottom;  instead,  scal- 
lops did  not  select  any  specific  sediment  type  over  others,  and  their 
distribution  did  not  differ  from  the  expected  distribution  of  10 
scallops  per  sediment  type.  This  probably  resulted  because  juve- 
nile sea  scallops  usually  swim  when  encountered  by  sea  stars 
(Barbeau  &  Scheiblinu   1994.  Wong  &  Barbeau  2003).  and  so 
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Figure  3.  Mean  proportion  of  time  (a)  sea  stars  [Aslcrias  vulgaris)  and 
(b)  rock  crabs  [Cancer  irniralus  i  spent  on  each  sediment  type  o\er  the 
duration  of  the  experiment,  w  hen  alone  and  w  hen  juvenile  sea  scallops 
[Placnpecten  magellanicus)  were  present.  Dotted  line  represents  ex- 
pected value  on  "other"  substrate;  dashed  line  represents  expected 
value  on  glass,  sand,  granule  and  pebble  sediments.  Error  bars  are  1 
SE,  H  =  8. 
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TABLE  3. 

Results  for  two-sample  Hotelling  T-  tests  for  the  distribution  of  sea 
stars  iAsterias  vulf>aris)  and  rock  crabs  {Cancer  irroratits)  in  the 

absence  and  presence  of  scallops  iPIacopeclen  matiellankus).  Data 
on  granule  and  on  pebble  were  renu)\ed  for  sea  star  and  rock  crab 

analyses,  respectively,  dfl  =  numerator  df.  df2  =  denominator  df. 


Analysis 

Sea  star 
Rock  Crab 


12.28 
0.016 


2.411,,, 
0.005,  , 


0.112 
0.997 


redistributed  relati\ely  frequently.  Contrary  to  these  results,  sedi- 
ment seleetioii  by  scallops  when  rock  crabs  {Cancer  irroratus) 
were  present  did  not  change  from  when  scallops  were  alone,  be- 
cause scallops  still  avoided  glass.  Interestingly,  scallops  did  not 
avoid  sand  when  a  crab  was  pre.sent.  even  though  crabs  clearly 
selected  sand  over  other  sediment  types.  Although  crabs  spent  the 
majority  of  their  time  on  sand  buried,  crabs  did  consume  some 
scallops  on  this  sediment.  Previous  experiments  showed  that  rock 
crabs  spend  only  a  small  percent  of  their  time  foraging  (<25'7f ).  but 
that  when  they  do  forage,  they  are  very  effective  at  encountering, 
capturing  and  consuming  scallops  (Barbeau  &  Scheibling  1994. 
Wong  &  Barbeau  200.^.  Wong  &  Barbeau  2005).  Scallops  may  not 
have  avoided  sand  sediment  when  crabs  were  present  because 
juvenile  scallops  tend  to  tightly  close  their  valves  upon  encounter 
with  crabs  (which  provides  some  protection  against  predation). 
instead  of  the  typical  swimming  escape  respon.se  used  to  evade  sea 
stars  (Barbeau  &  Scheibling  1994).  Thus,  the  distribution  of  scal- 
lops in  the  presence  of  predators  seems  to  be  dependent  on  the  type 
of  antipredator  strategy  used  by  the  prey. 

In  general,  the  distribution  of  predators  did  not  depend  on  the 
presence  or  absence  of  scallops,  because  distributions  did  not 
change  significantly  between  the  two  situations.  Sea  stars  avoided 
glass  bottom  and  rock  crabs  spent  more  time  than  expected  on  sand 
regardless  of  whether  scallops  were  present  or  not.  Sea  stars  did. 
however,  spend  less  time  on  vertical  surfaces  when  scallops  were 
present  than  when  they  were  absent:  cleady,  the  presence  of  scal- 
lops induced  sea  stars  to  move  to  the  sediments  and  forage.  Be- 
cause the  selection  for  specific  sediment  types  by  predators  was 
generally  not  influenced  by  the  presence  or  absence  of  scallops, 
sediment  choice  by  scallops  was  more  likely  to  he  dependent  on 
the  location  of  predators  than  vice-versa. 

Our  results  are  consistent  with  field  observations  of  scallops, 
sea  stars  and  rock  crabs  on  specific  sediment  types.  In  the  tleid. 

TABLE  4. 

Results  for  one-sample  Hotelling  T'  tests  for  predation  rate  (number 

of  scallops  consumed  over  12  h)  of  sea  stars  [Aslerins  vulgaris)  and 

rock  crabs  {Cancer  irroratus)  on  each  sediment  type,  compared  to 

the  expected  number  of  scallops  consumed  (sea  stars:  glass  =  0.23(», 

sand  =  (1.420.  pebble  =  (1,270;  rock  crabs:  glass  =  0.374.  sand  = 

1,323,  granule  =  1,323,  pebble  =  1,243),  For  sea  stars,  data  on 

granule  were  removed  to  correct  for  the  linear  dependency  in  the 

data,  dfl  =  numerator  df,  dl2  =  denimiinalor  df. 
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Figure  4.  Mean  number  of  juvenile  sea  scallops  {Placopecten  magel- 
lanicus)  consumed  by  sea  stars  {Aslerias  vulgaris)  and  rock  crabs  {Can- 
cer irroratus )  by  the  end  of  the  experiment.  Open  circles  and  closed 
triangles  represent  expected  number  of  scallops  consumed  for  sea  stars 
and  rock  crabs,  respectively,  on  each  sediment  type  (calculated  using 
the  observed  distributions  of  scallops  at  720  niin:  Fig,  I),  Sea  stars  did 
not  consume  any  scallops  on  granule.  Error  bars  are  I  SK,  n  =  8, 

juvenile  scallops  (<.'iO  mm  SH)  as  well  as  aduh  scallops  tend  to  be 
found  on  gravelly-  or  mixed  sediments  (Thouzeau  et  al.  1991, 
Barbeau  et  al.  1996,  Wong  et  al.  200.5).  which  we  observed  in  our 
laboratory  experiment.  Juvenile  scallops  often  move  to  gravelly 
sediments  after  the  initial  postlarval  phase  (spat)  settle  on  various 
materials  such  as  hydrozoans,  amphipod  tubes  (Larsen  &  Lee 
1978).  shells  of  live  P.  nuii;c'l/ciniciis  (Naidu  1970).  shell  fragments 
(Caddy  1968).  bryozoans  (Baird  1953.  Caddy  1972)  and  red  algae 
(Naidu  1970).  By  choosing  sediments  that  provide  vertical  relief, 
spat  inay  attain  protection  from  shifting  bottom  sediments  or  from 
predation  (Larsen  &  Lee  1978).  Scallop  species  other  than  P. 
imigelhmicus  also  select  specific  sediment  types  when  juveniles. 
For  example,  juvenile  bay  scallops  {Argopeden  irradians)  attach 
to  sea  grass  blades  to  reduce  the  probability  of  detection  by  preda- 
tors (Pohle  et  al.  1991). 

Our  results  for  sea  stars  are  also  mostly  consistent  with  field 
observations.  Although  found  on  most  sediment  types  in  the  field, 
sea  stars  are  usually  observed  on  coarse  sediments  such  as  granule 
or  cobble  (Langton  &  Uzmann  1989).  However.  Himmelman  & 
Dutil  ( 1991 )  also  observed  high  densities  of  sea  stars  (A.  vulgaris 
and  Lepuislerius  poUiris)  on  bedrock.  The  selection  of  the  vertical 
surface  of  the  tank,  especially  when  scallops  were  absent,  has  been 
observed  during  previous  laboratory  experiments  (M.  Wong,  pers. 
obs.),  and  may  be  an  experimental  artifact.  The  burial  behavior  of 
rock  crabs  in  sandy  sediments  has  been  observed  in  the  field  (Scar- 
ratt  &  Lowe  1978),  and  is  well  documented  for  other  crab  species, 
stich  as  the  dungeness  crab  (Cancer  magister)  and  led  rock  crab 
(Cancer productus)  (Bell wood  2002.  McGaw  2005). 

Seclinicnt  Selection  and  Predator-prey  Interactions 

In  our  study,  we  observed  sea  stars  and  crabs  consuming  scal- 
lops on  all  sediment  types  (except  granule  for  sea  stars).  These 
results  are  comparable  to  those  for  similar-sized  juvenile  scallops 
(24-28  mm  SH)  in  Wong  and  Barbeau  (200.3).  where  sediment 
type  did  not  affect  sea  star  and  rock  crab  predation  rate.  However, 
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in  Wong  and  Barbeau  (2003),  predation  rate  of  smaller  scallops 
(11-15  mm  SH)  by  sea  stars  decreased  with  increasing  particle 
size  of  sediments.  If  we  had  used  such  smaller  scallops  in  our 
current  study,  we  may  also  have  detected  an  effect  of  sediment 
particle  size  on  predation  rate. 

The  effect  of  sediment  type  on  predation  of  sea  scallops  by  sea 
star  and  crab  predators  has  been  examined  in  field  experiments  in 
Bale  des  Chaleurs,  Gulf  of  St.  Lawrence,  Canada  (Stokesbury  & 
Himmelman  1995).  In  these  experiments,  tethered  scallops  were 
used  to  quantify  predation  of  juvenile  sea  scallops  (.^5-45  mm  SH) 
at  sites  with  sand,  gravel  (composed  of  pebble  and  small  cobble), 
or  bedrock.  Predator-related  mortality  of  scallops  was  significantly 
higher  at  a  site  with  sand  than  a  site  with  gravel  or  bedrock. 
Furthermore,  scallop  shell  remains  indicated  that  -50%  to  80%  of 
scallop  predation  was  by  decapods  (Cancer  irronnus.  Homarus 
amerlcaniis.  Hyas  ssp.).  whereas  the  remaining  predation  was  by 
sea  stars  (Asterias  vulgaris,  Crossaster  paposiis.  Leptasterias  po- 
laris).  Because  density  of  rock  crabs  was  positively  correlated  with 
predator-related  mortality  of  tethered  scallops,  and  the  highest  den- 
sity of  these  crabs  (0.56  ±  0.43  individuals  per  10  nr;  mean  ±  SD) 
was  at  the  sandy  site,  these  results  may  be  directly  related  to 
predator  density  and  not  to  differential  foraging  abilities  of  preda- 
tors on  the  various  sediment  types. 

The  complexity  of  sediment  types,  and  not  simply  the  size  of 
sediment  particles,  can  also  influence  predator-prey  interactions. 
Talman  et  al.  (2004)  found  that  mortality  of  tethered  New  Zealand 
scallops  [Pecten  novaezancUae).  caused  by  predation.  decreased  as 
habitat  complexity  increased.  In  this  case,  habitat  complexity  was 
defined  in  terms  of  biological  features  (e.g.,  diversity  of  biota)  and 
physical  features  (e.g.,  number  of  sediment  types,  density,  or  struc- 
ture). In  our  experiments,  granule  and  pebble  could  be  considered 
heterogeneous  sediments  because  they  provide  physical  crevices, 
whereas  glass  and  sand  are  homogeneous  sediments.  However,  we 
did  not  observe  decreased  predation  on  more  complex  sediment 
types,  as  observed  for  the  New  Zealand  scallops.  This  may  have 
resulted  from  the  absence  of  biotic  heterogeneity  in  our  sediment 
types. 

The  lack  of  effect  of  sediment  type  on  predation  in  our  current 
study  may  be  directly  associated  with  the  type  of  antipredator 
behavior  used  by  sea  scallops.  As  discussed  in  Wong  and  Barbeau 
(2003),  there  are  two  types  of  behaviors  that  prey  can  use  to  reduce 
predation  risk:  avoidance  behaviors  and  escape  behaviors  (Sih 
1987).  Prey  that  use  avoidance  behaviors  reduce  the  probability  of 
detection  and  thus  the  probability  of  being  encountered  by  preda- 
tors, so  these  prey  are  likely  to  make  use  of  features  of  the  sub- 
strate to  evade  predators.  However,  prey  that  use  escape  behaviors 
after  an  encounter  with  a  predator  reduce  the  probability  of  being 
attacked  or  captured,  and  would  be  less  likely  to  use  substrate 
features.  Indeed,  juvenile  sea  scallops  (P.  magcUanicus.  al  1  mm 
SH)  use  active  escape  mechanisms  by  swimming  horizontally 
through  the  water  column,  and  do  not  actively  seek  refuge  by 
hiding  in  crevices  between  sediment  particles  (as  do  Iceland  scal- 
lops, Clikimys  islandica:  Arsenault  &  Himmelman  1996)  or  by 
attaching  to  sea  grass  blades  (as  do  juvenile  bay  scallops;  Ar- 
gopctieii  irniiliims,  Pohle  et  al.  1991 ).  The  lack  of  effect  of  sedi- 
ment type  may  also  be  related  to  predator  foraging  behaviors  on 
the  different  sediments.  Specific  behaviors,  such  as  searching  for 
prey,  handling  prey  and  encounters  between  predators  and  prey 
would  require  quantification  to  further  investigate  this  (as  done  in 
Wong  &  Barbeau  2003). 


Implicaliiins  for  Future  lixpiriuunts  and  Aquae uUure 

The  experimental  design  used  in  our  study  allowed  compre- 
hensive examination  of  sediment  selection  by  juvenile  sea  scal- 
lops, sea  stars  and  rock  crabs.  Observed  distributions  of  animals 
were  compared  with  expected  distributions.  Further,  distributions 
when  animals  were  alone  were  compared  with  distributions  when 
they  were  in  the  presence  of  a  predator  or  prey.  While  we  were 
able  to  identify  selection  of  sediment  types,  our  experimental  de- 
sign did  not  evaluate  preference  for  sediment  types.  Preference  is 
an  active  behavioral  choice,  and  can  only  be  identified  if  it  is  not 
confounded  with  "accessibility"'  of  that  choice  (Underwood  et  al. 
2004).  Accessibility  in  our  case  refers  to  the  ease  with  which  a 
sediment  type  can  be  found  or  occupied  (Olabarria  et  al.  2002).  For 
example,  scallops  may  be  found  mostly  on  a  pebble  sediment 
because  they  have  difficulty  swimming  away  from  the  cracks  and 
crevices  between  sediment  particles,  and  not  because  they  actively 
chose  this  particular  sediment  type  over  others.  The  experimental 
design  necessary  to  identify  preference  would  include  treatments 
that  allow  animals  to  choose  between  sediment  types,  as  well  as 
treatments  that  do  not  allow  a  choice  of  sediments  (Olabarria  et  al. 
2002,  Barbeau  et  al.  2004).  In  our  experiments,  additional  tanks 
where  each  divided  segment  is  filled  with  the  same  sediment  type 
would  need  to  be  included  (i.e.,  replicated  treatments  would  in- 
clude only  glass,  sand,  granule  or  pebble  sediment).  Preference 
would  be  evident  if  animals  chose  a  particular  sediment  more  often 
in  the  choice  situation  (i.e..  in  choice  treatments)  than  expected  by 
chance  when  no  choice  is  available  (i.e.,  in  no-choice  treatments). 
Thus,  the  observed  association  of  animals  on  particular  sediment 
types  in  our  experiments  indicates  selection  of  that  sediment,  but 
not  necessarily  an  active  behavioral  choice. 

Our  results  have  implications  for  the  bottom  culture  of  scallops, 
and  suggest  that  aquaculturists  should  carefully  consider  the  sea 
bottom  characteristics  of  the  site  before  seeding  scallops.  Juvenile 
scallops  select  more  heterogeneous  sediment  types  (e.g..  granule  or 
pebble)  over  more  hoinogeneous  substrates  (sand  or  flat,  hard 
bottoms).  Therefore,  dispersal  of  scallops  away  from  a  site  will  be 
higher  on  less  suitable  sediment  types.  This  has  been  observed  in 
early  seeding  trials  off  the  Magdalen  Islands,  Quebec,  Canada, 
where  sea  scallops  were  released  on  sand  (Picard  &  Vigneau 
1992).  Dispersal  from  certain  sediment  types  has  been  observed  in 
other  scallop  species,  such  as  bay  scallops  (Argopecten  irnulians), 
which  swim  from  an  unnatural  sediment  (sand)  to  their  normal 
substrate  (eelgrass  blades)  (Winter  &  Hamilton  1985),  and  great 
scallops  {Pecten  nia.ximus).  which  have  a  higher  probability  of 
swimming  from  bedrock  than  from  sediments  suitable  for  recess- 
ing (Baird  1958.  Baird  1966).  Furthermore,  in  our  system,  sea 
scallop  dispersal  will  be  higher  if  sea  stars  are  present,  because  sea 
star  encounter  seems  to  be  a  primary  trigger  for  scallop  swimming. 
Encounter  with  crab  predators  may  also  trigger  swimming  of  sea 
scallops,  but  not  to  the  extent  of  encounters  with  sea  stars.  Note, 
however,  that  crabs  can  be  much  more  effective  scallop  predators 
than  sea  stars  (Barbeau  &  Scheibling  1994).  Based  on  research 
with  another  scallop  species  (Talman  et  al.  2004),  the  foraging 
efficiency  of  both  predator  types  may  be  reduced  in  habitats  with 
high  structural  complexity  (e.g.,  high  density  of  macrophytes). 
Additionally,  the  sediment  type  of  an  aquaculture  site  should  be 
considered  in  terms  of  scallop  growth.  Brand  (1991)  reported 
faster  growth  of  various  scallop  species  (e.g.,  P.  megaUaiucus,  A. 
irradians.  P.  mii.xinnis)  on  sediments  with  little  silt  or  mud.  Thus, 
seeding  sea  scallops  onto  sediments  with  large  particle  sizes  may 
lead  to  faster  growth.  Generally,  sediment  type  remains  an  impor- 
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tant  factor  that  can  influence  the  success  of  bottom  culture  opera- 
tions by  affecting  predator-prey  interactions,  scallop  movement, 
and  scallop  growth. 
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EFFECT  OF  MICROALGAL  CONCENTRATION  AND  WATER  TEMPERATURE  ON  THE 
PHYSIOLOGY  OF  THE  CARIBBEAN  SCALLOPS  ARGOPECTEN  NUCLEUS  AND 

NODIPECTEN  NODOSUS 
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.ABSTRACT  Argopeclen  iiiuieiis  and  Nndipeclen  iuhIhsus  are  two  Caribbean  scallops  oecurring  in  Colombia,  which  have  recently 
been  selected  for  artificial  culture  based  on  their  high  commercial  value.  As  part  of  an  effort  to  develop  culture  technology  for  these 
species,  we  studied  the  effects  of  food  concentration  and  temperature  on  feeding  rates  (filtration,  ingestion,  and  absorption),  oxygen 
consumption,  ammonium  excretion  and  scope  for  growth  in  adults  of  the  two  scallop  species.  We  tested  the  effects  of  four  concen- 
trations of  the  microalga  Lsochrysis  galhiiiia  (10,  20,  40  and  60  cells  |xL"'l  at  three  water  temperatures  (20,  25  and  28°Cl,  at  a 
constant  salinity  of  36'7tt.  The  results  showed  that  increases  in  food  concentration  induced  increases  in  feeding  rate,  oxygen  consump- 
tion and  growth  potential,  but  at  values  of  60  cells  |jlL"'  these  variables  decreased,  indicating  saturation  of  the  digestive  tract.  The 
excretion  rate  increased  at  low  food  concentrations,  particularly  at  the  middle  (25°C)  and/or  at  the  highest  temperature  tested  (28'C). 
This  suggested  utilization  of  endogenous  proteins  as  a  supplementary  energy  source  under  these  conditions.  The  increase  in  temperature 
had  no  significant  effect  on  the  feeding  variables  or  on  the  scope  for  growth  of  A.  luicleus.  but  raised  the  N.  nodosiis  ones.  All  the 
physiological  rates  for  the  two  species  were  similar  except  for  oxygen  consumption,  which  was  greater  in  N.  iwdosus  than  in  A.  nucleus. 
Using  values  obtained  for  the  algae  concentrations,  which  produced  the  greatest  growth  potential,  the  optimal  value  for  /.  galbana  for 
both  the  scallops  was  40  cells  p.L"',  whereas  the  optimal  temperature  for  A',  nodosus  was  25°C.  There  was  no  single  optimal 
temperature  for  A.  nucleus,  which  functioned  equally  well  at  between  20°C  and  28°C. 

KEY  WORDS:     scallop  physiology,  scallop  culture,  Argopeclen  nucleus.  Nodipectcn  nodosus.  Colombia,  Caribbean. 


INTRODUCTION 

Temperature  atid  concentration  of  particulate  food  are  two  of 
the  main  factors  that  affect  bivalve  filter  feeders  in  relation  to  their 
growth  (Wilson  1987),  survival  (Paul  I9S()),  gonadal  conditioning 
(Martinez  et  al.  2000,  Martinez  &  Perez,  2003)  and  physiology 
(Bricelj.  et  al.  1987.  Navarro  &  Iglesias  1995.  Navarro  et  al.  2000). 
Studies  carried  out  on  the  physiology  of  bivalve  filter  feeders  in 
response  to  broad  ranges  of  microalgal  concentrations  (Griffiths  & 
King  1979.  Bacon  et  al.  1998.  MacDonald  et  al.  1998,  Velasco  & 
Navarro  2002,  2003)  and/or  water  temperature  (All  1970,  Winter 
1970,  Bougrier  et  al.  1995,  Sicard  et  al.  1999,  Laing  2000)  have 
shown  that  the  filtration  rates,  ingestion,  absorption,  oxygen  con- 
sumption and/or  excretion  become  modified  with  changes  in  these 
parameters,  and  allow  maintenance  of  high  values  in  scope  for 
growth  within  given  ranges  of  the  parameters  depending  on  the 
species  observed. 

Argopecteii  iiiicleiis  (Born,  1780)  and  Ninlipcilcii  nodosus 
(Linne,  1758)  are  two  scallops  of  commercial  importance  from  the 
Caribbean  coast  of  Colombia.  These  species  ai'e  epibenthic  filter 
feeders  and  may  coexist  on  sandy  bottotns  from  10-100  m  depth. 
A.  nucleus  is  a  moderately-sized,  unattached  species  (length  =  50 
mm),  whereas  N.  nodosus  is  a  larger  (length  =  150  mm)  species, 
which  remains  attached  to  hard  substrates.  No  naturally  occuning 
beds  of  these  scallops  have  been  encountered  in  the  sea  off  Co- 
lombia; population  aggregates  have  been  maintained  in  artificial 
cultures,  produced  from  the  captuie  of  (scarce)  naturally  occurring 
seed  obtained  in  spat  collectors  (maximal  of  6-77  spats  collec- 
tor'') (Urban,  1999).  These  two  scallop  species  have  shown  high 
growth  rates  in  suspended  cultures,  reaching  commercial  sizes 
within  1  I  mo  (Urban  1999,  INVEMAR  2003).  It  is  known  that 
growth  and  survival  of  N.  nodosus  is  negatively  affected  by  ex- 
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treme  temperatures  (<20 'C  and  >29"C),  low  salinities  (<299fr)  and 
high  turbidity  (Rupp  &  Parsons  2004,  Rupp  et  al.  2005). 

Because  the  scarce  availability  of  wild  "seed"  does  not  support 
commercial  cultures  of  these  scallops,  it  was  of  interest  to  develop 
the  technology  for  seed  production  under  hatchery  conditions.  Suc- 
cess in  seed  production  depends  on  the  identification  of  optimal 
environmental  parameters  for  maintenance  of  the  adults,  larvae 
and  postlarvae  in  the  laboratory.  Because  the  two  species  under 
study  occur  naturally  in  relatively  high  and  constant  salinity, 
whereas  the  temperatuie  and  environmental  food  offerings  may 
vary  considerably,  we  selected  the  latter  two  variables  of  interest 
for  the  present  study.  In  preliminary  studies  we  determined  that  the 
chrysophyte  Isoehrysis  galbana  produced  the  best  scope  for 
growth  in  the  two  scallop  species  (Velasco,  in  press).  This  study 
was  carried  out  to  detcniiine  the  effect  of  different  concentrations 
of/,  galbana  and  different  temperatures  on  physiological  variables 
related  to  feeding  (filtration  rates,  ingestion  and  absorption),  oxy- 
gen consumption,  excretion  and  scope  for  growth  of  Argopceten 
nucleus  and  Nodipeeten  nodosus  adults. 

MATERIALS  AND  METHODS 

Collection  and  Maintenance  of  Scallops 

Specimens  oi  Argopeclen  nucleus  (mean  length  47  ±  5.3  mm 
and  dry  weight  1.25  ±  0.35  g)  and  Nodipeeten  nodo.sus  (mean 
length  71  ±  9.5  mm  and  dry  weight  2.26  ±  0.85  g)  were  collected 
at  the  Bahi'a  Neguanje  bivalve  culture  station  (Lat, 
11°  20'  N.,  Long.  74.05"  W.),  in  Santa  Marta,  Colombia.  The 
water  temperature  in  this  area  ranges  between  about  22°C  and 
30°C.  with  salinities  between  33  and  37  %r  and  environmental 
seston  concentrations  between  0.2  and  4.7  mg  L"';  the  organic 
content  of  the  seston  ranged  between  15%  and  60'7r  (Urban  1999). 

The  scallops  were  transported  wet.  at  a  temperature  similar  to 
thai  of  the  environment,  to  the  Mollusc  and  Microalsae  Laboratory 
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of  the  Universidad  del  Magdalena  at  Taganga  (Lat.  1I°16'N. 
Long.  74°irW).  where  they  were  cleaned  of  epibionts.  and  indi- 
vidually marked.  Acclimation  to  laboratory  tanks  was  achieved  by 
maintaining  the  scallops  for  one  week  in  static  seawater  in  a  250 
L  tank  at  a  salinity  of  36  %c  and  temperature  of  25°C.  The  water 
was  aerated  with  a  compressed  air  bubbler,  and  a  daily  food  ration 
of  Isocluysis  galhana  equivalent  to  3%  of  the  dry  weight  of  the 
scallops.  The  water  was  renewed  every  24  h. 

Experimental  Design 

A  factorial  design  was  used  in  which  physiological  parameters 
of  the  scallops  were  measured  at  three  different  water  temperatures 
(20.  25°C,  and  28"C)  and  four  different  feeding  regimes  with 
Isochrysis  galhana  at  2,  4,  8  and  12  mg  L"'  ( 1 0.  20.  40  and  60  cells 
|jlL''  respectively).  Each  of  these  12  treatments  was  applied  to 
seven  individual  scallops  of  each  species  selected  haphazardly 
from  the  original  groups  of  specimens  obtained.  The  salinity  was 
maintained  at  369m  in  all  the  experiments;  complete  oxygen  satu- 
ration was  maintained  in  the  water  over  a  period  of  15  h,  of  which 
12  h  represented  an  acclimation  period  in  the  test  system  with  a 
three  hour  period  for  taking  the  measurements. 

The  experimental  diets  were  administered  using  a  flow-through 
system  consisting  of  16  chambers  (0.8  L  for  A.  nucleus  and  1.6  L 
for  N.  nodosus).  designed  following  Riisgard  (1977).  A  constant 
flow  (150  ±  10  mL  min"')  of  the  experimental  diet  was  directed  by 
gravity  from  a  mixing  tank  into  each  chamber;  14  chambers  were 
used  for  individual  bivalves  (7  individuals  of  each  species)  and  2 
chambers  contained  empty  valves,  which  served  as  controls.  Nor- 
mal valve  opening  by  test  specimens  was  monitored  and  individu- 
als that  failed  to  open  normally  were  eliminated  from  the  experi- 
ment. 

The  experimental  diets  were  prepared  by  mixing  appropriate 
volumes  of  l-|jLm  microfiltered  seawater  and  the  microalgae  Iso- 
chrysis galhana,  which  had  been  cultured  in  F/2  medium  (Guillard 
1974).  after  direct  cell  counts  of  cell  densities  by  hemacytometer. 

Characterization  of  Feeding  Ration 

Each  experimental  diet  was  analyzed  in  terms  of  total  particu- 
late matter  (TPM)  and  particulate  organic  matter  (POM).  Water 
was  sampled  from  the  outflow  of  both  control  chambers  every 
hour.  Each  sample  was  divided  into  three  subsamples.  which  were 
filtered  onto  tared  Millipore  glass  fiber  filters  (o  =  0.45  p.m). 
which  had  been  prewashed  in  distilled  water  and  preashed  at 
450°C  for  4  h.  Filters  with  samples  were  rinsed  with  isotonic 
ammonium  formate  to  remove  salt  and  prevent  cell  lysis,  and  were 
dried  at  70°C  for  48  h  to  determine  the  TPM  (mg  L^' ).  POM  (mg 
L"')  was  determined  as  the  loss  in  weight  of  the  samples  after 
ashing  at  450°C  for  4  h. 

Delenniiiation  of  Physiological  Feeding  Variables 

These  variables  were  determined  by  the  nietluid  ol  biodeposi- 
tion  described  by  Iglesias  et  al.  (1998).  as  validated  by  Navarro 
and  Velasco  (2003)  using  the  tlow-through  chamber  method  de- 
scribed by  Riisgard  (2001 ).  Feces  and  pseudofeces  were  quantita- 
tively collected  every  3  h  using  Pasteur  pipettes.  The  mass  and 
organic  content  of  the  material  deposited  by  each  test  bivalve  were 
estimated  separately  using  the  method  described  above  for  the  diet 
analysis.  The  equations  for  the  physiological  variables  were  the 
same  as  those  of  Iglesias  et  al.  (1998). 


Filtration  Rate 

Filtration  rate  (FR)  represents  the  amount  of  particulate  mate- 
rial removed  from  the  water  per  unit  time. 


Inorganic  filtration  rate     IFR  (mg  h  ' )  =  IRR  +  lER 


(1) 


Organic  filtration  rate     OFR  (mg  h"' )  =  IFR*  (POM/PIM)     (2) 


Total  filtration  rate     FR  (mg  h  ')  =  IFR-t-OFR 


(3) 


where;  IFR  =  inorganic  filtration  rate  (mg  h"');  IRR  =  rate  of 
production  of  pseudofeces  inorganic  matter  (mg  h~').  lER  =  rate 
of  production  of  feces  inorganic  matter  (mg  h^').  POM  =  par- 
ticulate organic  matter  (mg  L"')  and  PIM  =  particulate  inorganic 
matter  (mg  L"'). 

Ingestion  Rate 

When  no  pseudofeces  is  produced  the  total  filtration  and  or- 
ganic matter  filtration  rates  are  represented,  respectively,  by  the 
total  (IR)  ingestion  rate  and  organic  ingestion  rates  (OIR).  When 
pseudofeces  is  produced,  the  IR  is  calculated  by  subtraction  of  the 
rate  of  pseudofeces  production  from  the  FR  (Bayne  et  al.  1993). 

lR(mgh  ')  =  FR-RR     OIR  (mg  h"')  =  OFR  -  ORR  (4) 

where;  RR  =  rate  of  production  of  total  pseudofeces  (mg  h"' )  and 
ORR  =  rate  of  production  of  pseudofeces  organic  matter  (mgh"'). 
Efficiency  ( AE)  and  rate  of  absorption  (AR);  represent  material 
iiiizested.  which  is  absorbed  per  unit  time. 


AE(%)  =  AR/(OFR  -  ORR)  *  100 
AR(mgh  ')  =  OIR-OER 


(5) 
(6) 


where;  OER  =  rate  of  production  of  feces  organic  matter  (nig 
h-'l. 

Oxygen  consumption  (CO;  niL  02  h  ' )  and  ammonia  excretion 
(UR:  iJLg  NHj-N  h"'):  were  determined  on  fed  animals  by  placing 
them  in  individual  chambers  (0.8  and  3  L)  after  rinsing  the  cham- 
bers with  25%  HCl  and  filling  with  <l-(jim  filtered  seawater. 
Chambers  were  sealed  and  incubated  for  2  h  at  the  same  tempera- 
ture in  which  they  has  been  fed.  alongside  a  control  chamber 
devoid  of  specimens.  Two  water  samples  were  then  taken  from 
each  experimental  chamber  to  determine  oxygen  consumption 
rates  and  rates  of  excretion.  Oxygen  consumption  was  never  mea- 
sured at  ambient  oxygen  tension  lower  than  70'7<-  saturation.  Oxy- 
aen  concentration  was  estimated  by  the  Winkler  method,  moditied 
after  Canitl  and  Carpenter  (Strickland  &  Parsons  1972)  and  am- 
monia excretion  was  determined  by  the  phenol-hypochlorite 
method  (Solorzano  1969). 

Scope  for  growth  (SFG);  is  a  physiological  index  of  energy 
balance  to  estimate  production  (growth  +  reproduction)  by  an  in- 
dividual animal.  It  was  calculated  from  the  equation  given  by 
Widdows  (1985)  after  converting  all  the  physiological  rates  to 
energy  equivalents  (J  h"  ); 


SFG  =  A-(R4-U) 


(7) 


where;  A  =  Energy  absorbed  (J  h"' )  =  AR  mg  h"'  x  I  1 .40  J  mg" 
(Velasco,  in  press),  R   =  Oxygen  consumption  (J  h"')   =   OC 
mLO,  h"'  X  20.08  J  (Gnaiger  1983),  U  =  Ammonia  excretion 
(J  h"'")  =   UR  mg  NH4-N  h^'  X  24.8  J  (Elliot  &  Davison  1975). 
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Standardizalion  of  \  tiriiihles 

The  physioloL'ical  rates  were  converted  to  a  standard  individual 
of  1-g  dry  tissue  weight  and  with  a  macroscopic  gonadal  stage  of 
I:  for  this,  the  soft  tissues  were  dried  at  70"C  for  48  h.  and  then 
individually  weighed.  Standardization  used  the  equation  of  Bayne 
et  al.  (1987). 


Yts  =  ( 1  gAVe)"'  X  Ye 
Yms  =  (l/Ef-xYts 


(8) 
(91 


where  Yts  =  physiological  rate  of  an  individual  of  standard  size  ( 1 
g).  Ye  =  uncorrected  rate.  We  =  weight  of  the  e.xperimental 
individual,  hi  =  dependence  of  the  physiological  rates  on  the 
sizes  of  the  individuals.  Yms  =  physiological  rate  of  the  individual 
at  a  standard  stage  of  maturity  (1 ).  £  =  stage  of  maturity  of  the 
experimental  individual  (between  1  and  4)  and  b2  =  dependence 
of  the  physiological  rates  on  the  stage  of  maturity  of  the  individu- 
als. The  "7'"'  values  used  for  each  physiological  rate  were  deter- 
mined from  exponential  regressions  between  the  physiological 
measurements,  the  dry  weights,  and  stage  of  maturity  of  specimens 
of  different  sizes  and  degrees  of  maturity  of  the  two  scallop  spe- 
cies. For  the  rate  of  production  of  biodeposits.  the  hi  values  were 
0.98  and  0.41  and  for  b2  they  were  -0.67  and  -0.44  for  Ar- 
gopecten  nucleus  and  Nodipecten  nodusus.  respectively.  For  the 
oxygen  consumption  rates,  the  bl  values  were  1.52  and  0.4.i  and 
for  h2  they  were  0.32  and  0.52  for  A.  nucleus  and  N.  nodosus. 
respectively.  Finally,  for  the  rates  of  excretion,  the  bl  values  were 
1.16  and  0.97  for/4,  nucleus  and  N.  nodosus,  respectively,  and  no 
standardization  was  carried  out  related  to  the  stage  of  maturity, 
because  this  factor  did  not  affect  the  excretion  rate. 

Statistical  Analyses 

Tests  were  carried  out  on  the  normality  and  the  homogeneity  of 
the  variances  of  all  the  physiological  variables,  and  transformed  to 
comply  with  these  requisites.  Clearance,  filtration,  ingestion,  ab- 
sorption and  SFG  were  transformed  to  square,  oxygen  consump- 
tion was  transformed  to  square  roots,  and  a  rank  transformation 
was  applied  to  the  absorption  efficiency  and  excretion  rate  data. 
Factorial  analyses  of  variance  were  carried  out  to  establish  the 
degree  of  influence  of  the  food  concentration  and  temperature,  and 
the  interactions  of  these  two  factors  on  each  of  the  physiological 
variables.  One-way  analyses  of  variance  were  carried  out  to  make 
specific  comparisons  between  treatments,  and  to  determine  signifi- 
cant differences  among  them  using  a  Bonferroni  multiple  range 
test.  Correlation  analyses  were  carried  out  to  establish  associations 
among  the  physiological  variables.  Finally,  analyses  of  covariance 
were  carried  out  to  compare  the  physiological  variables  between 
the  two  species.  All  the  statistical  analyses  were  carried  out  using 
Statgraphics-plus  5.0  software,  with  an  a  of  0.05  for  all  tests  of 
significance. 


RESULTS 


Feeding  Rates 


The  highest  rates  of  filtration,  ingestion  and  absorption  by  Ar- 
gopecten  nucleus  were  85.2.  55.5  and  52.4  nig  h"'.  respectively, 
whereas  the  lowest  rates,  respectively,  were  7. 1 ,  4.6  and  4. 1  mg 
h"'.  hi  Nodipecten  nodosus  the  filtration  rates  varied  between  5.8 
and  83.5  mg  h~';  ingestion  rates  between  3.7  and  56.7  mg  h"'  and 
the  absorption  rates  between  3.2  and  53.3  ma  h~'  (Fie.  I).  The 


food  concentration  significantly  affected  the  rates  of  filtration, 
ingestion  and  absorption  of  A.  nucleus  (df  =  3,  f  <  0.001 )  and  N. 
nodosus  (df  =  3,  P  <  0.0001).  Increase  in  physiological  rates 
occurred  with  increases  in  the  food  concentration,  with  the  highest 
values  observed  at  40  cells  [>.L\  At  food  concentrations  of  60 
cells  jaL"'  all  the  rates  decreased,  except  in  N.  nodosus  at  20"C, 
where  they  continued  to  increase. 

Temperature  did  not  significantly  affect  the  feeding  rates  of 
Argopecten  nucleus  (df  =  2,  F  =  1.13.  P  =  0.3316)  whereas  the 
contrary  was  true  of  Nodipecten  nodosus  (df  =  2,  F  =  22.22.  P 
=  0.0001).  although  only  when  the  scallops  were  presented  with 
inteiTnediate  food  concentrations  (20  and  40  cells  p-L^');  at  these 
food  concentrations,  the  low  temperature  (20°C)  and  the  high  tem- 
perature (28°C)  produced  a  significant  decrease  in  the  physiologi- 
cal variables  related  to  feeding.  The  analysis  of  covariance  showed 
that  the  feeding  rates  of  both  scallop  species  were  statistically 
similar  (df  =  \.  P<  0.0828).  There  was  production  of  pseudofeces 
in  all  the  treatments;  in  N.  nodosus  this  varied  between  14%  and 
52%  of  the  material  filtered,  whereas  in  A.  nucleus  this  range  was 
between  18%  and  47%,  with  the  highest  values  observed  in  the 
treatments  containing  the  highest  food  concentrations  and  at  ex- 
tremes of  temperature. 

Absorption  Efficiency 

The  absorption  efficiency  of  Argopecten  nucleus  varied  be- 
tween 60.9%  and  96.3%.  whereas  that  of  Nodipecten  nodosus  was 
between  74.5%  and  97.5%  (Fig.  2).  The  concentration  of  microal- 
gae  had  a  statistically  significant  influence  on  the  absorption  effi- 
ciency of  both  scallop  species  (df  =  3,  P  <  0.0020),  but  a  direct 
relation  was  not  verified.  The  values  obtained  at  40  cells  jxL  ' 
were  significantly  higher  than  those  at  20  cells  ixL''.  Temperature 
affected  the  efficiency  of  absorption  of  A.  nucleus  (df  =  2,  F  = 
6.33.  P  =  0.0034).  with  higher  values  obtained  at  25°C  than  at  the 
other  temperatures.  In  N.  nodosus  the  absorption  efficiency  was 
not  significantly  affected  by  the  temperature  (df  =  2,  F  =  2.83.  P 
=  0.0666).  The  analysis  of  variance  did  not  detect  significant 
differences  between  the  absorption  efficiencies  of  the  two  species 
(df  =   1,  F  =  0.01,  P  =  0.8289). 

Oxygen  Consumption  Rale 

The  oxygen  consumption  of  Argopecten  nucleus  varied  be- 
tween 0.18  and  1.05  niL  O^  h"'  and  that  of  Nodipecten  nodosus 
was  between  0.5  and  1.63  niL  O,  h"'  (Fig.  3A).  The  factorial 
analysis  showed  that  the  oxygen  consumption  by  the  scallops  was 
significantly  affected  by  the  food  concentration  (df  =3.  P  < 
0.0001 )  and  temperature  (df  =  2,  P  <  0.0001).  In  A.  nucleus  the 
oxygen  consumption  rates  were  significantly  lower  at  the  lowest 
algal  concentration  (10  cells  (xL~').  whereas  in  N.  nodosus  the 
highest  values  were  obtained  at  40  cells  (xL  '.  Increa.se  in  tem- 
perature increased  oxygen  consumption,  with  statistically  higher 
values  at  25°C  and  28°C  in  A.  nucleus  and  at  28°C  in  N.  nodosus. 
The  analysis  of  covariance  showed  that  the  oxygen  consumption 
by  N.  iwdosus  was  significantly  higher  than  that  of  A.  nucleus  (df 
=  I.  F  =  35.13.  P  =  0.0001). 

Kxcreliou  Rale 

Ammonium  production  by  Argopecten  nucleus  varied  between 
91.9  and  326.6  p.g  h~'.  whereas  that  of  Nodipecten  nodosus  ranged 
from  84.2-340.4  (jLg  h"'  (Fig.  3B|.  The  factorial  analysis  of  vari- 
ance showed  that  the  rate  of  excretion  by  the  two  scallop  species 


826 


Velasco 


A. 


120 

— 

100 

f 

(sO 

OX; 

60 
40 
20 

0 

B. 

80 

'.c 

60 

en 

40 

£ 

20 

0 

C. 

80 

'f 

60 

DXI 

40 

oi 
< 

20 

0 


Argopecten  nucleus 


10  20  40  60 


10 


20 


40 


60 


120         Nodipecten  nodosus 


_-^ 

100 

JZ 

80 

r.t, 

E 

60 

OS 

40 

u. 

20 

80 

'.s 

60 

St 

s 

40 

^ 

20 

0 

70 

'si 

50 

E, 

30 

a. 
< 

10 

-10 


m^^ 


20 


40 


20 


40 


60 


60 


10 


20 


40 


60 


10  20  40  60 

I.  galhana  concentration  (eel  |iL'  )  I.  galhana  concentration  (eel  |.iL   ) 

Figure  1.  Argopeclen  inickus.  and  Nodipecten  uodusiis.  Feeding  rates  under  different  concentrations  of  Isaelirysis  galbaiia  and  water  tempera- 
tures. A.  Filtration  rates.  B.  ingestion  rates  and  C.  Absorption  rates. 


was  significantly  affected  by  the  microalgal  concentration  (df  =  3. 
P  <  0.0016)  and  by  the  water  teniperature  (df  =  2.  P  <  0.0030). 
The  excretion  rates  measured  at  the  lowest  food  concentration  ( 10 
cells  |xL"' )  were  significantly  higher  than  those  obtained  at  higher 
food  concentrations  (40  cells  |i.L"').  The  temperature  affected  the 
excretion  rate  of  these  scallops  only  at  low  food  concentrations  ( 10 
and  20  cells  |jiL~'),  and  produced  significantly  higher  values  at 
25"C  than  at  20°C  (df  =  2.  f  <  0.0300).  At  higher  food  concen- 
trations, the  excretion  rate  was  not  influenced  by  temperature  (df 
=  2.  P  >  0.1275).  No  statistical  differences  were  detected  between 
the  rates  of  ammonium  release  by  the  two  scallop  species  (df  =  1, 
F  =  0.08,  P  =  0.7841)  using  the  analysis  of  covariance. 


Scope  for  Growth 

The  scope  for  growth  of  Aif^opecten  nucleus  fluctuated  be- 
tween 33.2  and  580.2  J  h"'  and  that  of  Nodipecten  nodosus  be- 
tween 9.6  and  582.2  J  h"'  (Fig.  4).  The  coirelation  analysis  showed 
a  positive  association  between  the  scope  for  growth  and  the  feed- 
ing variables,  which  was  highly  significant  (r  >  0.9784,  P  < 
0.000 1 ).  whereas  no  association  was  noted  between  the  oxygen 
consumption  rates  (r  =  -0.08.  P  =  0.3579).  Correlation  of  the 
scope  for  growth  with  excretion  rates  was  negative  (r  =  -0.2422, 
P  =  0.005).  The  factorial  analysis  of  variance  showed  that  the 
growth  potentials  of  the  two  scallops  was  significantly  influenced 
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Figure  2.  Argopecten  nucleus  and  Nodipecten  nodosus.  Absorption  efficiencies  under  different  concentrations  of  Isochrysis  galhana  and  water 
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Figure  3.  Argopeclcii  nucleus  and  Nodipecten  nodimis.  A.  Oxygen  consumption  rates  and  B.  Ammonia  excretion  rates  under  different  concen- 
trations of  Isochrysis  galhana  and  water  temperatures. 


b\  the  iiiiLToalgal  concentration  (df  =  i.  P  <  0,0001 ).  whereas  the 
water  temperature  affected  N.  nodosus  (df  =  2.  F  =  16.01,  P  = 
0.0001)  and  not  A.  nucleus  (df  =  2.  F  =  0.86,  P  =  0.4289).  The 
scope  for  growth  increased  together  with  food  concentration  up  to 
40  cells  p.L  and  thereafter  decreased  at  60  cells  |jiL"'.  except  in  A'. 
iiddtisus  at  the  low  temperature  (20  C).  at  which  the  scope  for 
growth  continued  to  increase.  Temperature  affected  the  scope  for 
growth  of  M  nodosus  only  at  the  intermediate  food  concentrations 
of  20  y  40  cells  (jlL"'  (df  =  3,  P  <  0.0277).  with  an  increase  in 
scope  for  growth  stimulated  al  25°C.  The  analysis  of  covariance 
showed  that  the  scope  for  growth  of  the  two  scallops  was  statis- 
tically similar  (df  =   1.  F  =  3.2,  P  =  0.0761). 

DISCUSSION 


Feeding  Rates 

The  highest  rates  of  filtration,  ingestion,  and  absorption  re- 
corded for  the  two  scallop  species  in  this  study  were  obtained  at 
intermediate  concentrations  of  microalgae  offered  as  food.  These 
results  were  in  agreement  with  results  of  previous  studies  on  the 
feeding  of  bivalves  exposed  to  broad  ranges  of  algal  concentration 
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as  in  the  case  of  Myiihis  chi/i-nsis  (Velasco  &  Navarro  2002. 
2003).  The  decrease  in  feeding  rates  at  high  concentrations  of 
microalgae  has  not  been  noted  in  other  studies,  such  as  those  of 
Aulacomya  ater  (Griffiths  &  King  1979),  Mytilus  chilensis  (Na- 
varro &  Winter  1982),  Placopecten  nnifielhinicus  (Bacon  et  al. 
1998)  and  Musculista  senhousia  (Inoue  &  Yamamuro  2000).  Al- 
leniatively,  stabilization  of  feeding  rates  may  occur  at  high  food 
concentrations,  as  shown  for  Tapes  philippinanim  (Coutteau  et  al. 
1994):  Mya  arenaria  (Bacon  et  al.  1998)  and  Muiinia  edulis  (Ve- 
lasco &  Navan-o  2002,  2003).  It  may  be  that  the  latter  two  results 
were  because  of  the  nanow  range  of  microalgai  concentrations 
tested.  The  reduced  feeding  rates  of  the  bivalves  at  low  food  con- 
centrations has  been  explained  as  the  direct,  and  uncontrolled  scar- 
city of  food,  whereas  at  high  concentrations  it  may  represent  a 
reduction  in  the  pumping  of  water,  and  to  the  increase  in  produc- 
tion of  pseudofeces,  which  allows  the  bivalve  to  regulate  the  in- 
gestion rate  and  avoid  saturation  of  the  alimentary  system  (Iglesias 
et  al.  1996,  Velasco  &  Navarro  2002).  The  concentration  of /.svi- 
cluysis  gcdhana  at  which  the  ingestion  rate  of  Argopecten  nucleus 
and  Nodipecten  nodosus  was  at  a  maximum,  inducing  regulation, 
or  lowering  of  ingestion  ("saturation  concentration"),  was  at  40 
cells  p.L"'  (8  mg  L"');  this  value  coincided  with  that  observed  in 
other  bivalves  fed  on  microalgai  diets  includinc  Meietrix  mcretriz 
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Figure  4.  Argopecten  nucleus  and  Nodipecten  nodosus.  Scope  for  growth  under  different  concentrations  of  Isochrysis  galbaiia  and  water 
temperatures. 
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(8  nig  L  ',  Zhuang  &  Wang  2004)  and  P.  magclkmicus  (7  mg  L  ', 
Bacon  et  al.  1998). 

The  lack  of  influence  of  the  temperature  on  the  feeding  rates  of 
Argopecten  nucleus  showed  that  this  species  had  a  high  capacity 
for  rapid  acclimation  within  the  temperature  range  tested.  Similar 
results  had  previously  been  presented  for  Argopecten  purpunitus 
exposed  to  16°C  and  20°C  for  three  weeks  (Navarro  et  al.  2000). 
The  increase  in  feeding  rates  in  Noilipeclen  nociosus  with  increase 
in  temperature  and  its  decrease  at  temperatures  as  high  as  28"C. 
indicated  that  this  species  did  not  become  acclimated  to  different 
temperatures  in  a  short  time  (15  h).  This  result  coincided  with  the 
responses  described  for  other  bivalves,  including  Argopecten  ven- 
tricosus  (Sicard  et  al.  1999)  and  Pecten  maximus  (Laing  2000). 
Other  studies  only  described  increases  in  feeding  rates  with  in- 
creases in  temperature,  as  with  Arctica  islandica.  Modiolus  modio- 
lus (Winter  1970).  Venerupis  decussata.  Mercenaria  inercenaria 
(Walne  1972).  Ostrea  edulis  (Beiras  et  al.  1995)  and  Pecten  fu- 
matus  (Heasman  et  al.  1996)  possibly  because  of  the  fact  that  the 
cited  authors  worked  within  a  narrower  temperature  range.  The 
presently  described  effect  of  temperature  on  the  feeding  rates  of  N. 
nodosus  was  observed  only  at  intermediate  food  concentrations 
(20  and  40  cells  p-L"').  Extreme  concentrations  apparently  pro- 
duce a  limiting  effect,  which  annulled  the  positive  effect  obtained 
at  intermediate  temperature  (25"C). 

The  similarity  between  feeding  rates  in  Argopecten  nucleus  and 
Nodipecten  nodosus  contrast  with  the  higher  capacity  for  retaining 
particulate  in  the  bigger  branchial  area  per  unit  dry  weight  of  N. 
nodosus  (Velasco,  in  press).  It  suggests  that  A.  nucleus  has  higher 
pump  activity  than  N.  nodosus.  Other  studies,  which  have  com- 
pared interspecific  feeding  rates  have  demonstrated  greater  particle 
retention  and  feeding  rates  in  species  having  greater  branchial 
surface  areas  (Foster-Smith  1976,  Hawkins  et  al.  1990,  Velasco  & 
Navarro  2002). 

Absorption  Efficiency 

Absorption  efficiency  generally  decreases  when  the  concentra- 
tion of  microalgae  increases,  as  in  the  cases  of  Mytilus  edulis 
(Widdows  1978).  Aulacomya  ater  (Griffiths  &  King  1979),  Myti- 
lus cliileusis  (Navarro  &  Winter  1982).  Argopecten  purpuratus 
(Fernandez-Reiriz  et  al.  2005)  and  Hiatella  arctica  (Sejr  et  al. 
2004).  This  has  been  attributed  to  the  decrease  in  residence  time  of 
the  food  in  the  stomach  when  the  ingestion  rate  is  high  (Bayne  et 
al.  1989).  The  absorption  efficiencies  of  Argopecten  nucleus  and 
Nodipecten  nodosus  were  relatively  high,  and  its  variation  showed 
no  relation  with  the  concentration  of  microalgae,  nor  with  the 
ingestion  rate,  in  agreement  with  the  results  obtained  with  Mya 
areiuiria.  Placopecten  magellanicus  (MacDonald  et  al.  1998)  and 
in  Meretrix  meretriz  (Zhuang  &  Wang  2004).  The  maintenance  of 
high  absorption  efficiencies  in  A.  nucleus  and  N.  nodosus  at  the 
highest  food  concentration  tested  could  be  related  to  the  strong 
regulation  of  the  ingestion  rate,  which  avoids  oversaturation  of  the 
digestive  tract  and  affects  the  efficiency  of  the  digestive  process. 

The  lack  of  influence  of  temperature  on  the  absorption  effi- 
ciency of  Nodipecten  nodosus  coincides  with  that  found  for  Ar- 
gopecten purpuratus  after  an  acclimation  period  (Navarro  et  al. 
2000),  indicating  a  high  degree  of  plasticity  in  this  variable  with 
regard  to  temperature  changes.  In  Argopecten  nucleus  the  increase 
in  temperature  from  20°C  to  25°C  produced  an  increase  in  the 
absorption  efficiency  as  noted  for  Ostrea  edulis  (Beiras  et  al.  1995) 
and  Meretrix  meretriz  (Zhuang  &  Wang  2004).  Low  temperatures 


produce  a  decrease  in  kinetic  energy  of  molecules,  and  a  decrease 
in  the  probability  that  they  will  react  upon  colliding  (Eckert  et  al. 
1990),  which  should  retard  hydrolysis  of  different  substrates  and 
reduce  the  efficiency  of  their  digestion. 

The  similarity  of  the  absorption  efficiencies  of  Argopecten 
nucleus  and  Nodipecten  iuhIosus  agree  with  results  obtained  in 
comparisons  of  absorption  efficiencies  among  bivalve  .species,  in- 
cluding Mulinia  edulis  and  Mytilus  chilensis  (Velasco  &  NavaiTO 
2003,  2005)  and  Mya  arenaria  and  Placopecten  magellanicus 
(MacDonald  et  al.  1998).  This  indirectly  suggests  a  similarity  in 
the  composition  and/or  activity  of  the  digestive  enzymes  of  the  two 
species,  possibly  induced  by  being  exposed  to  similar  environmen- 
tal conditions.  It  was  demonstrated  in  M.  edulis  and  M.  chilensis 
that  although  the  composition  and  activity  of  the  digestive  en- 
zymes in  their  digestive  glands  and  crystalline  styles  were  different 
(Labarta  et  al.  2002),  they  had  comparable  absorption  efficiencies 
(Navarro  et  al.  2003,  Velasco  &  Navarro  2003). 

Oxygen  Consumption 

Oxygen  consumption  by  Argopecten  nucleus  and  Nodipecten 
nodosus  increased  with  the  increase  in  microalgae  concentration, 
and  at  the  highest  concentration  tested,  this  rate  decreased,  dem- 
onstrating a  similar  response  to  that  of  the  feeding  rate.  This 
showed  that  the  costs  of  feeding  activities,  digestion  and  absorp- 
tion were  variable  and  depended  on  the  food  concentration.  Similar 
results  have  been  described  for  other  bivalves  such  as  Donax  vit- 
tatus  (Ansell  1973),  Aulacomya  ater  (Griffiths  &  King  1979), 
Mytilus  edulis  (Thompson  &  Bayne  1972.  Bayne  et  al.  1984.1989), 
Mya  arenaria  (MacDonald  et  al.  1998),  Musculista  senhousia  (In- 
oue  &  Yamamuro  2000),  Mulinia  edulis.  Mytilus  chilensis  (Ve- 
lasco &  NavaiTO  2003).  Cerastoderma  edule  (Navarro  et  al.  1992, 
1994)  and  Hiatella  arctica  (Sejr  et  al.  2004).  It  is  in  contrast, 
however,  with  the  finding  that  there  was  no  influence  of  food 
concentration  on  oxygen  consumption  in  M.  arenaria  and  Pla- 
copecten magellanicus  (Mac  Donald  et  al.  1998). 

The  increase  in  oxygen  consumption  by  Argopecten  nucleus 
and  Nodipecten  nodosus  with  increase  in  water  temperature  is 
explained  by  the  positive  effect  of  increase  in  temperature  on  the 
speeds  of  metabolic  reactions  (Eckert  et  al.  1990)  and  is  in  agree- 
ment with  results  from  other  bivalves  such  as  Ostrea  edulis  (Beiras 
et  al.  1995)  Crassostrea  gigas  (Bougrier  et  al.  1995)  and  Ar- 
gopecten ventricosus  (Sicard  et  al.  1999).  This  behavior  differs 
from  that  found  for  O.  edulis  (Beiras  et  al.  1995)  and  Argopecten 
purpuratus  (Navarro  et  al.  2000)  after  being  experimentally  held  at 
a  different  temperature  for  a  relatively  long  period  (3  wk);  under 
these  conditions  the  oxygen  consumption  did  not  vary  with  tem- 
perature, showing  an  acclimation  of  the  organisms  to  manipulation 
of  this  parameter.  According  to  Eckert  et  al.  (1990).  acclimation  of 
tissues  and  organisms  to  different  temperatures  could  occur  be- 
cause of  the  modification  of  sensitivity  of  enzymatic  activity, 
changes  in  molecular  structure  of  one  or  more  enzymes,  or  to 
changes  in  the  quantities  of  enzymes. 

In  spite  of  the  similarities  among  feeding  rates  of  the  scallops. 
Nodipecten  nodosus  had  greater  oxygen  consumption  than  Ar- 
gopecten nucleus,  suggesting  that  the  latter  species  was  more  ef- 
ficient than  the  former  in  utilization  of  this  resource  in  caiTying  on 
its  metabolic  functions.  In  studies  comparing  oxygen  consumption 
among  bivalve  species  (Mac  Donald  et  al.  1998.  Velasco  &  Na- 
varro 2003).  it  was  noted  that  the  existence  of  interspecific  differ- 
ences in  oxygen  consumption  coincided  with  parallel  differences 
in  feeding  rates. 
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Excretion  Rate 

The  decrease  in  excretion  rate  in  Argopectcu  lutcleus  and  No- 
dipecten  nodosus  with  increases  in  food  concentration  contrasts 
with  most  comparable  studies,  as  the  more  typical  response  has 
been  a  positive  relation  between  these  variables  {Midinia  ediilis. 
Mytiliis  chilci}sis.  Velasco  &  Navarro  2003.  Hiatella  arcaica.  Sejr 
et  al.  2004).  or  even  no  relation  at  all  {Mya  areiniria  and  Plii- 
ci'pcclvn  niciiicUaiiiciis,  MacDonald  el  al.  149S).  it  is  known  that 
bivalves  use  proteins  stored  in  body  tissues  as  energy  sources 
when  the  food  supply  is  incapable  of  satisfying  metabolic  require- 
ments, resulting  in  an  increase  in  the  excretion  rale  (Bayne  & 
Newell  1983).  Therefore  the  lower  ranges  of  food  concentration 
tested  in  this  study  (10  and  20  cells  [j,L"')  may  have  been  insuf- 
ficient to  supply  the  energetic  demands  of  the  two  scallop  species, 
which  then  had  to  rely  on  the  catabolism  of  endogenous  proteins. 

The  reduced  excretion  rates  of  Argopeclen  nucleus  and  M)- 
dipecten  nodosus  at  low  water  temperatures,  particularly  when  the 
food  concentration  was  20  cells  \xL~ '  or  less,  could  be  explained 
by  a  decrease  in  metabolism  under  these  conditions,  which  could 
in  turn,  lower  the  metabolic  demands  of  the  organisms  to  a  point 
at  which  they  were  not  required  to  resort  to  the  use  of  stored 
proteins.  The  same  tendency  has  been  observed  in  other  bivalves 
such  as  Oslrea  ednlis  (Beiras  et  al.  199.'i). 

The  excretion  rate  of  Argopeclen  nucleus  was  similar  to  that  of 
Nodipecten  nodosus,  similar  to  findings  in  interspecific  compari- 
sons under  the  same  conditions  in  Mya  arenaria  and  Placopecleii 
nmgellanicus  (MacDonald  et  al.  1998)  and  Mulinia  edulis  and 
Mrrilus  chilensis  (Velasco  &  Navaixo  2003).  The  similarity  in 
excretion  rates  of  the  bivalves,  together  with  the  similarities  be- 
tween absorption  rates,  suggested  that  the  utilization  of  proteins  in 
the  two  species  comparisons  were  quite  similar. 

Scope  for  Growth 

The  positive  high  coiTelation  between  scope  for  growth  and 
feeding  rates,  and  the  low  values  of  oxygen  consumption  and 
excretion  indicated  that  the  energy  acquisition  by  feeding  was 
more  important  than  the  energy  output  in  determining  the  values  of 
scope  for  growth.  Because  values  for  ingestion  and  absorption 
depend  on  the  filtration  rate,  it  can  be  assumed  that  the  filtration 
rate  is  the  main  determinant  of  physiological  condition  in  Ar- 
gopecten  nucleus  and  Nodipecten  nodosus  under  the  conditions 
tested  in  the  present  study.  Similar  conclusions  have  been  derived 
for  Argopecten  purpunitus  (Navarro  et  al.  2000).  Mya  arenaria 
and  Placopecten  nuigellanicus  (Bacon  et  al.  1998.  MacDonald  et 
al.  1998),  and  Mulinia  edulis  and  Mytilus  cliilensis  (Vela.sco  & 
Navarro  2002;  2003).  Nevertheless,  in  species  such  as  Ostrea  edu- 
lis (Ansell  &  Sivadas  1973)  and  M.  edulis  (Velasco  &  Navarro 
2002).  under  certain  conditions  the  oxygen  consumption  may  con- 
stitute an  important  portion  of  the  energy  absorbed,  and  may  have 
an  important  effect  on  the  growth  potential. 

The  high  growth  potentials  of  Argopecten  nucleus  and  No- 
dipecten nodosus  when  fed  intermediate  microalgal  concentrations 
(40  eel  p,L"').  as  well  as  the  low  values  obtained  at  the  extremes 
of  the  algal  concenti'ation  (10  and  60  eel  |ji.L"' ),  are  in  accord  with 
results  obtained  for  Aulacomya  ater  (Griffiths  &  King  1979).  and 
Mytilus  cliilensis  (Velasco  &  Navarro,  2003).  They  differ,  how- 
ever, with  findings  from  other  studies,  where  scope  for  growth  and 
algae  concentration  showed  an  inverse  relation,  as  in  M.  cliilensis 
(Navarro  &  Winter  1982),  or  a  direct  relation  as  in  Cerustodenna 
edule.  Tapes  decussatus  (Navarro  &  Iglesias.  1 995 ).  Mulinia  edu- 


lis (Velasco  &  NavaiTo  2003).  Mya  arenaria  and  Placopecten 
nuigellanicus  (MacDonald  et  al.  1998).  These  differences  in  the 
responses  of  the  scope  for  growth  to  food  concentration  may  be 
caused  by  the  utilization  of  more  narrow  ranges  of  food  concen- 
tration in  the  laboratory  than  those  to  w  hich  the  test  organisms  are 
accustomed  in  their  natural  habitats. 

The  scope  for  growth  of  A.  nucleus  was  not  intlucnced  by 
temperature,  showing  that  this  species  had  great  plasticity  of  physi- 
ological rates  in  relation  to  this  factor.  On  the  other  hand,  the  scope 
for  growth  of  N  nodosus  was  greater  at  the  intermediate  tempei'a- 
ture  in  our  study  (25' C),  where  there  was  a  high  degree  of  sensi- 
tivity of  the  feeding  rates  in  relation  to  temperature.  The  lowering 
of  scope  for  growth  at  lower  temperature  was  probably  related  to 
decrease  in  metabolic  rate,  and  at  high  temperatures  to  the  dena- 
turation  of  related  enzymes  (Eckert  et  al.  1990).  The  direct  relation 
between  scope  for  growth  and  temperature  coincide  with  that  ob- 
served in  other  species  such  as  Cerastoderma  edule.  Tapes  decus- 
satus (Navarro  &  Iglesias  1995).  Argopecten  purpuratus  (Navarro 
et  al.  2000)  and  Pecten  ma.xiinus  (Laing  2000).  At  extremes  of 
food  concentration,  the  scope  for  growth  of  Nodipecten  nodosus 
was  low.  and  independent  of  temperature,  therefore  under  these 
conditions  the  negative  effects  of  either  the  absence,  or  excess  of 
food  on  the  physiological  condition  of  the  oi'ganism  nullified  the 
positive  effect  of  providing  an  optimal  tempeiature  of  25"C.  Na- 
vaiTO  and  Iglesias  (1995)  found  that  at  very  low  concentrations  of 
food  that  the  scope  for  growth  of  Cerastoderma  edule  and  Tapes 
decussatus  became  negative  and  deci'eased  with  increase  in  tem- 
perature. In  this  study,  the  food  concentrations  were  not  so  extreme 
as  to  produce  negative  scope  for  growth  at  which  we  might  have 
observed  a  similar  phenomenon. 

It  has  been  found  that  the  optimal  food  concentration  increases 
with  the  water  temperature  Un  Arciica  islandica.  Modiolus  modio- 
lus (Winter  1970)  and  Pecten  inaxitnus  (Laing  2000).  This  relation 
was  not  observed  in  this  study  with  either  scallop  species.  In 
Argopecten  nucleus  the  optimal  food  concentration  was  indepen- 
dent of  temperatui-e.  because  the  optimal  food  concentration  was 
found  to  be  the  same  (40  eel  jjlL"')  at  all  the  temperatuies  tested. 
Conversely,  in  Nodipecten  nodosus  the  optimal  food  concentration 
increased  with  deciease  in  temperature.  This  response  was  prob- 
ably because  satui-ation  of  the  alimentary  system  did  not  occur 
under  low  temperature  conditions  and  high  food  concentrations, 
thus  periTiitting  continuance  of  high  ingestion  and  absoiption  I'ates. 

Similarities  between  the  scope  for  growth  in  Argopecten 
nucleus  and  Nodipecten  nodosus  indicate  that  the  two  species  may 
compete  with  equal  efficiency  under  the  same  conditions  of  food 
concentration  and  temperature,  based  on  the  environmental  con- 
ditions occurring  in  each  of  their  natural  habitats.  Studies  that  have 
compared  scope  for  growth  between  species  with  differing  habitats 
(epifaunal  and  infaunal)  have  found  interspecific  siinilarities  under 
certain  shared  feeding  conditions,  which  may  not  occur  under 
other  conditions  in  which  interspecific  differences  become  mani- 
fest (MacDonald  et  al.  1998.  Velasco  &  NavaiTO  2002.  Savina  & 
Pouvreau  2004). 

In  conclusion,  this  study  found  that:  ( 1 )  the  scope  for  growth 
and  the  feeding  rates  of  Argopecten  nucleus  and  Nodipecten  no- 
dosus increased  with  increased  food  concentration  but  decreased  at 
higher  and  lower  extremes  of  food  concentration;  (2)  the  .scope  for 
growth  and  feeding  rates  of  A.  nucleus  were  not  affected  by  tem- 
perature, with  the  reverse  true  for  N.  nodosus.  increasing  at  25°C 
and  decreasing  at  higher  temperature  (28°C);  (3)  A.  nucleus  and  N. 
nodosus  showed  similar  responses  and  values  in  all  their  physi- 
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ological  rates,  except  for  oxygen  consumption,  where  A.  nucleus 
displayed  lower  rates. 
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ABSTRACT  The  first  and  second  inlernal  tianseiihed  spacer  (ITSI  and  ITS2)  regions  of  llie  nbosomal  DNA  from  six  species, 
Merelrix  meretiix.  Cyclina  sinensis.  Menenaria  nienenaria.  Prowthaca  jedoensis.  Dosiniii  corruiiuta  and  Rmlitapes  plulippinarum, 
in  the  family  Veneridae  were  PCR  amphfied  and  sequenced.  The  size  of  the  ITSI  sequence  ranged  from  522-900  bp,  which  was  the 
largest  range  so  far  reported  for  a  bivalve  species,  with  GC  contents  from  57.66%  to  65.62%.  The  size  of  the  1TS2  sequence  ranged 
from  281-412  bp,  with  GC  contents  from  65.21%  to  67.87%.  E.xtensive  sequence  variation  and  obvious  length  polymorphisms  were 
noted  for  both  regions  in  these  species,  and  ITS2  sequence  similarity  was  higher  than  that  of  ITS  I  across  species.  The  complete 
sequences  of  5.8S  ribosomal  RNA  gene  were  obtained  by  assembling  ITSI  and  1TS2  sequences,  and  the  sequence  length  in  all  species 
was  157  bp.  The  phylogenetic  tree  of  Veneridae  clams  was  reconstructed  by  using  ITS2  containing  partial  sequences  of  both  5.8S  and 
28S  rDNA,  and  corresponding  sequence  infonnation  in  Arctica  islandica  (Dahlgren  et  al.  2000)  as  an  outgroup  species.  Tree  topologies 
indicated  that  P.  jedoensis  has  a  closer  relationship  with  M.  mercenaria  than  with  other  species. 

KEY  WORDS:     Veneridae,  rDNA,  internal  transcribed  spacer,  5.8S  rRNA  gene,  phylogenetic  analysis,  species  identification 


INTRODICTION 

The  internal  transcribed  spacers  (ITSs)  of  nuclear  ribosomal 
DNA  (rDNA)  is  one  of  the  most  extensively  sequenced  molecular 
markers,  and  the  region  is  a  component  of  a  rDNA  cistron,  which 
consists  of  18S,  ITSI.  5.8S.  ITS2  and  28S,  ITSs  exist  in  several 
hundred  copies  in  most  eukaryotes.  They  are  located  in  one  or 
several  loci  and  distributed  in  one  or  several  chromosomes.  The 
nuclear  rDNA  copies  within  a  genome  can  be  highly  homogeneous 
because  of  concerted  evolution  of  intra  and  interchromosomal  loci. 
ITSI  and  ITS2  are  noncoding  regions  located  in  rDNA  between 
1 88  and  5.8S  rRNA  genes,  and  between  5.8S  and  288  iRNA 
genes,  respectively  (Insua  et  al.  2003.  Jansen  et  al.  2006.  Won  & 
Renner  2005). 

Because  ITSs  sequences  show  more  divergence  than  their 
flanking  coding  regions  and  are  easily  amplified,  they  are  routinely 
used  to  distinguish  related  species  and  to  infer  phylogenetic  rela- 
tionships from  populations  to  families  and  even  higher  taxonomic 
levels  (Coleman  &  Vacquier  2002).  In  bivalve  mollusks,  a  variety 
of  methods,  such  as  PCR  amplification  alone.  PCR  atnplification 
followed  by  restriction  analysis  or  sequencing  was  used  to  differ- 
entiate related  species  (Ding  et  al.  2(X)4.  Fernandez  et  al.  2001. 
Insua  et  al.  2003.  Kenchington  et  al.  2002.  L6pe/-pin6n  et  al, 
2002.  Yu  et  al.  2000)  and  exploring  the  phylogenetic  relationship 
(He  et  al,  2005.  King  et  al.  1999.  Vidigal  et  al.  2000.  Vidigal  et  al. 
2004.  Yu  et  al.  2001)  among  bivalve  species. 

The  family  Veneridae  is  a  group  of  bivalve  mollusks  prevalent 
in  seawater  all  over  the  world.  There  are  more  than  500  species. 
many  of  which  are  commercially  valuable  and  ecologically  crucial 
because  of  their  dominance  in  benthic  communities.  A  study  of  the 
phylogenesis  of  Veneridae  was  carried  out  using  partial  sequence 
of  the  mitochondrial  I6S  rRNA  gene  (Canapa  et  al.  2003). 

The  purpose  of  this  study  is  to  amplify  and  sequence  the  ITS  I 
and  ITS2  regions  of  6  Veneridae  species.  Meretrix  ineretrix,  Cy- 
clina sinensis,  Mercenaria  mercenaria,  Prototlniea  jedoensis. 


Dosinia  carrugata  and  Ruditapes  plulippinarum.  to  provide  the 
basic  characteristics  of  these  sequences  and  to  assess  the  similarity 
among  species.  The  results  from  this  study  will  provide  useful 
information  in  species  identification  and  phylogenetic  analysis  of 
Veneridae  clams. 

MATERIALS  AND  METHODS 

Sample  Collection  and  DNA  Extraction 

Specimens  of  Meretrix  merelrix  and  Cyclina  sinensis  were  col- 
lected from  Dalian,  Liaoning  province,  China,  and  Mercenaria 
mercenaria.  PniUithaca  jedoensis.  Dosinia  currugata  and  Rudi- 
tapes plulippinarum  belonging  to  five  subfamilies  of  Veneridae. 
from  Lianyungang.  Jiangsu  province.  Total  genomic  DNA  was 
extracted  from  approximately  50  mg  of  adductor  muscle  following 
a  modified  CTAB  protocol  (Winnepenninckx  et  al.  1993).  Briefly . 
the  tissue  was  incubated  for  1 5  min  at  55°C  in  600  |xl  CTAB  buffer 
containing  25  |jlI  10  mg/niL  proteinase  K,  homogenized  with  a 
pestle,  and  incubated  for  an  additional  60  min.  After  extractions 
with  saturated  phenol  and  then  chloroform:  isoamyl  alcohol  (24: 1 ). 
genomic  DNA  was  ethanol-precipitated.  resuspended  in  50-(xl  TE 
( 10  niM  Tris-HCI.  pH  8.0.  1  mM  EDTA)  and  stored  at  -20°C  for 
future  use. 

PCR  Amplification  and  Sequencing 

ITSI  region  was  amplified  using  ITSl-F  (5'-  GGTGAACCT- 
GCGGATGGA-3')  and  ITSI-R  (5'-  GCTGGCTGCGCTCT- 
TCAT-3' )  as  primers,  which  anneal  to  the  3'  end  of  1 8S  ribosomal 
RNA  gene  and  (he  5.8S  ribosomal  RNA  gene,  respectively.  ITS2 

ITSI-F  ITSI-RornS2-F  ITS2-R 


522bp-900  bp 
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157  bp  28lbp-412bp 

Figure  L  Approximate  locations  of  primers  used  for  ITSI  and  ITS2 
amplification.  Numbers  below  boxes  refer  to  numbers  of  base  pairs. 
ITSI  =  first  internal  transcribed  spacer.  ITS2  =  second  internal  tran- 
scribed spacer,  ETS  =  external  transcribed  spacer 
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QD1  T-  -  -A--C-GT-T- GGGGT  CCGG  TGTCCTC T G- AG GAAT C  305 

-  A— C  -  GT  -  T GGGGT  -  CCGG  TGTCCTC T G AG GAAT C 


QD2  T-  - 
YL1  CC- 
JL1  TC- 
JL2  TC- 

BL1 

FLl  C-- 


-AGACAGT- 
■ACACAGT- 
-ACACAGT 
— -GT-  - 
-CGGT-GA 


GC  -  ■  -  GGGGT  -  CCGG  -  TTCCCTCC  -  ■  GAG  ■  CA  -  CC  -  —A 
ATGA- GGGGT- CCGG -TTCCCTCC  GAG-C-  -CC-— T 
ATGA-GGGGT-CCGG-TTCCCTCC-  -GAG-C-  -CC-— T 

GGGGT  -  CCGG  ■  T  ■  T  -  CTCC  -  ■  GAG CCA—  - 

GG-CC-TCG-  -  -CGCCCC TTTG-- 


-  G  ■  G  -  -  -  C  T T -...QA-  A— CGG  - 

-GA-  -  ---A-C-A-  -C-  -  -GG-CA-  -A-  ■  -GAG-  -A— CGG- 

-GA A-C-A-  -C-  -  -GG-CA-  ■  A-  -  GAG-  -A— CGG- 

GAAA GG  - 


•CG- 


-AG-GAG-AA- 


305 
365 
476 
476 
237 


C  341 


WD1  TGGTCCGAAGGTCGG-GCCCGACCGGCGGCGATCGCACGGCGCGATCGT-GGGCCATAAACCGAGCCGTTGGACCGTTCAGTGGGGATGCCGGTGGAACC  593 


001  C- --TTT- -A-AGA-C-T- 

002  C- --TTT- -A-AGA-C-T- 

YL1 

JL1  C-  C ACGG   CA 

JL2  C-  -C ACGG-  CA 

BL1 

FLl  C-  A-  T-GTTCGCTT- -  - G- 


-AAAG- -T-G- 
-AAAG  T-G- 


CCA  •  -  A-GGG  -  GAG  ■  C  -  A  -  -  -  C A-  -  -  C 

CCA  ■  •  A-GGG  -  GAG  -  C  ■  A  -  -  -  C A-  -  -  C 

TAG-C-ATTCC- T-A-A-T 

-GA-  -  -C AG-  -AG-CTATACC T-A-A-C 

-GA-  ■  -C AG-  -AG-CTATACC- T-A-A-C 

G  •  G  -  C  -  AATCC  - -T-A-A-T 

~AT-CT-CT--GCG-  -  -  GAC GC CG-  -A---C 


T T 

T T 

TT 


357 
357 
394 
561 
561 
266 
401 


+ + + + + + + + + 

WD1  TCCGAGAGGGCCCTACGTACGGGGGCCCGAATCCGGCAGTAAAGGAGACGGCTCTGAGGAGGCGCGGAGACGCCGTTCCCGGGTGAGGACAGT-GCTGGG  692 


ODI 
0D2  - 
YL1  C 
JL1  C 
JL2  C 
BL1  C 
FLl  C 


TAGC- 
TAGC- 
-AG-G 

AG 

AG 

AG 


A-  -GT  CG — -TTCCTCCCCCCCC-CT 

-A-  -GT-CG TTCCTCCCCCCCC-CT 

--GA-GGA-AGA-A T— CGT  -  C-GCCT  -  -ATG-G 

■  - GA - GGA-AGAT  -  -  -  A — C - T - C -  - CC - C - ATG  -  G 

- -GA- GGA-AGAT-  -A C- T -C  -CC- C- ATG-G 

A-GA-GG---G--A-  -A-  -  -  T—CTT—TGTCTC- ATG-G 


TGC-C- -GAAA-G-CG-- 


GTCT 
GTCT- 

GACT- 

-AGACT- 

AGACT- 

ATG 


-  T— CTTTC  C  -  -  CTCTTC  -  GA GACG  -  GATT  -  -  - 


A—  -A-  -A  -CGT 

A A-  -A  -CGT 

•  TC-TA T- 

-  -  -C- CCAT- 

-  -  C- CCAT- 

A-T--T 


-CCA-TT 
-CCA--TT 


-TG-T- 
TG-T- 


•C-C-T-AAAGC--T- 


-CG- 

■CG 

-CG-TCT 
■CA-TCT 
-CA-TCT 
— GTCT 
CCAA-  — 


432 

432 

469 

■  650 

-  650 

329 

T  478 


WD1  CACOCGGGACTC-GACGTT-TTTTGCCAGGGCCTATCGCCCCCGTTCACGTTGTTTCTCACCCT— GTGGACAAAACAAAAAGAAAAGA- 


001 
002 

YL1 
JL1 
JL2 


-GACAGACG  785 


-G-A  -  G  -  G-ACGGC GGG  -  GGAT  - 

-G-A  G  G-ACGGC GGG  -  GGAT 

-GT-  -G-CTC-G  -CCG-C A-ATC- 


TA— GTGTTCCC- CA-  -GC-  -T TTATC-TT 

TA--GTGTTCCC-  - -CA-  ■  GC  -  T TTATC-TT 

■GT-  — TTCCCC-C- -TTGGGAGG-G-ATTCTGTTTTC  C-GC- - -ACCAC- 


G-G CG  ■-■  -CCG-C TT-  -  -A-ATC ACGG  GTT-  ■  CCCC- CT  ■  G  -  T  -  TA  -  CTAG  ■  CGGG  -  GGGGGAG  -  CGTTTTT  ■  C 

GG CG-  -  -  -CCG-C TT-  -A-ATC ACGG -GTT-  ■  CCCC  -  CT  •  G- T  -  TA- CTAG  -  CGGG  ■  GGGGGAG  -  CGTTTTT  ■  C- 

BL1  TG -CCG-C T A  ATC TGT TTC- C- CCT  -  TTT  -  AAGGAGA- GA- TTC  -  TTTTTC-  C-CTAAC  C- 

FL1  TT TTGG  G-  ■  -  CGC AGGA- AACAA- GG— GGG- AGA  -  AGA GA  ■  •  -TCTT- CTTCCCCT 

+ + + + + + + f-^ + 


--  491 

—  491 
-T  565 

-  -  750 
■  ■  750 
-T  411 

-  539 


WD1  ATCCGGATGGTGGCCTA-TCAGGCCGTCCGTCCTTCGTCGAACTTTGAACGCACAGGGCTCTGGA— CGTCCCTTCGC  GGAAGOCGQQGCQCAGI CGCTC  882 


001  — 

002 

YL1  CGT 
JL1  CAG- - 
JL2  CAG  ■ 
BL1  C-GT- 
FL1 


TGC -AAA- -C-T- - G- 
TGC  AAA  C-T  - G- 
TGCAACCGTC-A-G- 
CAC- • -C-  C  T   G- 

CAC-  -  -C T-  -G- 

TGCAAAAA- -CT--G- 
TG-T-A-TAC-TCG- 


.j.T c. 

Ij c. 

-ATCT   GTGCC- -G- - -CAC- 
-GCGTGT- -AG-T-GGC-C-C- 
-GCGTGT  AG-T-GGC-C-C 
-ATT-  GTGCC-  G-GT-C- 
.Q c- 


-AA- 


\ 


-A-T- 
-A-T- 
-AT- 
-AT- 
-AT- 
-C-T- 
-T-A- 


-TC- 
■TC- 
-TC- 
-TC- 
-TC- 
-TC- 
•T-TC- 


AGTTC- 
AGTTC- 
•A— C- 
AG— C- 
AG— C- 
AG— 


T( 
T( 
T( 
TC 


GG-TC- -TC 


,4— JI£J -.S.SSjDNA^ ^ + -V^-. 

WDI  TGCCCGTQTT0CGCGQGCG6TCQACGACTGCT|C— AAACTATGACAGCTCTAGGCGGTGGATCACTCGGCTCGTGCGTCg' 

TTGA-  -T-  -GA- I 

TTGA-  T-  -GA T 

—A GA A T 

— A-  -T-  -GA A T 

— A-  T-  -GA A T 

—A GA A T 

-AGA-  -T-  -GA A T 


A- 

A- 

A- 

A- 

.  . .A- - ■ 
. . -A-  -  • 
-AAA- 


-G- 
-G- 
GACT- 
-GACT- 
-GACT- 
-GAC- - 
•GACT- 


564 
564 
660 
845 
845 
503 
611 


GDI  C-T-  - A 

QD2  C-T A 

YL1  C-T A 

JL1  

JL2  

BLI  C-T A 

FLl  C 


--G-.-G- 

G G- 

TCC- 

TCC- 

TCC- 

TCC- 

AC  - 


m.    979 
•^  664 


664 
758 
943 
943 
601 
711 


Figure  2.  Alignment  of  the  ITS  sequences  including  5.HS  rUNA,  spanning  18S  and  28S  rDNA  among  six  Veneridac  species.  M.  meretrix  (VVDl). 
C.  sinensis  (QDl.  Ql)2),  ,\7.  meicenaria  (\l.l),  P.  jedocnsis  (JLl,  .IL2|,  D.  corrufitila  (BI-Il  and  K.  philippinanim  (FLU.  Sites  with  a  nucleotide 
identical  to  that  on  the  lop  line  indicated  with  a  dot.  Alignment  gaps  indicated  hv  dashes.  Base  substitutions  indicated  by  the  respective  bases. 
Nucleotide  sites  that  are  underlined  show  the  coding  regiims.  Relatively  conserved  motifs  are  delimited  h>  parentheses.  The  grey  and  underlined 
bases  indicate  primers.  Microsatelillites  iSSRi  indicated  with  boldfaced.  Identical  sequences  between  the  two  samples  within  a  species  are 
represented  by  a  single  entry. 
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WD1  fiCGTGAATTAATGTGAATTGCAGGACACACTGAACATCGACATCTTGAACGCACATGGCGGCTCTTGCTCACTGCAAGGGCCACGCCTGTCCGAGGGTCG  1079 
C I G U-A--T 764 


GDI 
002 
YL1 
JL1 
JL2 
BL1 
FL1 


rp-fr 


■C-A- 

■C-    A 

■C-    A- 


•C-    A- 


C-  A- 
•C-  A- 
■C-    A- 


764 
858 
1043 
1043 
701 
811 


^5  8S.aLLXS2^-4- + + + + + + + + 

WD1GCGAACAAGTCATCGCTCACGGAATGCG6AGCTGCTGCTGCTACCCTTTCAGTAGGGTGTGGCGGCTTCCGGAAAGGGAGCGCGTTGGCGTGTCGTG0GG  1179 


0D1 
002 
YL1 
JL1 
JL2 
BL1 
FL1 


.  T-T C •  CTC-  GTTTTTC-  •  GAA- A- A—  CGC- G  ■ 

,  T-T C •  CTC-  CTTTTTC-  ■  GAA- A- A—  CGC  G  ■ 

C CGA  — A  ■  C  ■  A  •  T  •  A  •  •  ■  C .  — .  y  .  T  •  ■  • 

A CG- TT-TGC- • C 

A C  ■  G  .  — TT-TGC  ■ •  —  ■  C 

C A  ■  G  ■  — A  •  C  •  A  ■  T  ■  GT  ■  C ■  —  ■  T  ■  T-  •  - 

•  •  CTCA-  •.  T  CA  TAC A—.  TGA.  — 


■GT-  A- 
■GT-  A^ 
■  G^  ■ 


■  C^ 
■C^ 
■A^ 


— &■ 
-.  G  . 


•  C^ 

-  .  -C- 

-  .  -C- 
...C- 
.  ..Q-  - 
.  .  -C- 

.  .  .C.  . 


WD1  GCACTGGT- 


001 
002 
YLl 
JL1 
JL2 
BL1 
FL1 


-C-  TT-TCTCC 
-C- -TT-TCTCC 

-  -  -A--GA— 
- -AAACGC 

-  -AAACGC— 

-  A— GT 

■TTC^ 


-v 


CCCGOTCQTCOQOCQTAGACTGTAGCOTOTC 


-CC- 
■CC- 
■TC- 
-TC- 
-TC- 
-TC- 
-CC- 


CTGTGACTCGCTGCTCCACT 

C-— CTGGCT  — TTAG-C-CGl 

C  -  —CTGGCT TT  AG  •  C  -  CG 


A( QAAGGGGCGCCQQGAOAQGGCTC( 


AC- 


GGC— GGC 
GGC— GGC 
GGC— GGC 
T— GGC— GGC 


T- - -CCGG-  - -AAC 


GAG 

-GA-GGA- 
-GA  GGA 
-AGT 

AGTCGCT 


-G-  •  ■ 
-G-  -  • 
■  G^  ■  ■ 
■A^  ■  ■ 
■GA^ 


CGAGCCC 
A-TG^  ■  T 
A-TG^ 
AA^G^ 

G^ 

G^ 

Q- 

G 


W01  AGCTGTCCCGCGCCG— GTCCTC GAAAGGGGACGACCTTCT-CGGGGCTCGGGACTTTGCCACGACTTTGCGTCTGG-GGGAGAG.'GCGCCG 


TG^ 
TG 


001  TC- 

002  TC- 

YL1  TC — T 

JL1  TC- TCT 

JL2  TC- TCT 


BL1  TC- 


-TAG 


■CGT-C^ 
■CGT-C^ 
■CAC^  ■  ■ 
■CAC^  ■  ■ 
■  CAC  ■  ■ 
■CAC^ 


TCTCGAAC 

TCTCGAAC 

TGGACGGA— 

JQ. 

jg, 

C 


GAA 

G  ■  AA 

CAA  CG 

GCAAC-G 

GC  AC-G 

CCCGTTTCGC^  ■  CGG 


FL1  GCAC T-  -  -CGT-C-TC-TTC— ACCGG— A-  -G- 


GAC 
GAC 
GAC 
GAC 


CT 
CT 
-T 
-T 
-T 
-T 
CGT 


CTTG-CT-C-  - -A -G-GGG-TC-T-CCCTCCCG-GC  -TTC 

CTTG-CT-C- - -A -G-GGG-TC-T-CCCTCCCG-GC- -TTC 

CT-GAGTCAC-GGC  T-C-C- T-CGG-  A C---A-T 

CC— TCCAGACG--  -  -  -TCCT TA-TAAAC-A C-  -  -A  C 

CC— TCCAGA  G--  -  -  -TCCT TA-TAAAC-A C-  -  -AC 

CC-G -AC —  • T- -CT-  -T-  - 

C- - -GTC-TCGCCG- ■ A  - AAG - GASAQAGAaAGC - -CGA- -GA-    GG- 


WD1   CCGCAAGCATTGCAGCGGCGCGACAGAGTCTTAAAOOeAacaAOCOAOOaAaAeAa-ACGAAGGACGCGGCCCGCTGCG— CGTGGGCTGCCGACTCGAC 


001 
002 
YLl 
JL1 
JL2 
BL1 
FL1 

WD1 
001 


TTTA^  GA 
-TTTA^  GA 
-TCTTCGC 
-GTTCGC 
-GTTCGC 
-TTGACGCG- 
-T-GC- -GCC-G- 


^-AC- 
\-AC 

;-G-- 
;-G- 
;-G- 


CC-C-CGGGA-AAGG-- - GA 
CC-C- -GGAAAGG-    ■ GA ■ 
—   CAGGCAGC-CGC- 


—  -  -G 
CC-CA 


AaAaABAac 

C-GA-AC-G- 


GCG 
G  GA 


CC -  - C - T - G - G - 
■ CC - ■ C - T - G - G - 
-TC-A-AG-G-A- 

— C-A 

—C-A 

TTC 

■  C GG- 


■A^ 
A^ 


■  CTG 


CGT 
CGT 
GC 


+ + ^^i 

T-CTCCGTCGCCGCCGTTTAAAAAAGAGACT 


GA-GTCGAAAA- 


-CT— CTCGGGCCT^ 

002  GA-G  ■  T  ■  CGAAAA A  ■  ■  CT— CTCG  GGC  ■  C  ■  T  ■ 

YLl  —  GG^  -AGAATGCCGG-CGTCTCG  A ■ 

JL 1 AA  •  -A-AA  -  G  ■  GGGT-C  -  —CTCG  A ■ 

JL2 GA  ■  -A-AA  ■  G  ■  GGGT-C  ■  —CTCG  ■  A ■ 

BL 1  — • G  • 

FL 1  GA  ■  G  •  • • C • T • AA -  - CCCGC - CC - CCTCCAAAA  ATT 


TTTA-CGCATCCGACCTCGC 


-CTGCCG- 
. -G^    GC- 


CCC^    CCCT 
CCC^    C   CC-T 
■CCGGGAA 
-CCGG—- A 

-CCGG A 

GCAAGGAGAAA 
■  CT AC -A 


-AC- 


-T 
GA 


CT-AG- 
CT  AG- 
C-A-AT 

C 

C 

ATA— AC• 
C■  AGCGA-  • 


GGCGG  A 
■  ■  ■    GGCGGA^  • 
CC-GTCTT-TCCT 


•  C T-  -TCT 

• -GCGAGTC^ ■    T 


GATCAGACGAGACTACCCGCTGAACTTAAGCATATCAGTAAGCGGAGGAAA 


-GGA- 
•G- -A- 
■G- -A- 
-GGA- 
-G 


WOI    AGAAACTAACAAGGATTCCCTCAGTAACGGC 
001    


i»*-^ 


002 
YLl 
JLt 
JL2 
BL1 
FL1 


838 
838 
923 
1104 
1104 
763 
873 

1271 

932 

932 

1009 

1196 

1196 

849 

968 

1359 
1028 
102B 
1099 
1277 
1277 
921 
1062 

1456 
1124 
1123 
1192 
1303 
1303 
993 
1153 

1554 
1213 
1215 
1282 
1388 
1387 
1058 
1253 

1604 
1263 
1265 
1332 
1438 
1437 
1108 
1303 


Figure  2.  ContiiiKed 


region  was  amplified  using  ITS2-F  (5'-  ATGAAGAGCGCAGC- 
CAGC-.V)  and  ITS2-R  (5'-  GGCTCTTCCCGCTTCACTC-3')  as 
primers,  which  anneal  to  the  5.8S  ribosomal  RNA  gene  and  the  5' 
end  of  28S  ribosomal  RNA  gene,  respectively.  Approximate  loca- 
tions of  primers  are  shown  in  Figure  I.  Two  pairs  of  primer  were 
designed  based  on  sequence  information  obtained  from  GenBank 
(AY49875I.AF202106.  API 3 1019.  AY  198756.  AFI 203.59)  using 
PrimerSelect  software  (DNAStar  package  version  5.01).  PCRs 
were  set  up  in  a  50-|a,L  volume  reaction  mixture  composed  of  2  |jlL 
genomic  DNA  (50  ng/|jiL).  5.0  (jiL  lOx  buffer  (20  niM  Mg"*).  1.0 
p,L  dNTP  ( 10  mM  each).  1.0  (jiL  each  primer  (25  p-M),  0.4  jxL 
AmpliTag  DNA  polymerase  (5U/|jlL  BBI)  and  ddH,0  to  50  p-L. 
AmpHfications  were  carried  out  in  a  BIO-RAD  thermal  cycler 
(iCycler).  using  the  reaction  settings  as  follows:  initial  denatur- 
ution  at  94°C  for  4  min.  followed  by  35  cycles  of  denaturing  for  40 
s  at  94°C.  annealing  for  30  s  at  55°C,  extension  for  60  s  at  72°C 
and  a  final  extension  for  7  min  at  72°C.  All  amplified  fragments 


were  selected  by  2'7r  w/v  agarose  gels  electrophoresis.  The  ITSl 
and  ITS2  regions  were  PCR  amplified  from  at  least  10  individuals 
from  each  of  six  species,  but  only  two  PCR  products  were  selected 
and  delivered  to  Shanghai  Sangon  Biological  Engineering  &  Tech- 
nology and  Service  Co.  Ltd.  (Shanghai.  China)  for  sequence.  The 
sequence  was  conducted  in  both  forward  and  reverse  directions 
using  the  amplification  primers  by  ABl  prism  377  automatic  DNA 
sequencer. 

Sequence  Analysis 

The  forward  and  reverse  sequences  were  assembled  using 
SeqManll  software  in  DNAStar  Package  version  5.01  to  obtain 
ITSl  and  ITS2  sequences,  and  each  of  the  different  sequences  was 
registered  as  an  ITSl  or  ITS2  haplotype  in  GenBank.  Each  newly 
determined  sequence  was  checked  against  exiting  haplotypes  using 
DNAstar  and  then  the  sequence  was  registered  as  a  new  haplotype. 
Because  ITSl-R  and  ITS2-F  primers  anneal  to  the  same  region  in 


836 


Han-Liang  et  al. 


5.8S  rDNA  (Fig.  1).  ITSl  and  ITS2  can  be  assembled  into  an  ITS. 
and  the  complete  sequence  of  5.8S  ribosomal  RNA  gene  can  be 
obtained.  The  boundaries  of  the  coding  and  spacer  regions  were 
determined  by  comparison  with  the  sequence  information  of  Arc- 
tica  islandica  (GenBanl;  accession  No.  AF  202106).  The  se- 
quences were  edited  and  analyzed  using  the  program  EditSeq.  ITS 
sequences  containing  the  5.8S  ribosomal  RNA  gene  across  six 
species  were  aligned  using  program  MegAlign  of  DNAStar  pack- 
age using  the  Clustal  W  method.  The  trees  were  produced  by 
Neighbor-Joining  (NJ)  and  Maximum  parsimony  (MP I  methods 
using  MEGA  software  Version  3.1  (Kumar  et  al.  2004). 

RESULTS 

The  ITS  1  and  ITS2  regions  were  PCR  amplified  and  sequenced 
among  six  species,  the  ITSl  and  ITS2  were  as.sembled  into  a  single 
ITS  sequence.  For  M.  meretrix.  M.  inenenaria.  D.  corrugata  and 
R.  philippinanim,  the  identical  ITS  sequences  were  detected  be- 
tween 2  individuals  within  a  species  and  named  haplotypes  WDl, 
YLl,  BLI.  FLl.  respectively.  For  other  species,  C.  sinensis  and  P. 
jedoensis.  the  ITS  sequence  were  different  between  2  individuals 
within  a  species  and  were  named  haplotypes  QDl,  QD2  for  C. 
sinensis,  and  JLI,  JL2  for  P.  jedoensis.  Figure  2  showed  the  align- 
ment of  the  ITS  sequences  including  5.8S  rDNA,  spanning  18S 
and  28S  rDNA  among  eight  haplotypes  from  six  Veneridae  spe- 
cies, and  Table  I  displayed  the  length  and  GC  contents  of  ITSl, 
5.8S  ribosomal  DNA,  and  ITS2,  and  GenBank  accession  number. 

Sequence  Analysis  of  the  First  Internal  Transcribed  Spacer 

The  length  of  ITS  1  sequence  ranged  from  522  bp  to  900  bp.  and 
GC  contents  from  57.66'7r  to  65.62%  in  six  species  (Table  I ).  As 
seen  in  Table  1  interspecific  ITSl  sequences  showed  remarkable 
divergence  and  obvious  length  polymorphism.  The  GC  contents  in 
ITSl  were  higher  than  AT  contents  in  all  species.  M.  meretrix  had 
the  longest  ITSl  sequence  (900  bp)  with  61 .67%  GC  contents,  and 
two  trinucleotide  microsatellites  (AGT)„  were  observed  (Fig.  2). 
As  well,  a  repeat  sequence  (AGT)„  GAAAAA(G)GCGAAG- 
GAGCCGCTGGCCCTTC  was  found  occumng  twice  in  ITSl  re- 
gion in  this  species.  D.  corrugata  had  the  shortest  ITS  1  sequence 
(522  bp)  with  57.66%  GC  contents.  P.  jedoensis.  M.  inercetxaria. 
R.  pliUippinantm  and  C.  sinensis  had  intermediate  ITSl  size.  864 
bp,  679  bp.  632  bp  and  585  bp,  respectively.  A  dinucleotide  mi- 
crosatellite  (TA)„  was  observed  in  the  ITSl  region  of  C.  sinensis 
(Fig.  2). 

ITSl  sequences  of  six  species  were  aligned.  The  percentages  of 
sequence  divergence  and  identity  were  showed  in  Table  2.  Inter- 


specific ITSl  sequence  divergences  were  very  high,  because  of  the 
presence  of  transition,  transversion  and  indels  (insertions/ 
deletions).  The  percentages  of  interspecific  sequence  divergence 
were  from  27.2%  (M.  mercenariu  and  P.  jedoensis)  to  102.6%  {M. 
meretrix  and  R.  philippinanim).  P.  jedoensis  exhibited  0.1%  in- 
traspecific  sequence  divergence  between  two  individuals.  For 
other  species,  M.  meretrix.  C.  sinensis.  M.  mercenaria.  D.  corru- 
gata and  R.  pliilippinarum.  the  ITSl  sequence  was  identical  be- 
tween two  individuals  within  a  species. 

We  found  one  relatively  conserved  motif  in  the  ITSl  region 
across  the  six  species  of  Veneridae  (Fig.  2),  with  a  size  of  54  bp 
showed  1 8  polymorphic  sites,  1 2  of  which  were  transition  and  six 
were  transversion. 

Sequence  Analysis  of  the  Second  Internal  Transcribed  Spacer 

The  length  of  ITS2  sequences  ranged  from  281  bp  to  412  bp 
and  GC  contents  from  65.21%  to  67.87%  (Table  1).  The  interin- 
dividual  variation  for  ITS2  was  detected  in  both  P.  jedoensis  and 
C.  sinensis.  In  contrast.  M.  meretrix.  M.  mercenaria.  D.  corrugata 
and  R.  plulippinanon  had  the  same  ITS2  .sequences  in  two  indi- 
viduals. The  GC  contents  of  ITS2  sequences  were  higher  than  AT 
contents  in  all  species.  M.  meretrix  had  the  longest  ITS2  sequence 
(412  bp)  with  65.29%  GC  content,  P.  jedoensis  had  the  shortest 
ITS2  sequence  (281  bp  to  282  bp)  with  67.38%  to  67.62%  GC 
contents;  C.  sinensis.  M.  mercenaria.  D.  corrugata  and  R.  philip- 
pinanmi  had  intermediate  ITS2  sequence  (Table  1 ).  A  quadru- 
nucleotide  microsatellite  (AGCG),,  in  M.  meretrix  and  three  di- 
nucleotied  microsatellites  (AG),,  in  M.  meretrix.  R.  philippinarum 
and  D.  corrugata  were  ob,served  (Fig.  2) 

ITS2  regions  from  8  haplotypes  in  six  species  were  aligned. 
Percentages  of  sequence  divergence  and  identity  were  listed  in 
Table  3.  ITS2  showed  remarkable  interspecific  sequence  diver- 
gences and  obvious  length  polymorphism  but  to  less  compared 
with  ITSl.  Percentages  of  interspecific  sequence  divergence  were 
from  21.6%  (P.  jedoensis  and  M.  mercenaria)  to  80.7%  (M.  mer- 
etrix and  C.  sineiisis).  Intraspecific  sequence  divergences  in  ITS2 
region  between  two  individuals  were  detected  in  C.  sinettsis 
(0.5% )  and  P.  jedoensis  (1.1%).  For  other  species,  M.  meretrix.  M. 
mercenaria.  D.  corrugata  and  R.  philippinanim.  the  ITS2  se- 
quence was  identical  between  two  individuals  within  a  species. 

We  also  detected  two  relatively  conserved  motifs  in  ITS2  re- 
gion across  six  species  (Fig.  2).  The  first  relatively  conserved 
motif  with  a  size  of  3 1  bp  displayed  five  transition  or  transversion 
polymorphic  sites,  and  the  second  with  a  size  of  24  bp  showed 
three  transition  or  transversion  polymorphic  sites. 


TABLE  L 
The  length  and  GC  contents  of  ITSL  5.8S  ribosomal  DNA,  and  ITS2  in  eight  haplotypes  from  six  species 


Species  (Sample  size) 


Haplotype 


ITSl 

5.8S  rDNA 

IT 

S2 

Length 

GC 

Length 

GC 

Length 

GC 

(bp) 

(%) 

(bp) 

(%) 

(bp) 

(%) 

yoo 

61.67 

157 

58.60 

412 

65.29 

585 
585 

61.03 
61.03 

157 

58.60 

386 
388 

66.06 

65.21 

679 

63.03 

157 

57.96 

361 

67.87 

864 

65.62 

157 

57  96 

282 

67.38 

864 

65.51 

281 

67.62 

522 

57.66 

157 

57.96 

294 

66.33 

632 

63.92 

L57 

57.96 

379 

67.28 

GenBank  accession  number 


Meretrix  meretrix  (2) 
Cyclino  sinensis  (2) 

Menciuiriii  mercenaria  (2) 

Prolulhuca  jedoensis  (2) 
Dosinia  corrugata  (2) 
Riiditapes  philippinarum  (2) 


WDl 

QDl 

QD2 

YLl 

JLI 

JL2 

BLI 

FLl 


DQ132788.  DQ191390 
DQ 1 32787,  DQl 91387 
DQl 32787.  DQI91388 
DQ  132789.  DQI91 391 
DQ22()290.  DQI91389 
DQ220291.DQI3279I 
DQ346656 
DQ399404 
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TABLE  2. 

Percentage  of  sequence  divergence  (below  triangle)  and  identity  (above  triangle)  of  ITSl  sequences  across  seven  haplotypes  from  six  species 

bv  Clustal  \V  method 


Species 

1 

2 

3 

4 

5 

6 

7 

/  Meretrix  merelrix 

*** 

31.8 

31.8 

28.7 

28.8 

3 1 .0 

27.2 

2  Cyclina  sinensis  QDl 

91.7 

*** 

35.4 

33.5 

33.5 

35.6 

30.8 

3  Mercenaria  mercenaria 

96.8 

46.9 

*** 

45.4 

45.1 

48.5 

30.2 

4  Prololluica  jedoensis  JLI 

88.9 

50.4 

27.2 

*** 

99.9 

41.8 

32.0 

5  Prohithaca  jedoensis  JL2 

88.4 

.m8 

27.4 

0.1 

*** 

41.8 

32.0 

6  Dosiniii  cornigala 

96.0 

43.5 

28.2 

40.6 

40.2 

*•:■:* 

31.2 

7  Riiditapes  pliilippiiKiniiii 

102,6 

63.3 

58.4 

52.1 

52.5 

66.0 

*** 

Sequence  Analysis  of  the  5.SS  Ribosomal  RtSA  Gene 

Through  assembling  ITSl  and  ITS2  sequences,  we  obtained 
complete  sequences  of  the  5.8S  ribosomal  RNA  gene  of  si.x  Ven- 
eridae species.  The  length  of  the  5.8S  ribosomal  RNA  gene  was 
157  bp  in  all  species  (Fig.  2).  and  the  GC  contents  ranged  from 
57.969f  to  58.60'7f  depending  on  species.  The  sequence  di\er- 
gences  ranged  from  O.O^c  to  6.0%  across  six  species  (Table  4).  The 
5.8S  rRNA  genes  contained  10  polymorphic  sites  in  these  species, 
four  of  which  were  transition  and  six  were  transversion.  Moreover. 
P.  jedoensis.  M.  mercenaria,  D.  corrugata  and  /?.  pliilippiiianim 
showed  identical  5.8S  rDNA  sequence. 

Phylugenetic  Analysis  in  Terms  of  ITS2  Containing  Partial  5.8S  and 
28S  Ribosomal  RNA  Gene  Sequences 

Using  ITS2  spanning  5.8S  and  28S  rDNA  sequences  as  a  mo- 
lecular marker,  the  phylogenetic  tree  of  Veneridae  clam  was  con- 
structed using  Arctica  islandica  (GenBank  accession  number 
AF2()2!06)  as  an  outgroup  species  with  Neighbor-Joining  (NJ) 
and  Ma.ximum  parsimony  (MP)  methods  (Fig.  3). 

The  topology  of  the  tree  by  MP  method  was  similar  to  that  by 
NJ  method.  Tree  topologies  showed  that  six  Veneridae  species 
were  in  the  same  group  and  forming  a  clade.  In  Veneridae.  P. 
jedoensis  was  first  grouped  with  M.  mercenaria  with  a  high  boot- 
strap value  of  94%  in  MP  tree  and  99%  in  NJ  tree  and  then  formed 
a  clade  with  D.corriigala  with  a  lower  bootstrap  value  of  66%  in 
MP  tree  and  80%  in  NJ  tree;  in  contrast.  M.  meretrix.  C.  sinensis 
and  R.  pliilippiiianim  formed  a  monophyletic  group.  This  indicated 
that  P.  jedoensis  and  M.  mercenaria  has  a  closer  relationship  than 
other  species. 

In  contrast  to  ITS2.  the  construction  of  phylogeny  using  ITSl 
was  not  applicable  because  of  some  disadvantages,  such  as  ITSl 
length  variation,  the  presence  of  tandem  repeated  sequences,  and 


large  number  of  indels.  ITS  I  sequences  analysis,  using  MP  and  NJ 
methods,  gave  poor  resolution  in  genus  level.  Therefore  ITSl  was 
not  used  for  phylogenetic  analysis. 

DISCUSSION 

The  current  study  provided  information  about  the  nucleotide 
sequences  of  ITS  1  and  ITS2  regions,  complete  sequence  of  the 
5.8S  ribosomal  RNA  gene  in  six  Veneridae  clams  (M.  meretrix.  C. 
sinensis.  M.  mercenaria.  P.  jedoensis.  D.  corrugata  and  R.  phil- 
ippiimrum).  Their  characteristics  and  variation  were  demonstrated 
through  PCR  amplification  and  sequencing.  The  length  of  ITSl  in 
the  family  Veneridae  were  longer  than  that  in  four  Pectinidae 
scallop  with  size  209  bp  to  276  bp  for  ITSl  and  270  bp  to  294  bp 
for  ITS2  (Insua  et  al.  2003).  respectively.  It  should  be  noted  that 
the  length  range  in  ITS  1  reported  in  the  current  study  was  among 
the  largest  observed  in  bivalves.  The  size  of  ITS  is  species- 
dependent  and  the  difference  could  be  significant  among  species. 
The  largest  ITSl,  such  as  that  in  Ladybird  beetle  Exocomiis  quad- 
ripiistulatus.  was  as  long  as  2572  bp  (Von  der  Schulenburg  et  al. 
2001).  and  the  shortest  one  only  70  bp  to  80  bp  in  Acropora 
species  (Odorico  &  Miller  1997).  Depending  on  species,  the  length 
of  ITS2  can  be  twice  or  more  that  of  ITSl  (Dahlgren  et  al.  2000. 
Fernandez  et  al.  2001 .  Yu  et  al.  2000).  both  situation,  the  length  of 
ITS!  similar  to  ITS2  or  larger  than  ITS2  were  also  reported  (Chen 
et  al.  2002,  Coleman  &  Vacquier  2002).  The  GC  contents  ranged 
from  57.66%  to  65.62%^  for  ITSl  and  from  65.21%  to  67.87%  for 
ITS2  in  Veneridae  tested  in  the  cunent  study.  These  species  had 
higher  GC  contents  than  other  bivalve  species.  For  instance,  the 
GC  contents  in  Pectinidae  scallop  were  43%  to  49%  for  ITSl  or 
44%  to  49%  for  ITS2  (Insua  et  al.  2003)  and  51.9%  to  55.5%  for 
ITS2  in  Peari  Oyster  (He  et  al.  2005).  A  frequent  characteristic  of 
spacers  is  a  balanced  GC  content  between  ITS  1  and  ITS2,  and  this 


TABLE  3. 

Percentage  of  sequence  divergence  (below  triangle!  and  identity  (above  triangle)  of  ITS2  sequences  across  eight  haplotypes  from  six  species 

bv  Clustal  W  method 


Haplotypes 

1 

2 

3 

4 

5 

6 

7 

8 

/  Meretrix  meretrix 

*** 

35.8 

36.5 

34.3 

37.8 

.39.0 

39.7 

33.2 

2  Cvclina  sinensis  QDl 

80.7 

*** 

96.6 

40.1 

39.9 

41.8 

37.6 

39.2 

3  Cyclina  sinensis  QD2 

79.7 

0.5 

*** 

40.3 

39.6 

42.6 

37.6 

37.9 

4  Mercenaria  mercenaria 

61.3 

56.4 

56.7 

*** 

53.0 

52.8 

62.4 

39.2 

5  Prototliaca  jedoensis  JLI 

46.8 

48.1 

47.6 

22.6 

*** 

97.2 

50.9 

42.4 

6  Prototliaca  jedoensis  JL2 

47.0 

49.2 

48.6 

21.6 

1.1 

*** 

52.1 

42.9 

7  Dosinia  corrugata 

55.2 

52.6 

53.0 

27.0 

24.5 

23.3 

*** 

44.1 

8  Riiditapes  philippinanim 

72.8 

72.0 

71.8 

51.4 

47.6 

47.1 

49.8 

:}:** 

838 


Han-Liang  et  al. 


TABLE  4. 

Percentage  of  sequence  divergences  (below  triangle)  and  base  variation  (above  triangle,  transitions/transversions)  of  5.8S  rDNA  across  six 

species  bv  Clustal  VV  method 


Species 

1 

2 

3 

4 

5 

6 

/  Meretrix  merelrix 

9(3/6) 

7(.V4) 

7(3/4) 

7(3/4) 

7(3/4) 

2  Cvclina  sinensis 

6.0 

*** 

4 (2/2) 

4(2/2) 

4  (2/2) 

4(2/2) 

3  Mercenaria  mercenaria 

4.6 

2.6 

*** 

0  (0/0) 

0  (0/0) 

0  (0/0) 

4  Prolothaca  jedoensis 

4.6 

2.6 

0.0 

*** 

0 (0/0) 

0 (0/0) 

5  Dosinia  corntgata 

4.6 

2.6 

0.0 

0.0 

*** 

0  (0/0) 

6  Ruditapes  philippinarum 

4.6 

2.6 

o.n 

().() 

().() 

*** 

also  occurs  in  the  Veneridae  spacers,  this  fact  could  indicate  the 
coevolution  between  the  two  spacers  at  the  level  of  base  compo- 
sition. 

Both  ITSl  and  ITS2  regions  in  family  Veneridae  exhibit  ex- 
tensive sequence  variation  and  obvious  length  polymorphisms,  as 
is  similar  to  Crustacea  Ehocheir  fonnoca  (Chu  et  al.  2001)  and 
other  bivalves  (Ding  el  al.  2004).  In  this  study,  the  construction  of 
topology  in  Veneridae  clam  using  ITSl  sequence  information  is 
not  applicable  because  of  the  high  length  variation,  the  presence  of 
tandem  repeated  sequences  and  large  number  of  indels  in  ITSl. 
However,  it  may  be  useful  in  phylogentic  analysis  at  lower  taxo- 
nomic  levels,  such  as  subspecies,  breeds  or  population  levels.  In 
contrast,  the  interspecific  ITS2  sequence  similarity  in  these  species 
were  higher  than  that  of  ITS  1 ,  and  considering  the  length  of  ITS2 
were  shorter  than  that  of  ITSl,  providing  advantage  and  conve- 
nience in  designing  primers  and  sequencing,  ITS2  is  an  ideal  can- 
didate for  the  study  of  genetic  structure  in  Veneridae.  The  further 
study  on  the  efficiency  for  combing  the  method  in  the  current 
study  with  other  techniques,  such  as  PCR-RFLP,  is  promising. 

In  this  study,  a  relatively  conserved  motif  in  ITSl  region  and 
two  relatively  conserved  motifs  in  1TS2  region  were  found  in  these 
species.  This  indicated  that  these  motifs  might  be  involved  in 
certain  nucleotide  acid-related  functions,  such  as  in  rRNA  process- 
ing (Insua  et  al.  2003).  Beside,  two  trinucleotide  microsatelillites 
(AGT)„  in  M.  meretrix  and  a  dinucleotide  microsatelillite  (TA)„  in 
C.  sinensis  were  found  locating  in  ITSl  region,  and  a  quadrunucle- 
otide  microsatellite  (AGCG)„  and  three  dinucleotied  microsatel- 
lites  (AG)„  was  found  locating  1TS2  region.  These  microsatellites 
may  be  served  as  good  markers  in  future  studies.  In  the  bivalve 
species,  a  dincleotide  microsatellite  (GT)^  and  a  trinucleotide  mi- 
crosatellite (TAC)„  were  found  in  ITS  sequence  of  Lasniii'tma 
(King  et  al..  1999).  but  so  far  there  has  been  no  report  from 
Veneridae. 


Although  interindividual  sequence  divergences  in  ITSl  and 
ITS2  regions  were  detected  in  C.  sinensis  (0.3%  for  ITS2)  and  P. 
jedoensis  (0.1%  for  ITSl  and  0.6%  for  ITS2).  Because  of  the 
presence  of  polymerase  and  sequencing  error,  the  sequences  can- 
not be  thought  as  different  only  if  when  sequence  divergence  more 
than  0.9%  (Kong  et  al.  2002).  C.  sinensis  and  P.  jedoensis  showed 
no  intraspecific  variations  in  ITSl  and  ITS2.  The  5.8S  ribosoinal 
RNA  genes  were  highly  conserved  across  these  species  studied  in 
the  current  study,  and  had  a  length  of  157  bp,  which  was  reported 
in  other  bivalves,  such  as  Pectinidae  scallop  species  (A.  opercu- 
Iciris.  M.  varia.  H.  distortiis.  P.  maximus)  (Insua  et  al.  2003)  and 
Arctica  islandica  (Dahlgren  et  al.  2000). 

The  spacer  regions.  ITSl  and  ITS2,  of  the  rDNA  are  widely 
and  routinely  used  in  analysis  of  species  relationships  by  using  a 
phylogenetic  reconstruction  method  in  various  organisms.  It  was 
successfully  applied  in  analysis  of  phylogenetic  relationship 
among  the  Biomphalaria  species  and  among  Pearl  Oysters,  and  the 
conclusions  from  phylogenetic  tree  were  well  in  agreement  with 
those  from  analysis  based  on  morphological  systematics  and  other 
molecular  techniques,  such  as  polymerase  chain  reaction  and  re- 
striction fragment  length  polymorphism  analysis  (He  et  al.  2005, 
Vidigal  et  al.  2000.  Vidigal  et  al.  2004).  Our  study  demonstrated 
that  ITSl  provided  weak  phylogenetic  signal  in  discrimination  of 
Veneridae.  whereas.  ITS2  regions  were  effective  in  identifying 
phylogenetic  relationships  among  Veneridae  species.  In  this  study, 
the  tree  obtained  by  ITS2  sequence  analysis  revealed  that  P.  je- 
doensis and  M.  mercenaria,  belonging  to  subfamilies  Chioninae, 
has  a  close  relationship  than  other  species,  belonging  to  subfami- 
lies Meretricinae.  Tapetinae  and  Cyclininae.  Phylogenetic  analysis 
of  ITS2  sequences  through  both  methods  generated  trees  with 
similar  topologies  that  were  very  concurrent  with  the  morphologi- 
cal taxonomy  proposed  by  Keen.  Therefore  ITS2  sequence  char- 
acteristics are  an  efficient  tool  in  reconstruction  of  evolutionary 
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Figure  3.  Tree  topology  constructed  in  terms  of  ITS2  spanning  5.8S  and  28S  rDN.\  sequences  across  eight  haplogypes  from  six  species  of 
Veneridae,  P.  jedoensis  (JLl.  JL2),  M.  mercenaria  i\lA).  1).  corntgata  (BLI),  M.  meretrix  IVVDI),  R.  philippinarum  (FLl)  and  C.  sinensis  (QDl, 
QDl),  with  Arctica  islandica  as  an  outgroup  species  using  (A)  Maximum  parsimony  (MP)  method  and  (B)  Neighbor-Joining  method.  Numbers 
represents  bootstrap  percentages.  The  topologies  were  tested  using  bootstrap  analyses  (10,000  replicates). 
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relationship  among  these  organisms,  and  they  ean  be  apphed  in 
establishment  of  species  relationship,  or  reevaluation  of  the  tradi- 
tional taxonomy. 
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AMPELISCA  AMPHIPOD  TUBE  MATS  MAY  ENHANCE  ABUNDANCE  OF  NORTHERN 
QUAHOGS  MERCENARIA  MERCENARIA  IN  MUDDY  SEDIMENTS 
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ABSTRACT  Field  .surveys  in  southea^tern  Raritan  Bay  and  laboratory  studies  from  1999  to  2005  were  conducted  to  compare  the 
characteristics  of  mud  and  sand  habitats  in  relation  to  the  abundance  of  the  northern  quahog  [Mercenaria  mercenaria).  In  2000,  the 
population  density  of  quahogs  was  about  15  times  higher  in  the  mud  habitat  than  in  the  .sand  habitat.  In  addition,  the  mud  habitat  also 
had  a  dense  population  of  the  amphipod  Ampelisca  abdita  (about  24,000  m^")  associated  with  it.  This  species  produces  mats  of  tubes 
over  the  bottom.  The  sediment  surface  of  the  mud  was  comprised  mostly  of  fecal  pellets,  the  majority  of  which  was  produced  by 
A.  ahclita.  In  contrast,  the  sand  habitat  did  not  have  A.  ahclita  tubes  or  much  erect  surface  structure;  its  sediments  were  comprised  of 
medium  grain  sand  (ij)  =  1.17-1.4).  In  southeastern  Raritan  Bay.  the  principal  quahog  predators  are  the  longwrist  hermit  crab  {Pagurus 
longiearpus).  Atlantic  oyster  drill  ( Urosalpinx  cinerea).  and  xanthid  mud  crabs.  Collectively,  they  were  >7  times  more  abundant  in  the 
sand  habitat  than  in  the  mud  habitat.  We  suggest  that  quahogs  are  abtmdant  in  the  mud  habitat  because  the  presence  of  the  tube  mats 
probably  reduces  water  siltation.  encourages  settlement  of  larval  quahogs  and  deters  predation  on  the  quahogs. 

KEY  WORDS:     Mercenaria.  Anipelisca.  habitat,  pellets,  sand,  tube  mats,  predators 


INTRODUCTION 

Norlhem  quahogs  (Merceiunia  lucrceiuuia)  can  be  found  in 
estuaries  along  the  Atlantic  coast  of  North  America  from  the  Gulf 
of  St.  Lawrence  to  the  Florida  keys  (Harte  2001).  In  2004,  the 
United  States  cominercial  landings  of  9.4  million  pounds  (meats) 
of  northern  quahogs  exceeded  landings  of  any  other  estuarine  bi- 
valve; their  ex-vessel  value  was  $37. X  million  (Pritchard  2005). 
Fishermen  typically  harvest  quahogs  in  sand  or  inuddy-sand  sedi- 
ments, but  quahogs  are  nearly  always  scarce  in  soft  mud  habitats 
(Rhoads  &  Young  1970,  Rhoads  1974,  Fegley  2001.  Mann  et  al. 
2005).  This  scarcity  is  apparently  caused  by  high  silt  concentra- 
tions in  the  water  close  to  the  bottom  (Rhoads  &  Young  1970, 
Murphy  1985).  The  silt  clogs  the  digestive  tract  of  larval  quahogs 
and  slows  the  growth  of  sedentary  quahogs  (Davis  1960.  Bricelj  et 
al.  1984).  Most  field  studies  of  quahogs  have  emphasized  the 
suppressing  effects  of  predators  on  quahog  abundance  as  summa- 
rized by  MacKenzie  (1977),  Kraeuter  (2001 )  and  MacKenzie  et  al. 
(2002). 

In  southeastern  Raritan  Bay.  New  Jersey,  in  contrast  to  the 
other  locations  outside  of  Raritan  Bay,  quahogs  are  abundant  in 
mud  areas  located  in  the  bay's  broad  central  area,  and  they  are  far 
more  abundant  there  than  in  its  sand  areas  that  extend  froin  its 
shores  to  the  mud  area  (Celestino,  2003).  A  major  difference  be- 
tween the  mud  and  sand  habitats  in  Raritan  Bay  is  the  presence  of 
dense  tube  mats  of  the  ampeliscid  atnphipod,  Ampelisca  abdita. 
A.  alxiita  ranges  from  Maine  to  at  least  Florida,  and  produces 
dense  masses  of  tubes  (Stickney  &  Stringer  1957,  Mills  1967, 
1969)  (Table  1 ).  For  this  study,  from  1999  to  2003,  we  examined 
several  features  of  the  mud  and  sand  habitats  in  southeastern  Rari- 
tan Bay  that  tnay  explain  the  difference  in  quahog  abundances 
between  the  two  habitats.  Particular  emphasis  was  placed  on  de- 
scribing the  autecology  oi  A.  abdita.  including  its  distribution,  its 
persistence  in  the  area  through  time,  its  number  of  generations  per 
year  and  the  temporal  appearance  of  its  tubes.  In  the  Discussion, 
we  compare  our  findings  with  those  in  the  literature  on  the  aute- 
cology of  the  quahog  and  suggest  why  the  presence  of  A.  abdita 
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may  be  the  reason  the  quahog  abundance  is  high  In  the  mud  area 
of  southeastern  Raritan  Bay. 

Characteristics  of  Southeastern  Karilan  Bay 

The  deeper  areas  of  southeastern  Raritan  Bay  primarily  con- 
sist of  mud  sediments  that  extend  over  an  area  of  about  30  knr 
(Fig.  1 1.  The  water  depth  averages  about  7  m  (range,  3.4-8  m)  at 
low  tide.  The  shallower  areas  that  extend  from  the  shorelines  off- 
shore to  the  mud  areas  consist  primarily  of  sand  sediments  and 
have  a  total  area  of  about  18  ktn~.  At  their  midpoints  from  the 
southern  and  eastern  shores  to  the  edges  of  the  mud  areas,  water 
depths  over  the  sand  areas  range  from  3^  m  and  1-2.5  m,  respec- 
tively, at  low  tide.  Salinities  in  this  part  of  the  bay  are  about  26%o 
during  summer  and  21'?f  to  24*^^  during  winter  (Cerrato  et  al. 
1989).  Sutface  water  temperatures  average  21°C  to  24' 'C  during 
summer,  0.4°C  in  early  Febniary,  and  6°C  to  7°C  during  March. 

In  the  late  1980s  and  early  1990s,  the  mud  area  of  southeastern 
Raritan  Bay  had  relatively  few  northern  quahogs  and  a  large  nutn- 
ber  of  starfish  (Astehas  forlu'si)  (Cerrato  et  al.  1 989.  MacKenzie  & 
Pikanowski  1999).  By  the  mid  1990s  and  thereafter,  the  starfish 
were  no  longer  present  and  the  quahogs  became  abundant  (Mac- 
Kenzie &  Pikanowski  1999).  In  2000,  the  State  of  New  Jersey 
Department  of  Environtnental  Protection  surveyed  the  quahog 
abundance  in  southeastern  Raritan  Bay.  Its  population  density  was 
about  15  times  higher  in  the  mud  than  in  the  sand  habitats:  14.9 
quahogs  m~"  versus  1.0  quahogs  m""  (Fig.  1)  (Celestino  2003). 
Since  the  mid  1990s,  southeastern  Raritan  Bay  has  had  a  year- 
round  commercial  t"ishery  for  quahogs.  It  consists  of  20-100  boats, 
each  with  one  fishertiian  using  a  bull  rake.  The  fishermen  harvest 
quahogs  almost  exclusively  from  the  mud  area. 

In  1974,  A.  abdita  was  scarce  in  southeastern  Raritan  Bay 
(Steitnle  &  Caracciolo-Ward,  1989),  but  it  was  abundant  and  wide- 
spread in  1986  in  the  mud  area  (Cerrato  et  al.  1989).  It  is  not 
known  when  A.  alxiita  became  abundant  between  1974  and  1986. 
It  is  assumed  that  it  was  abundant  between  1986  and  1999.  but 
there  are  no  data  to  prove  this.  A.  abdita  occupy  tubes  about  3.5  cm 
long  and  2.5-3.5  mm  wide  at  the  mouth  end.  The  tubes  are  flat- 
tened laterally,  and  are  cotnposed  of  nonchitinous,  pliable  organic 
tnaterial.  Each  A.  ahdila  forms  a  tube  by  secreting  mucus  around 
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TABLE  1. 

Abundances  of  Ampelisca  abdita  in  three  northeastern 
United  States  estuaries. 


Location 


Number  m  * 


Reference 


Long  Island  Sound 
Jamaica  Bay,  NY 
Rarltan  Bay 


7.000  to  80,450 

18,000  to  80,000 

989  to  57,185 


Sanders  et  al.  (1962) 
Franz  and  Tanacredi  ( 1992 
This  study 


its  body.  This  mucus  collects  surface  sediments  on  the  tube's  outer 
surface  as  the  amphipod  forms  it.  The  Raritan  Bay  tubes  are  cov- 
ered with  a  continuous  layer  of  brown  fecal  pellets  and  finer  par- 
ticles held  in  place  by  the  mucus.  The  tube  lining  is  smooth  and 
parchment-like,  and  lacks  attached  sediments.  The  top  opening  of 
the  tube  becomes  its  mouth  and  the  bottom  opening  is  gradually 
attenuated.  About  two-thirds  of  the  tube  length  extends  vertically 
into  the  water;  the  remainder  is  anchored  in  the  sediment  (Fig.  2). 

Mills  (1967.  1969)  has  made  the  only  previous  extensive  ob- 
servations of  A.  abdita  in  its  natural  habitat,  studying  them  on  an 
intertidal  sandy  flat  in  Barnstable,  MA.  He  found  that  the  abun- 
dance of  A.  abdita  was  irregular.  The  substrate  sediments  were 
stable  when  the  mats  were  present,  but  unstable  when  absent.  The 
abundances  of  associated  macroinvertebrate  species  fluctuated  ac- 
cordingly. 

A.  abdita  feeds  at  the  tube  mouth  collecting  diatoms,  probably 
flagellates,  amorphous  organic  material  and  clay-silt  grains.  It  di- 
gests the  living  and  organic  matter,  and  forms  the  clay-silt  grains 
and  diatom  cases  into  pellets  to  be  cast  onto  the  surface  substrate 
below  them  (Mills  1967.  Redmond  et  al.  19941. 

Each  generation  of  A.  alnlita  is  short-lived,  the  males  and  fe- 
males producing  one  brood  of  juveniles.  Adults  mate  in  the  water 
column  (Mills  1967,  Borowsky  &  Aitken-Ander  1991)  and  die 
shortly  afterward.  After  about  2  wk  in  brood  pouches  of  the  fe- 
males, the  juveniles  are  about  1 .5  mm  long,  and  they  are  released 


from  their  tubes.  The  females  then  die  shortly  afterward.  The  ju- 
veniles construct  a  new  mass  of  tubes  (Mills  1967). 

The  planktonic  invertebrates  in  Raritan  Bay  include  copepods 
(mainly.  Acartia  taiisa  in  summer  and  A.  clause  in  winter),  poly- 
chaete  and  nemertean  larvae,  amphipod  zoeae.  barnacle  nauplii. 
mysid  larvae  of  shrimp,  cyprids.  crab  zoeae,  gastropod  veligers 
and  fish  larvae  (Yamazi  1962,  Jeffries  1964,  Croker  1965).  The 
plankters  presumably  produce  large  quantities  of  fecal  pellets.  Re- 
cent studies  have  shown  that  copepods  break  down  most  fecal 
pellets  distributed  through  the  water  (Hofmann  et  al.  1981.  Bath- 
mann  et  al.  1987.  Lampitt  et  al.  199(),  Noji  1991,  Noji  et  al.  1991, 
Viitasalo  et  al.  1999).  As  they  descend  onto  the  bottom,  the  frag- 
mented pellets  likely  mix  with  settled  phytoplankton  and  become 
a  component  of  the  sediment  that  accumulates  with  the  A.  alnlita 
pellets  in  the  mud  habitat.  At  least  eight  fish  species  are  present 
seasonally:  some  prey  on  A.  abdita  (Wilk  &  Silverman  1976, 
Collette  &  Klein-MacPhee  2002). 

MATERIALS  AND  METHODS 

Be  lit  hie  Sampling 

Fifty-four  stations  located  in  the  mud  habitat  were  sampled  to 
deteimine  the  extent  and  the  characteristics  of  the  A.  ahdila  tubes. 
At  each  station,  two  samples  were  taken  with  a  Petite  Ponar  hand 
grab  with  an  opening  of  1 3  cm  x  1 ,3  cm.  The  samples  were  brought 
aboard  the  vessel,  the  hand  grab  was  opened,  and  then  a  shallow 
sample  was  scraped  from  the  sediment  surface  into  a  beaker,  and 
later  viewed  under  a  dissecting  microscope,  as  proposed  by 
Watling  (1991).  The  pellets  were  measured  and  photographed  us- 
ing a  scanning  electron  microscope  at  the  EM  Facilities,  Nelson 
Biological  Laboratories,  Rutgers  University,  Piscataway,  NJ.  Sedi- 
ment was  collected  from  the  sand  areas  to  determine  their  grain 
sizes  (4)  value).  This  was  done  by  passing  them  through  a  stack  of 
sorting  screens. 

The  total  organic  carbon  (TOO  in  the  A.  ahdila  tubes  was 
determined  by  collecting  them  at  several  mud  stations.  The  TOC  in 
the  sand  sediments  was  determined  by  taking  cores  of  bottom 
sediments  on  January  17,  2003.  The  tubes  and  sediments  were 
spooned  separately  into  small  glass  jars  aboard  the  vessel.  The 
samples  later  were  placed  in  a  refrigerator  overnight,  and  the  tubes 


Figure  L  Abundance  (nunil)er  m""!  of  >M)  mm  northern  quahogs, 
Mereenaria  merceiiaria,  in  mud  and  sand  areas  in  southeastern  Rari- 
tan Bay  (Celestino  2W\3).  The  mud  area  is  outlined.  The  study's  sam- 
pling area  for  examining  the  autecology  and  the  abundance  of  A.  abdita 
and  quahog  predators  extended  throughout  the  mud  area  to  the  bro- 
ken line  to  the  west.  The  abundance  of  quahog  predators  was  surveyed 
in  the  two  sand  areas. 


Figure  2.  Section  of  bottom  (side  view  I  in  southeastern  Raritan  Bay 
showing  mass  of  A.  abdita  tubes.  The  oxidized  layer  directly  beneath 
them  consists  of  pellets.  An  anaerobic  mud  layer  lies  below  it. 


Northern  Quahogs  and  Amphipod  Tube  Mats 
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afterward  were  washed  of  loose  particles  under  a  freshwater  fau- 
cet. The  tubes  and  sand  were  put  into  separate  aluminum  cups 
and  dried  at  1 10°C  for  at  least  24  h.  weighed  and  then  held  in  a 
nuiffle  furnace  at  510''C  for  4  h  and  reweighed.  The  weight  loss 
in  the  furnace  was  considered  to  be  the  percentage  of  TOC 
present. 

The  ,4.  ahclita  tubes  were  sampled  on  37  dates  from  August  22. 
2001  through  October  17.  2005.  Most  but  not  all  stations  were 
sampled  on  every  survey  date.  Upon  retrieval,  the  grab  cover  was 
opened  and  the  extent  of  coverage  of  amphipod  tubes,  from  0%  to 
100%,  was  estimated  visually.  A  surface  with  0%  coverage  had  no 
tubes,  whereas  a  surface  with  100%  tubes  was  entirely  covered 
with  a  dense  mass  of  erect  tubes  (Fig.  3A).  In  addition,  the  age  of 
the  tubes  at  each  station  was  recorded,  as  new  (recently  formed), 
middle-aged  (upright  but  obviously  not  new  or  disintegrating),  or 
old  (disintegrating)  (Fig.  3B).  The  contents  of  the  grab  were  emp- 
tied into  a  0.5-mm  mesh  sieve,  spooned  into  labeled  jars,  and  later 
in  the  day  buffered  formalin  was  added  to  the  jars  to  preserve  the 
sample.  After  4  to  5  days,  the  formalin  was  replaced  with  70% 
alcohol.  The  A.  abdita  and  their  tubes  were  counted  using  a  dis- 
secting microscope. 

The  relative  abundance  of  predators  was  determined  by  sam- 
pling four  fixed  stations  spaced  across  each  of  the  mud  and  sand 
habitats  with  a  specially  designed  dredge.  The  dredge  had  a  mouth 
opening  60-cm  wide.  The  blade  at  its  bottom  was  7-cm  wide  and 
angled  at  45°  so  the  predators  in  its  path  would  slide  up  and  into 
the  fine-meshed  bag  (2-mm  mesh  openings)  of  the  dredge.  A  plan- 
ing board.  12.5-cm  wide,  was  fastened  60  cm  ahead  of  the  mouth 
and  positioned  at  the  same  level  as  the  mouth  to  kick  up  predators 
from  the  bottom  to  collect  in  the  bag.  The  dredge  was  towed  along 
the  bottom  at  a  speed  of  1.5  knots  for  4  min  at  each  station.  When 
retrieved,  its  collected  material  was  bagged  and  the  predators  later 
were  identified  and  counted.  The  eight  stations  were  sampled  ev- 
ery 4_6  wk  on  10  dates  during  1999  (April  12  to  October  22),  on 
8  dates  in  2000  (January  26  to  August  22),  and  on  2  dates  in  2001 
(May  9  and  September  20). 


Laboratory  Ohsenatioiis 

A.  abdita  were  observed  constructing  its  tubes  in  laboratory 
pans  to  aid  in  explaining  its  distribution  in  the  mud  and  sand 
sediments.  Three  types  of  sediments  were  tested  in  plastic  pans, 
20  X  35  cm  and  13-cm  deep.  Each  pan  received  a  different  sedi- 
ment: (I)  medium-sized  sand;  (2)  a  collection  of  mud  from  the 
surface  of  the  mud  habitat  and  (3)  an  inorganic  paste  consisting  of 
fullers  earth  (clay)  and  raw  seawater.  To  prepare  the  mud,  it  was 
spray-washed  with  seawater  through  a  0.63  [xm  sieve  to  break  up 
any  A.  abdita  pellets.  The  three  sediments  were  spread  in  a  layer 
5  mm  thick  over  the  pan  bottoms.  Trays  were  then  filled  with  raw 
seawater  and  air  stones  added.  Finally,  about  500  A.  abdita  were 
scattered  across  the  bottom  of  each  pan. 

RESULTS 

The  entire  mud  area  was  covered  with  dense  mats  of  A.  abdita 
tubes  (Figs.  2,  3a,  3b);  its  sediment  surface  consisted  of  a  layer  of 
fecal  pellets  mixed  with  a  relatively  small  mixture  of  silt,  clay, 
fecal  fragments,  and  other  organic  matter.  The  pellets  were  of  2 
distinct  sizes.  The  A.  abdita  pellets  are  I  10-140  (j,m  long  (Fig.  4); 
the  others  are  about  450  p,ni  long.  They  are  rod-shaped  with 
rounded  ends.  As  viewed  under  a  dissecting  microscope  and  a 
scanning  electron  microscope,  they  consisted  of  clay,  silt  and  dia- 
tom shells  probably  held  together  by  mucus.  The  A.  abdita  pellets 
were  far  more  numerous  than  the  larger  pellets  and  they  usually 
occupied  about  90%  of  the  space.  The  pellets  were  whole  for  a 
vertical  distance  of  about  1  cm  below  the  sediment  surface.  At 
distances  between  I  and  2  cm  below  the  surface,  they  were  par- 
tially eroded  (the  larger  pellets  disintegrated  more  slowly  than  the 
A.  abdita  pellets),  and  below  them  the  sedmient  consisted  of 
anaerobic  black  silt.  The  TOC  concentrations  in  A.  abdita  tubes 
were  10.8%  and  13.2%  in  two  determinations  on  January  17,  2003. 

Ampelisca  Abdita  Tube-pellet  mud  habitat 

The  A.  abdita  tube  mats  were  consistently  present  over  the 
entire  mud  area.  The  tubes  usually  covered  the  mud  surface  so 


Figure  3.  AiiiihIiski  alnlna  Ixilliini  luibilat.  ,\.  Mass  of  frtshl.N  lorniud 
.4.  abdita  tubes.  B.  Bottom  surface  of  decavinK  tubes  and  \isible  sedi- 
ments; this  depicts  a  late  stage  in  tfie  generation  oXA.  abdita  just  before 
a  new  generation  will  settle  and  form  a  fresh  mass  of  tubes. 


Figure  4.  An  Ampelisca  abdita  lecal  pellet  viewed  under  a  scanning 
electron  microscope. 
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completely  that  it  was  not  visible.  This  was  especially  true  after  a 
new  formation  of  tubes  by  the  juvenile  A.  ahdita.  Year-round 
sampling,  which  included  observations  of  their  appearances  (new. 
middle-aged  or  old),  showed  that  A.  ahdita  has  three  breeding 
cycles  per  year.  New  generations  settled  onto  the  bottom  and 
constructed  new  tubes  in  May-June,  September-October  and 
December-January.  The  new  tubes  usually  were  spaced  densely, 
and  so  the  settling  of /4.  wM/to  juveniles  must  compete  strongly  for 
available  space.  Several  weeks  after  the  new  tubes  were  con- 
structed, they  slowly  began  to  disintegrate  and  lay  flat  on  the 
bottom.  At  this  time,  the  sediment  surface  was  visible  between  the 
tubes  (Fig.  3B). 

The  next  generation  of  juvenile  A.  ahdita  and  their  tubes  did  not 
settle  and  construct  its  tubes  over  the  entire  .^0  km"  all  at  once,  but 
rather  large  sections,  as  much  as  a  third  of  the  area  was  settled  at 
a  time,  and  then  another  large  section  was  settled.  The  time  to 
settle  the  entire  area  was  three  or  more  weeks. 

The  tube  coverage  of  the  mud  habitat  averaged  62'7c  (range. 
36%  to  96% ^sampling  day  from  August  2(101  through  October 
2005  (Fig.  5).  Some  of  the  lower  values  were  recorded  during  the 
period  when  the  tubes  were  decaying.  While  examining  the  col- 
lections in  the  grabs,  no  small  quahogs  of  any  size  were  observed 
among  or  on  the  surfaces  of  the  masses  of  lubes.  A  small  number 
of  dwarf  surfclams  Miilinia  lateralis  sometimes  were  present  on 
the  tubes  and  in  the  sediment  beside  them. 

The  numerical  abundance  of  A.  ahdita  was  determined  on  6 
dates  in  2001.  2002  and  200.^  by  counting  their  numbers  in  single 
samples  from  2-8  sampling  stations  (34  detemiinations).  As  pro- 
jected to  a  square  meter,  its  density  averaged  23,700  m"~  (range, 
989-57,185  m"-)  (Table  1). 

On  October  23.  2001.  7  stations  with  100%  coverage  had  from 
29.000-98.000  tubes  m"";  a  grab  sample  with  75%  coverage  had 
25.000  tubes  m""  and  a  grab  sample  with  45%  coverage  had 
14.000  tubes  m~".  On  this  date,  the  number  of  tubes  present  was 
about  the  same  as  the  number  of  A.  ahdita  present:  an  average  of 
23.290  tubes  and  23.536  A.  ahdita  m'  at  the  7  stations. 

Sand  Habitat 

The  sediment  in  the  sand  habitats  was  medium  sand  (4)  = 
1.17-1.4).  In  the  broad  area  off  the  south  coast  of  the  bay,  the  sand 
surface  was  essentially  free  of  any  emergent  structures.  In  contrast, 
the  narrower  sand  habitat  that  extends  westward  from  Sandy  Hook 


had  scattered  quahog  shells  covered  with  bryozoans  and  sponges 
and  chains  (stacks)  of  the  common  Atlantic  slipper-snail  (Crep- 
idiila  fomicato).  On  January  17,  2003,  the  TOC  was  0.29%  at  two 
areas  in  the  sand  sediments. 

Predator  Abundances 

Quahog  predators  had  a  much  lower  abundance  in  the  mud 
habitat  than  in  the  sand  habitat.  The  longwrist  hermit  crab  {Paf>i(- 
nis  loiigicariius).  Atlantic  oyster  drill  [UrDsalpinx  cinerea)  and 
xanthid  mud  crabs  were  the  most  numerous  quahog  predators  col- 
lected in  our  dredge.  For  the  20  sampling  dates  over  three  years, 
1999  to  2001.  their  combined  numbers  at  the  four  mud  stations 
were  27  P.  Umfiicarpus.  1 1  U.  cinerea  and  175  xanthid  mud  crabs. 
The  four  sand  stations  had  a  combined  total  of  415  P.  longicarpus, 
131  U.  cinerea  and  899  mud  crabs;  or  15  times  the  number  of 
P.  Iimi^icarpiis.  12  times  the  number  of  [/.  Cinerea  and  5  times  the 
number  of  mud  crabs  in  the  mud  stations. 

All  years  and  stations  were  combined  to  test  the  main  hypoth- 
esis. H,,:  predator  density  is  the  same  in  mud  and  sand  stations.  The 
untransformed  and  log-transformed  sampling  distributions  of  all 
three  species  failed  normality.  Mann-Whitney  rank  sum  tests 
found  the  lower  mud  densities  were  significantly  different  from  the 
higher  median  sand  densities  of  all  three  species  with  P  <  0.001. 
Mean  values  of  predators  were  lower  in  the  mud  collection  also, 
but  were  not  tested  (Table  2).  The  mud  samples  showed  a  lower 
predator  density  than  the  sand  samples. 

The  sand  habitat  also  had  some  predaceous  northern  moon 
snails  (Euspira  heros)  (Greene  1978,  Haskin  1951);  their  sand 
collars  were  found  in  the  dredge  collections  in  May  and  June  each 
year.  The  dredge  also  collected  some  lady  crabs  (Ovalipes  ocel- 
latus).  Atlantic  rock  crabs  (Cancer  irroratiis)  and  blue  crabs 
( Callinectes  sapidiis).  The  mud  stations  had  a  total  of  7  of  these 
larger  crabs,  whereas  the  sand  stations  had  25. 

Laboratory  Observations 

In  the  three  laboratory  trays,  the  500  introduced  A.  ahdita  dug 
immediately  into  each  sediment.  The  A.  ahdita  released  in  the  tray 
with  a  layer  of  medium  sand  did  not  construct  tubes. 

In  the  tray  with  mud,  more  than  100  A.  ahdita  had  formed  short 
tubes  within  an  hour.  After  56  h,  the  tubes  were  about  14-mm  long, 
less  than  half  the  length  of  the  tubes  in  the  mud  substrate  in  Raritan 
Bay.  All  were  upright,  and  they  were  covered  with  the  fine  organic 


Percent  Afrphipod  Tube  Coverage  of  the  Bottom 


Figure  5.  The  percentages  of  the  mud  area  covered  by  Ampelisca  ahdita  tube  mats  during  2()()1,  2002.  2003.  2004,  and  2005.  The  tubes  were 
observed  at  every  station,  but  the  proportion  of  bottom  covered  at  a  particular  station  ranged  from  0-100%, 
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TABLE  2. 

Summan  of  tlit  relative  densities  of  the  quahog  predators  Pagurus 
longicarpus.  I'rosalpinx  cinerea.  Xanthid  nuid  crabs,  and  Crangoii 
seplcmypiiiDsa  on  mud  and  sand  sulistrales.  All  >ears  and  stations 

arc  comhincd.  Neither  the  iintransformed  nor  loy-transformcd 

dislrihutions  passed  nurmalitv  tests.  .Mann-\\  hitncv  rank  sum  tests 

showed  that  all  three  species  had  signilkantly  larger  medians  on 

sand  at  (he  P  >  0.001  level,  hut  C'rangon  was  not 

significantly  different. 


Predator 

Substrate 

N' 

Median 

Mean 

Significance 

P.  longicarptts 

Mud 

75 

().() 

0.4 

<0.001 

Sand 

61 

4.0 

11,7 

U.  cinerea 

Mud 

75 

().() 

0.1 

<0.00I 

Sand 

62 

0.5 

2.4 

Xaiuliitls 

Mud 

75 

2.0 

2.7 

<0.001 

Sand 

62 

6.0 

15.6 

C.  septemspinosa 

Mud 

64 

1.0 

8.7 

n.s. 

Sand 

64 

4.0 

15.8 

N' — number  of  samples  taken. 

particles  and  silt  that  comprised  the  sediment.  The  particles  col- 
lected on  sticl^y  mucus  on  the  outside  of  the  tubes  as  they  were 
being  formed  in  the  midst  of  the  sediment.  The  tubes  did  not  grow 
further. 

The  A.  abdita  released  in  the  tray  whose  bottom  was  covered 
with  a  paste  of  fullers  earth  constructed  a  small  nuinber  of  tubes — 
about  20  could  be  clearly  identified.  By  the  second  day,  the  tubes 
had  the  overall  shape  of  a  typical  tube  but  were  much  shorter. 
Their  walls  were  constructed  of  tiny  balls  of  fullers  earth  held 
together  by  mucus.  Numerous  fecal  pellets  that  consisted  of  fullers 
earth  were  present  on  the  sediment  surface  beside  the  tubes. 

DISCUSSION 

During  the  3-y  field  study,  the  entire  mud  area  was  consistently 
covered  by  dense  mats  oi  A.  abdita  tubes.  In  contrast,  populations 
of  A.  abdita  and  their  mats  in  the  shallow  sections  of  Boston 
Harbor  (Gallagher  &  Keay  1998)  and  Barnstable  Harbor.  Massa- 
chusetts (Mills  1967),  were  washed  away  by  waves  produced  by 
strong  wind  storms.  In  southeastern  Raritan  Bay.  the  A.  abdita  are 
able  to  persist  during  windstorms  because  of  its  deeper  water  (7  m 
avg.  depth),  and  shorelines  that  protect  the  area  from  wave  action. 
Laboratory  observations  suggest  that  A.  ahdila  does  not  occur  in 
habitats  where  sediments  consist  of  medium  and  coarse  sand,  be- 
cause they  have  difficulty  constructing  their  tubes  with  it.  A.  abdita 
construct  tubes  readily  in  sediments  consisting  of  their  own  pellets, 
silt,  and  also  fine  sand.  The  A.  abdita  likely  are  present  in  the  mud 
habitat  because  of  its  grain  size  rather  than  its  high  organic  content. 
The  laboratory  observations  also  suggest  that  juveniles  begin  con- 
structing tubes  as  soon  as  they  land  on  the  bottom  and  the  tubes  are 
built  rapidly. 

The  A.  abdita  tubes  were  free  of  attached  macrofauna  and 
visible  plants  throughout  the  mud  habitat  at  all  times,  as  Mills 
(1967)  had  observed  for  A.  abdita  tubes  in  Barnstable  Harbor.  The 
cover  of  the  tubes"  surface  with  their  pellets  and  smaller  particles 
apparently  prevents  macrofauna  from  attaching  and  growing.  Their 
absence  obviously  favors  the  persistence  of  the  A.  abdita.  South- 
eastern Raritan  Bay  has  abundant  macrofauna  that  attach  to  the 
hard  surfaces  of  shells  and  stones  in  the  sand  areas  and  they  could 
be  present  in  the  mud  habitat  if  it  were  suitable.  The  species 
include  bryozoans,  blue  mussels  {Mytilits  cdiilis).  common  Atlan- 


tic slipper-snails,  red  beard  sponge  (Microcioiia  prolifera)  and  the 
egg  cases  of  U.  cinerea.  three  lined  mudsnail  (Jlyanassa  trivitatta) 
and  easteiTi  mudsnail  (/.  obselcta).  In  other  locations,  some  benthic 
invertebrates  produce  calcareous  tubes  on  which  other  macro- 
invertebrates  can  settle  and  grow  and  eventually  kill  them  (Russ 
1980.  Qian  1999,  Zuhlke  2001). 

It  was  observed  that  for  a  few  weeks  before  each  of  the  breed- 
ing periods,  the  A.  abdita  tubes  gradually  disintegrate,  leaving  a 
surface  of  pellets  and  fine  particles  available  for  settlement  and 
tube  building  by  the  next  generation  of  juvenile  A.  abdita.  Can 
these  be  the  periods,  especially  the  May-June  period  and  lesser  so 
the  September-October  and  least  in  the  December-January  peri- 
ods, when  most  larvae  of  benthic  invertebrates,  including  quahog 
pediveligers,  can  settle  in  the  substrate? 

It  is  likely  that  the  reasons  the  quahogs  thrive  in  the  A.  abdita 
tube-pellet  mud  habitat  in  Raritan  Bay  are  because  the  water  near 
the  bottom  probably  has  little  silt,  the  presence  of  the  tubes  favors 
the  settlement  of  their  pediveligers  and  quahog  predators  are 
scarce  and  have  difficulty  finding  small  quahogs  among  the  tubes. 

Some  studies  suggest  that  mud  bottoms  that  lack  surface  tubes 
are  marginal  habitats  for  quahogs  because  of  the  silty  water  asso- 
ciated with  them  (Davis  1960.  Rhoads  &  Young  1970,  Rhoads 
1974).  The  A.  abdita  tube  mats  and  pellets  and  the  amphipods 
modify  the  mud  surface  in  Raritan  Bay  substantially.  The  mats 
cover  and  stabilize  it,  thereby  minimizing  the  transport  of  silty 
sediments  into  the  water  during  strong  currents  and  the  movements 
of  fish  and  crabs  (Hunt  2003).  Moreover,  the  mud  surface  consists 
mostly  of  pellets  that  produce  little  turbidity  even  when  swirled 
into  the  water.  In  addition,  the  A.  abdita  clear  the  water  by  cap- 
turing silt  and  forming  pellets  while  feeding. 

The  presence  of  A.  abdita  tubes  and  their  pellets  may  provide 
some  positive  attributes  for  settling  quahog  pediveligers.  The  tubes 
serve  as  baffles  to  slow  water  currents,  a  feature  that  has  been 
shown  to  produce  higher  settlements  of  quahog  larvae  (Carriker 
1961,  Peterson  1986,  Wilson  1990).  The  tubes  also  provide  a 
shaded  zone  at  their  bases,  another  feature  that  attracts  settling 
quahog  larvae  (Carriker  1961).  The  settling  pediveligers,  that  are 
about  225-|jLm  long,  are  more  stimulated  to  affix  their  byssus  to 
sediment  grains  when  among  small  grain  sizes  than  when  among 
larger  sizes  (Carriker  2001).  The  A.  abdita  pellets  are  about  half 
the  length  of  quahog  pediveligers  whereas  medium-sized  sand 
grains  are  much  larger  than  the  pediveligers. 

The  tube  mats  probably  are  poor  habitats  for  the  predators  of 
juvenile  quahogs  in  Raritan  Bay.  All  are  scarce  on  muddy  bottoms 
with  tube  mats.  The  long  wrist  hermit  crab  is  abundant  on  .sandy 
bottoms  that  have  little  structural  relief  and  the  Atlantic  oyster 
drill,  and  xanthid  mud  crab  are  most  abundant  among  oysters  and 
shells.  Where  they  are  present  among  the  A.  abdita  tube  mats  in 
Raritan  Bay,  they  probably  have  difficulty  finding  the  juvenile 
quahogs.  Mills"  (1967)  observation  that  eastern  mudsnails  {Ilya- 
iia.ssa  ohseleta)  disappeared  from  areas  that  became  covered  with 
A.  abdita  tubes  in  Buzzards  Bay  is  another  example  of  gastropod 
numbers  being  low  in  substrates  densely  covered  with  its  tubes. 
Similariy.  eariier  studies  have  shown  that  habitats  containing  dense 
upright  structures,  such  as  shells,  eelgrass  (Zostera  marina)  and 
polychaete  tubes  have  higher  abundances  of  quahogs  and  other 
invertebrates  in  their  sediments  (MacKenzie  1977,  Beal  1983. 
Peterson  1986,  Peterson  &  Beal  1989,  Zuhlke  2001).  The  struc- 
tures probably  provide  them  cover  from  predators,  though  other 
factors  may  also  play  a  role. 

In  Virginia,  quahogs  are  equally  abundant  in  all  water  depths 
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from  3-21  m;  they  appeared  to  be  slightly  scarcer  at  a  depth  of 
2  m  (Mann  et  al.  2005).  This  suggests  that  in  Raritan  Bay.  the 
depth  difference  between  the  mud  area.  7-m  avg..  and  the  wide 
sand  area  off  the  south  coast.  3—1  m.  and  smaller  sand  area  off  the 
east  coast,  1-2.5  m.  has  little  influence  on  the  difference  in  quahog 
abundance  in  them. 

Our  study  has  described  several  aspects  of  the  quahog"  s  habitat 
in  mud  and  sand  bottoms  in  Raritan  Bay.  Because  we  conducted  a 
survey  and  not  an  experiment,  we  did  not  control  treatment;  that  is 
mud  versus  sand  was  not  randomized.  Because  of  the  contiguity  of 
the  mud  and  sand  sites  and  to  the  hydrodynamic  processes  causing 
sediment  dichotomy,  there  are  unaccounted  for  differences  be- 
tween the  sites,  the  effects  of  which  may  confound  the  findings. 
This  situation  prevails  for  other  similar  surveys  and  cannot  be 
helped. 

Many  questions  remain.  Do  peliveligers  actually  settle  in 
higher  abundances  among  A.  ahilila  tubes?  Do  peliveligers  attach 
similarly  to  fecal  pellets  and  sand  grains?  How  do  infaunal  inver- 
tebrates, such  as  nematodes  and  polychaetes,  interact  with  fecal 


pellets?  After  mature  A.  abdita  females  breed  with  males  in  the 
water,  what  is  their  behavior?  How  do  the  tubes  affect  predation 
rates  on  juvenile  quahogs'^  How  do  finfishes  prey  on  the  A.  ahdihil 
Do  they  swallow  whole  tubes?  What  caused  the  starfish  to  aban- 
don southeastern  Raritan  Bay'  Can  starfish  inhabit  bottoms  cov- 
ered with  these  tubes?  How  abundant  were  quahogs  in  Southeast- 
ern Raritan  Bay  during  periods  when  the  A.  abdita  were  scarce? 
Will  the  quahogs  become  scarcer  in  Raritan  Bay  if  the  A.  abdiui 
become  scarce  again? 
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REPRODUCTIVE  PATTERN  OF  THE  SQUALID  CALLISTA  MEGAPITARIA  SQUALIDA  FROM 

NORTHWESTERN  MEXICO 
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Paz.  B.C.S.  23000.  Mexico.  'Centra  de  Imestigaciones  Biologicas  del  Noroeste,  Apdo.  Postal  128,  La 
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ABSTRACT  The  annual  reproductive  cycle  of  the  squuliii  callista  Mc'f>opiUiriti  sijualida  living  in  the  Ojo  de  Liebre  lagoon  was 
analyzed  from  January  to  Deceniher  2(101 .  The  reproductive  activity  was  analyzed  qualitatively  (through  histological  analysis),  defining 
five  gonad  development  stages  (undifferentiated,  developing,  ripe,  spawning  and  spent).  A  quantitative  analysis  was  also  conducted 
(through  the  gonadic  inde.x  and  oocyte  diameter)  to  correlate  the  reproductive  activity  with  water  temperature  and  .salinity.  Male  and 
female  gonads  developed  and  spawned  in  parallel  through  time.  M.  .sc/ituliJa  displays  a  clearly  seasonal  reproductive  cycle  in  the  Ojo 
de  Liebre  lagoon,  with  a  long  reproductive  activity  period  (January  to  August)  that  coincides  with  the  rise  in  temperature,  plus  a  well 
defined  inactivity  period  (September  to  December)  with  100%  of  undifferentiated  or  spent  organisms  and  the  onset  of  which  coincides 
with  the  temperature  decrease.  M.  sqimlida's  reproductive  cycle  does  not  seem  to  be  influenced  by  salinity  variations  in  the  Ojo  de 
Liebre  lagoon.  The  spawning  size  of  M.  sqiiaUda  was  determined  at  92  mm  SL  at  an  approximate  age  of  2.2  y.  However,  some 
individuals  started  spawning  at  64  mm  SL.  Marked  differences  were  found  in  some  aspects  of  the  reproductive  pattern  of  M.  sqiialida 
compared  with  studies  conducted  in  other  sites,  and  the  likely  causes  are  discussed  here. 

KEYWORDS:     reproduction,  bivalve.  Mfiiiipitaria  sqmilida.  histology.  Mexican  Pacific. 


INTRODUCTION 

The  squalid  callista  Megapitniia  squalida  (Sowerby.  1835)  is 
one  of  the  most  abundant  bivalves  in  northwestern  Mexico.  It  is 
distributed  from  the  Ojo  de  Liebre  lagoon  in  Baja  California  Sur. 
(including  the  Gulf  of  California)  to  Macora  in  Perij  (Keen  1971). 
M.  squalida  lives  in  muddy  and  sandy  bottoms  at  depths  ranging 
from  one  to  120  m.  and  can  reach  up  to  120  mm  in  body  length 
(Singh  et  al.  1991). 

Studies  on  growth  (Castro-Ortiz  et  al.  1992),  ecological  aspects 
(Baqueiro  &  Stuardo  1977,  Anguas-Velez  &  Castro-Ortiz  1990, 
Singh  et  al.  1991),  mantle  anatomy  (Garci'a-Gasca  &  Garci'a- 
Dominguez  1995).  and  reproductive  aspects  (Baqueiro  &  Stuardo 
1977.  Singh  et  al.  1991.  Villalejo-Fuerte  et  al.  1996a,  Baqueiro  & 
Aldana  2000,  Villalejo-Fuerte  et  al.  2000)  have  been  conducted  in 
M.  squalida. 

Although  M.  squalida  is  usually  considered  as  a  species  with  a 
low  commercial  value,  in  northwestern  Mexico  the  fishery  of  this 
clam  has  intensified  recently,  resulting  in  an  increase  in  production 
from  31.4  tons  in  1996  to  about  972  tons  in  2004  (SAGARPA 
2006).  The  above  derives  from  the  fact  that  the  species  is  been 
captured,  more  and  more,  as  an  alternative  resource  when  the  main 
commercial  species  are  unavailable  because  of  the  enforced  fish- 
ing restrictions.  M.  squalida  is  captured  throughout  the  year  from 
the  main  water  bodies  along  the  state  of  Baja  California  Sur. 
including  the  Gulf  of  California  and  the  Mexican  coasts  of  Pacific 
Ocean.  The  capture  regimen  of  M.  squalida  is  based  on  previous 
studies  of  some  populations  from  the  Gulf  of  California  (Singh  et 
al.  1991.  Villalejo-Fuerte  et  al.  1996a,  2000);  however,  the  repro- 
ductive cycle  varies  with  the  geographic  location,  according  to  the 
species'  specific  phenotypic  response  to  the  particular  environ- 
mental conditions  in  each  location  (mainly  water  temperature  and 
food  availability)  (Porter  1964,  Hesselman  et  al.  1989.  Cruz  & 
Villalobos  1993.  Rodriguez  et  al.  1993). 
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Hence,  a  basic  understanding  of  the  reproductive  cycle  of  M. 
squalida  is  needed  for  an  appropriate  timing  of  the  fishing  effort 
and  the  development  of  a  sustainable  fishery.  Thus,  the  objective 
of  this  study  is  to  determine  the  reproductive  cycle  of  M.  squalida 
in  the  Ojo  de  Liebre  lagoon,  located  in  the  Pacific  coast,  and 
compare  it  with  studies  conducted  in  other  localities. 

MATERIALS  AND  METHODS 

The  Ojo  de  Liebre  lagoon  (24°02'N,  110°24'W)  is  located 
within  the  Sebastian  Vizcaino  bay,  in  the  west  coast  of  the  Baja 
California  peninsula.  Mexico  (Fig.  I ).  There.  30  M.  squalida  adult 
specimens  were  collected  per  month  by  a  scuba  diver  at  3-  to  6-m 
deep  from  January  to  December  2001 .  The  bottom  water  tempera- 
ture and  salinity  were  recorded  at  the  time  of  sampling  by  means 
of  a  U-10  HORIBA  water-quality  analyzer.  In  the  laboratory,  total 
and  soft  body  weights  and  shell  length  (SL)  were  recorded  for  each 
clam.  To  determine  the  extent  of  gonad  development,  the  visceral 
mass  of  each  clam  (gonad  included)  was  dissected  and  fixed  in 
10%  formalin.  Later,  a  section  of  tissue  from  the  dorsal  area  of 
each  visceral  mass  was  dehydrated  in  alcohol  and  embedded  in 
paraplast  X-tra.  Sections  (7  (xml  were  placed  on  slides  and  stained 
with  haematoxylin  and  counterstained  with  eosin  (Humason  1979). 

Because  M.  squalida  does  not  exhibit  sex  dimoiphism.  speci- 
mens were  sexed  through  histological  analysis.  Sex  ratios  were 
analyzed  by  month,  testing  the  null  hypothesis  of  a  1:1  sex  ratio, 
using  a  chi-square  test  (a  =  0.05)  (Zar  1996). 

Qualitative  characteristics  were  used  to  sort  specimens  into  one 
of  five  arbitrary  gonad  stages  previously  established  for  the  same 
species:  undifferentiated,  developing,  ripe,  spawning  and  spent 
(Baqueiro  &  Stuardo  1977.  Villalejo-Fuerte  et  al.  2000).  The  rela- 
tive frequencies  of  gonad-development  stages  throughout  the  year 
were  obtained.  This  enabled  the  description  of  the  reproductive 
cycle. 

To  obtain  quantitative  information  on  the  reproductive  activity, 
the  oocyte  diameter  and  u  monthly  gonad  index  were  determined. 
Oocyte  diameter  was  measured  from  digitalized  images  of  histo- 
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relative  cumulative  frequency  of  ripe  and  spawning  organisms  was 
fitted  to  a  logistic  model.  Additionally,  to  have  a  gross  estimation 
of  the  age  at  spawning  in  the  population,  the  Bertalanfy  growth 
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Figure  1.  Localization  of  the  areas  in  the  Mexican  Pacific  coast  where 
the  reproduction  of  M.  sqiialida  has  hcen  studied.  ( I )  Ojo  de  Liebre 
lagoon,  (2)  Concepcion  bay.  (3)  .luncalito  bay,  (4)  La  Paz  bay,  (5) 
Zihuatanejo  bay. 


logical  sections  by  means  of  the  SCAN  PRO  software  (Version 
5.0,  Systat  Software,  Inc..  Point  Richmond.  CA.  USA).  Oocytes 
were  individually  traced  by  hand  with  the  pointer,  and  the  software 
automatically  measured  the  major-  and  minor-axis  lengths.  Then, 
both  dimensions  were  averaged  and  this  was  considered  as  the 
estimated  diameter.  In  this  way,  a  monthly  mean  oocyte  diameter 
was  calculated.  At  least  100  oocytes  were  measured  from  each 
slide.  Only  oocytes  showing  a  nucleolus  were  sampled,  assuming 
that  this  structure  is  located  at  the  cell  center  (Lai'uelle  et  al.  1994). 
Individuals  with  few  measurable  oocytes  and  extensive  phagocy- 
tosis (i.e.,  "spent"  specimens)  were  excluded  following  the  criteria 
of  Grant  and  Tyler  (1983).  A  one-way  ANOVA.  followed  by  a 
Tukey  posthoc  mean  comparison  test,  was  used  to  assess  signifi- 
cant differences  between  months.  The  monthly  gonad  index  was 
computed  using  a  numerical  grading  system  (Heffeman  et  al. 
1989).  Four  categories  were  established  according  to  the  degree  of 
gonad  development,  with  0  =  undifferentiated  and  spent.  1  = 
developing.  2  =  partially  spawned  and  3  =  ripe.  The  monthly 
gonad  index  was  determined  by  multiplying  the  number  of  speci- 
mens assigned  to  each  category  by  the  category  score,  summing  all 
such  values  and  dividing  this  amount  by  the  total  number  of  clams 
analyzed.  The  monthly  \  alues  of  oocyte  diameter  and  gonad  index 
obtained,  enabled  to  carry  out  correlation  analyses  of  reproductive 
activity  with  temperature  and  salinity,  using  a  Spearman-rank  cor- 
relation analysis  (Zar  1996).  The  STATISTICA  (version  6.0)  soft- 
ware (StatSoft,  Inc.  2001 )  was  used  for  all  statistical  analyses.  The 
significance  level  (a)  was  set  at  0.05. 

The  size  at  spawning  in  the  population  is  defined  as  the  small- 
est length  at  which  the  50%  of  the  cumulative  frequency  of 
sampled  females  and  males  are  spawning  (Somerton  1980).  To 
establish  the  size  at  spawning  in  the  M.  .sc/iitiliilii  population,  the 


equation  (Lt  =  92(1 -e 


■0  545  (t  -  0  07j 


] )  obtained  for  M.  sqiialida  by 


Castro-Ortiz  et  al.  (1992)  was  used.  However,  for  this  study  the  L^ 
value  (92)  was  replaced  by  a  L^  value  (128)  calculated  with  the 
FISAT  software  (Gayanilo  et  al.  1995)  using  length  frequencies  of 
individuals  collected  in  the  Ojo  de  Liebre  lagoon. 

RESULTS 

A  total  of  384  specimens  were  collected,  including  128  females 
(33.3%).  156  males  (40.6%),  and  100  (26%)  undifferentiated 
specimens.  The  monthly  sex-ratio  analysis  shows  that  a  significant 
difference  (P  <  0.05)  from  the  expected  1:1  ratio  occuued  in 
August,  September  and  October  (Table  1 ).  However,  the  sex  ratio 
for  the  total  sample  (0.83F:1M)  did  not  differ  significantly  (f  > 
0.05 )  from  the  expected  1 : 1  ratio.  Clams  ranged  in  SL  from  64  mm 
to  121  mm  (mean  =  91.3  mm.  standard  desiation  =  9.5  mm). 

The  reproductive  cycle  of  M.  sqiialida  in  Ojo  de  Liebre  showed 
a  clear  seasonal  pattern  (Fig.  2).  The  relative  frequencies  of  gonad 
development  stages  throughout  the  year  were  obtained  pooling 
females  and  males  together,  because  no  differences  in  the  tempo- 
rality pattern  between  sexes  were  observed.  The  development 
stage  occurred  from  January  to  March,  with  a  peak  frequency  in 
January  (92.8%).  Ripe  clams  were  observed  from  February  to 
August  with  a  variable  frequency.  The  spawning  stage  was  ob- 
served from  February  to  August,  reaching  the  peak  frequency  in 
April.  June.  July  and  August  (78%  to  94%).  From  September  to 
December  100%  clams  were  inactive  (undifferentiated  and  spent 
stages). 

Oocyte  diameter  showed  significant  differences  (one-way 
ANOVA.  P  <  0,01 )  throughout  the  year  (Fig.  3a).  Small  oocytes 
(30.6-33.4  )j.m)  were  observed  from  January  to  March.  Oocyte 
diameter  increased  considerably  from  April  to  July  and  August, 
when  significantly  larger  oocytes  (44.2—15.2  p.m;  P  <  0.01)  were 
present.  The  above  was  consistent  with  histological  observations, 
which  revealed  that  the  highest  reproductive  activity  took  place 
from  April  to  August.  From  September  to  December  all  clams 
were  spent  or  undifferentiated,  so  that  oocyte  diameter  values 
could  not  be  obtained. 

TABLE  L 

Female  and  male  frequencies,  Chi  square  (x')  values  and  sex  ratios 
of  Megapitaria  sqiialida  by  month.  Numbers  in  bold  indicate  a 
statistically  significant  differences  from  a  1:1  ratio  iP  <  O.tlS). 


Month 

Female 

.Male 

Total 

X' 

Sex  Ratio  F:M 

January 

13 

9 

T") 

0.73 

1.44:1 

February 

15 

17 

32 

0.13 

0.88:1 

March 

9 

14 

23 

1.09 

0.64:1 

April 

17 

12 

29 

0.86 

1.42:1 

May 

18 

11 

29 

1.69 

1 .64: 1 

Jun 

15 

13 

28 

0.14 

1.15:1 

July 

13 

16 

29 

0.31 

0.81:1 

August 

10 

:i 

31 

3.90 

0.48:1 

September 

0 

9 

9 

9.00 

0.11:1 

October 

1 

8 

9 

5.44 

0.13:1 

November 

1 

5 

6 

2.67 

0.20:1 

December 

3 

.^ 

6 

0.00 

1.00:1 

TOTAL 

11? 

138 

2-?  3 

2.09 

0.83:1 
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Fijiurf  2.  Monthly  percent  frequencies  i>l'  the  different  )j»nad  stages  (if 
M.  \qiiulidu  Ihroughoul  the  stud)  period  in  Ojii  de  Uebre  lagoon. 
B.C.S.  Mexico. 


Gonad  index  displayed  a  seasonal  tendency  tlirouglioLit  tlie  year 
(Fig.  3b).  From  these  data,  a  clear  resting  period  from  September 
to  December  was  also  apparent,  whereas  gonad  index  \alues  were 
higher  from  April  to  August,  coinciding  with  the  ripe  and  spawn- 
ing stages. 

Seawater  temperature  showed  a  clearly  seasonal  variation  in 
the  Ojo  de  Liebre  lagoon  (Fig.  3c).  The  cold  months  (January  to 
April  and  December)  had  temperatures  under  IS^C.  The  lowest 
temperatures  were  registered  in  January  and  February  (l,S.9  C). 
The  warmer  months  (July  to  October)  had  temperatures  above 
22°C.  Water  temperature  reached  its  peak  value  (23.4'  C)  in  Au- 
gust. Salinity  in  the  Ojo  de  Liebre  lagoon  displayed  a  slight  fluc- 
tuation (Fig.  3d).  The  minimum  salinity  occurred  in  January  (33.4 
9;r).  and  the  maximum  in  March  and  May  (34.3  %c).  The  mean 
oocyte  diameter  and  gonad  index  were  positively  correlated  w  ith 
temperature  (R  =  0.86;  P  =  0.006  and  R  =  0.76:  P  =  0.03. 
respectively),  but  not  with  salinity  (R  =  0.24;  P  =  0.57  and  R  = 
0.54;  P  =  0.17.  respectively). 

To  establish  the  size  at  spawning  in  the  M.  sqiuiUda  population 
studied,  relative  cumulative  frequency  data  of  ripe  and  spawning 
organisms  were  fitted  to  the  logistic  model  (r  =  0.99.  Fig.  4).  The 
size  at  spawning  in  the  M.  syiailiiUi  population  was  92  mm  SL. 
which  may  conespond  to  an  age  of  2.2  y  old  (according  to  our 
gross  estimation).  However,  individual  organisms  may  start 
spawning  at  64  mm  SL  (1.2  y  old). 

DISCUSSION 

Slight  differences  in  seasonal  gametogenesis  and  spawning  pat- 
terns between  males  and  females  have  been  reported  in  some  bi- 
valves (Goodwin  1976,  Sloan  &  Robinson  1984,  Baron  &  Ciocco 
2001 ).  In  our  study,  male  and  female  gonads  developed  and  un- 
derwent spawning  in  parallel  through  lime,  as  reported  in  other 
bivalves  (Villalejo-Fuerte  et  al.  2002,  Choi  &  Chang  2003).  This 
synchronization  seems  to  be  related  to  changes  in  water  tempera- 
ture, as  reported  by  Gribben  et  al.  (2004)  for  P.  zelaiulica.  and  it 
is  characteristic  of  species  living  in  temperate  zones. 

Many  studies  point  out  that  temperature  is  the  most  important 
environmental  factor  in  the  regulation  of  reproduction  in  bivalves 
(gametogenesis  and  spawning)  (Giese  &  Pearse  1974,  Sastry  1979. 
Barber  &  Blake  1981,  Cruz  &  Villalobos  1993,  Rodriguez  et  al. 
1993,  Wada  et  al.  199.5).  which  may  trigger  or  synchronize  the 
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Figure  3,  Temporal  variation  of  the  different  variables  analyzed 
throughout  the  year  in  the  Ojo  de  Liebre  lagoon,  (a)  Oocyte  diameter. 
(b)  gonad  index,  Ic)  bottom  seav\aler  temperature,  (d)  salinity.  Oocyte 
diameter  was  analyzed  b\  one-way  .\NOV.\  follov\ed  b\  Tukey  lest. 
Means  not  sharing  the  same  superscript  are  significantly  different. 
Bars  correspond  to  standard  errors. 


"temporality"  of  the  different  development  stages  (Lubet  1983. 
Gallardo  1989).  Thus,  the  rise  in  water  temperature  may  stimulate 
gonad  ripening  (Giguere  et  al.  1994).  In  Ojo  de  Liebre.  the  repro- 
ductive activity  of  M.  sqiialiila  (measured  through  the  variation  in 
the  mean  oocyte  diameter  and  gonad  index)  was  significantly  and 
positively  correlated  with  water  temperature.  The  relationship  be- 
tween temperature  and  reproductive  activity  is  well  documented 
for  other  bivalves  living  in  the  Mexican  Pacific  coasts,  including 
Chiiiiie  califomiensis  (Garcia-Dominguez  et  al.  1993),  Clycymeris 
gijfuntea  (Villalejo-Fuerte  et  al.  1995)  and  Lacvicardiuiu  ckitiim 
(Villalejo-Fuerte  et  al.  1996b). 

In  Ojo  de  Liebre  lagoon.  M.  sqiuilkla  shows  a  clearly  seasonal 
reproductive  cycle.  This  includes  an  extended  period  of  reproduc- 
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Figure  4.  Length  of  spawning  of  Meiiupitarki  sqiialida  from  Ojo  de 
Liebre  lagoon,  B.C.S.,  Mexico. 

live  activity  (January  to  August)  coinciding  vvitli  the  period  of 
temperature  increase,  followed  by  a  well-defined  reproductive 
inactivity  (September  to  December)  where  100%  of  organisms 
are  either  undifferentiated  or  spent,  the  onset  of  which  coincided 
with  the  drop  of  temperature.  Likewise,  a  seasonal  reproductive 
pattern  has  already  been  reported  in  the  same  location  for  other 
bivalves  such  as  Nodipecten  subnodosus  (Arellano-Martinez  et  al. 
2004a). 

However,  although  temperature  undoubtedly  affects  reproduc- 
tion, other  environmental  factors  may  seem  to  interact  with  it  to 
determine  the  annual  reproductive  activity  pattern  in  any  given 
geographic  area  (Sastry  1970).  In  this  sense,  the  variation  in  the 
onset  of  gonad  proliferation  in  Riidilapes  deciissalus  has  been 
found  to  be  caused  by  interannual  salinity  fluctuations  (Shafee  & 
Daoudi  1991).  and  spawning  in  A.  ventricosiis  coincides  with 
minimum  and  maximum  salinity  values  (Luna-Gonzalez  et  al. 
2000).  In  other  cases,  extreme  salinity  values  have  been  found  to 
lead  to  a  steady  reduction  in  the  duration  of  gonad  development 
(Muranaka  &  Lannan  19S4.  Utting  1993).  To  this  respect,  salinity 
shows  hypersaline  gradients  in  the  Ojo  de  Liebre  lagoon  (Lankford 
1977).  with  salinities  over  47  %c'  recorded  in  some  areas  (Con- 
treras,  1985),  being  either  shallow  zones  or  as  a  result  of  human 
activities  (brine  discharges  by  the  salt-producing  company  into 
some  areas  of  the  lagoon).  However,  in  this  investigation  salinity 
in  the  study  area  (El  Borbollon)  was  found  to  be  relatively  constant 
throughout  the  whole  study  period,  likely  caused  by  its  closeness 
to  the  lagoon  mouth.  Thus,  the  reproductive  cycle  of  M.  sqiialida 
in  this  locality  seems  to  be  unaffected  by  salinity  variations,  be- 


cause no  significant  coirelation  was  found  with  this  \ariable.  This 
does  not  rule  out  the  possibility  that  another  clam  bank  located 
farther  into  the  lagoon  (where  greater  salinity  variations  occur) 
might  be  affected  by  this  environmental  factor.  However,  further 
research  is  required  to  obtain  concluding  results  to  this  respect. 

Currently,  there  is  available  information  on  reproductive  as- 
pects of  M  sqitalida  from  four  additional  localities  of  the  Mexican 
Pacific  coast  (Fig.  1 ):  in  the  Gulf  of  California,  from  Bahi'a  Con- 
cepcion  (Villalejo-Fuerte  et  al.  1996a).  Bahia  Juncalito  (Villalejo- 
Fuerte  et  al.  2000)  and  Bahia  de  La  Paz  (Singh  et  al.  1991 ),  and 
outside  the  Gulf  of  California,  from  Bahia  Zihuatanejo  (Baqueiro 
&  Stuardo  1977),  a  site  located  in  the  southern  Mexican  Pacific 
coast.  Our  findings  reported  here  differ  substantially  in  some  as- 
pects with  the  studies  mentioned  earlier  (Table  2).  The  most  ob- 
vious difference  refers  to  the  temporality  of  the  reproductive  cycle, 
which  might  be  associated  with  water  temperature  and/or  food 
availability  in  each  locality. 

As  mentioned  earlier,  in  Ojo  de  Liebre  lagoon  M.  sqiialida 
displays  a  marked  interruption  in  the  reproductive  activity  (high 
percentage  of  undifferentiated  or  spent  organisms)  from  Septem- 
ber to  December.  However,  this  complete  interruption  of  the  re- 
productive activity  during  the  annual  cycle  was  absent  in  any  other 
locality,  whereas  the  undifferentiated  stage  occurred  only  at  low 
levels  in  some  months  (Singh  et  al.  1991.  Villalejo-Fuerte  et  al. 
1996a.  Baqueiro  &  Stuardo  1977,  Villalejo-Fuerte  et  al.  2000). 
This  clear  resting  period  at  the  Ojo  de  Liebre  lagoon  might  derive 
from  having  included  immature  specimens.  However,  the  range  of 
sizes  analyzed  (64  mm  to  12 1  mm  SL)  is  larger  than  the  size  of  the 
smallest  specimen  (42  mm  SL)  reported  as  having  undergone 
spawning  (Villalejo-Fuerte  et  al.  1996a),  so  that  this  finding  is 
valid.  In  this  sense,  Baqueiro  and  Aldana  (2000)  point  out  that  the 
undifferentiation  or  lack  of  reproductive  activity  periods  is  not 
species-specific  requirements,  but  responses  to  environmental 
conditions.  Villalejo-Fuerte  et  al.  (2000)  mention  that  the  absence 
of  a  reproductive  inactivity  period  in  Bahia  Juncalito  may  result 
from  food  being  abundant  throughout  the  year,  so  that  the  clam 
population  produces  gametes  continuously.  This  situation  might 
also  occur  in  the  other  localities  of  the  Gulf  of  California,  as  well 
as  in  Bahia  Zihuatanejo.  In  contrast,  the  Ojo  de  Liebre  lagoon 
has  been  regarded  as  an  area  with  low  food  availability  (Millan 
et  al.  1987.  Delgadillo-Hinojosa  et  al.  2002.  Arellano-Martinez 
et  al.  2004b)  and  low  food  quality  (Arellano-Martinez  et  al. 
2004b).  This  situation  of  low  food  availability  and  quality  in  Ojo 
de  Liebre  might  lead  to  the  marked  resting  period  and  foster  a 


TABLE  2. 
Available  information  on  reproductive  aspects  of  Menapilaria  sqiialida. 


Sex  Ratio 

Oocyte 

Spawning  Period 

Locality 

F:M 

Diameter 

Resting 

Period 

(.Main  Period) 

Source 

Zihuatanejo  Bay 

0.iS8:l 

— 

Not  defined 

All  months  except  July 
(October  to  May) 

Baqueiro  &  Stuardo  1977 
Baqueiro  &  Aldana  2000 

La  Paz  Bay 

— 

— 

Not  defined 

All  months 
(August  to  October) 

Singh  etal.  1991 

Juncalito  Bay 

1.02:1 

25-40  |j.m 

Not  defined 

All  months 
(July  to  August) 

Villalejo-Fuerte  et  al.  2000 
Quiiiones-Arreola  2003 

Coiicepcion  Bay 

1:1 

— 

Not  defined 

All  months 
(June  to  August) 

Villalejo-Fuerte  et  al.  1996b 

Ojo  de  Liebre  lagoon 

0.8.^:1 

.10.6-4.5.2  Jim 

September  to 

December 

February  to  August 

This  work 
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nuiiked  energy  storage/use  cycle,  us  reported  by  Arellani)- 
Marti'nez  et  al.  (2004b)  for  N.  subiiudosus  in  the  same  locality. 
Nevertheless,  further  studies  are  required  on  this  aspect  to  cor- 
roborate it  for  M.  sijualida. 

On  the  other  hand,  in  the  case  of  the  populations  living  in  the 
Gulf  of  California  and  Bahia  de  Zihuatanejo.  the  ripe  and  spawn- 
ing stages  were  present  (although  at  different  times  and  propor- 
tions) throughout  the  whole  study  period  (Table  2).  so  that  it  is 
assumed  that  M.  m/iuiIUIii  from  these  localities  displays  a  continu- 
ous reproductive  cycle.  This  reproductive  behavior  has  also  been 
observed  in  other  bivalves  from  tropical  latitudes,  including  Lac- 
vicanliuin  elatuin  ( Villalejo-Fueite  et  al.  l4'J6b).  Periglypta  miil- 
licostata  (Garci'a-Dominguez  et  al.  1998),  Pinna  lugosa  (Ceballos- 
Vazquez  et  al.  2000)  and  Spondylus  catcifer  (Villalejo-Fuerte  et  al. 
2002).  In  contrast  with  the  above,  in  the  Ojo  de  Liebre  population 
the  ripe  and  spawning  stages  are  restricted  to  the  period  January  to 
August,  which  indicates  that  the  reproductive  cycle  of  M.  squalida 
in  this  locality  seems  to  be  seasonal.  This  lagoon  is  considered  as 
a  temperate  geographic  zone  (Briggs  1974),  whereas  the  Gulf  of 
California  is  regarded  as  a  tropical-subtropical  transition  zone 
(Hendrickx  et  al.  2005)  and  Bahia  de  Zihuatanejo,  a  tropical  one 
(Briggs  1974).  Differences  in  the  reproductive  pattern  of  any  given 
species  are  known  to  occur  along  a  latitudinal  range,  given  that 
critical  temperatures  (cold  or  warm)  occur  in  different  months  or 
prevail  all  the  year  round,  facilitating  a  continuous  reproduction 
(Hesselman  et  al.  1989).  The  earlier  mentioned  coincides  with 
reports  by  Porter  ( 1964)  and  Hesselman  et  al.  (1989),  who  mention 
that  the  differences  in  the  reproductive  cycle  among  various  popu- 
lations seem  to  result  from  phenotypical  responses  to  variations  in 
environmental  conditions,  mainly  food  availability  and  tempera- 
ture. To  this  respect,  Baqueiro  and  Aldana  (2000)  state  that  some 
mollusc  species  display  different  gonad-recovery  and  spawning 
patterns  associated  with  the  microenvironmental  conditions  of 
their  habitat. 

Furthermore,  this  study  revealed  that  the  mean  oocyte  diameter 
of  M.  squalida  li\ing  in  the  Ojo  de  Liebre  lagoon  was  larger 
(30.6—45.2  |j.ni)  than  the  one  reported  by  Quihones-Arreola  (2003) 
for  M.  squalida  living  in  Bahia  Juncalito.  Gulf  of  California  (25- 
40  p.m).  Oocyte  growth  depends  on  an  adequate  energy  supply 
available  for  gametogenesis  (Barber  &  Blake  1983).  The  availabil- 
ity of  enough  energy  depends  on  both,  food  availability  and  the 
animal's  metabolic  rate,  which  to  some  extent  is  influenced  by 
environmental  temperature  (Barber  &  Blake  1983).  As  mentioned 
earlier,  food  availability  is  high  all  the  year  round  in  Bahia  Jun- 


calito. w  hich  sht)uld  favor  a  larger  oocyte  size,  something  that  does 
not  occur.  This  could  be  explained  assuming  that  the  metabolic 
rate  in  Bahia  Juncalito  might  be  higher  than  in  Ojo  de  Liebre, 
given  that  temperature  in  the  former  is  5°C  higher  (Quiiiones- 
Arreola  2003).  Additionally,  the  constant  oocyte  production  (con- 
tinuous reproductive  cycle)  in  Bahia  Juncalito  involves  more  ac- 
celerated periods  of  gonad  recovery  and,  consequently,  smaller 
oocytes  compared  with  oocytes  from  Ojo  de  Liebre  are  produced. 
For  its  part,  food  is  not  abundant  in  the  Ojo  de  Liebre  lagoon  but 
there  is  a  marked  resting  period,  which  would  favor  nutrient  ac- 
cumulation. Afterwards,  nutrients  would  be  available  for  gonad 
ripening,  favoring  a  larger  oocyte  size. 

This  study  found  that  the  sex  ratio  in  the  population  studied 
was  1;1.  This  finding  coincides  with  reports  for  this  same  species 
in  other  localities  (Table  2).  This  indicates  that  sex  ratio  is  a 
species-specific  characteristic  unaffected  by  environmental  condi- 
tions. Villalejo-Fuerte  et  al.  (2000)  infer,  from  a  1:1  sex  ratio,  that 
mortality  in  M.  squalida  (either  natural  or  by  fishing)  does  not 
differ  between  sexes,  that  no  sexual  dimorphism  occurs  in  terms  of 
size  (because  clams  are  caught  only  in  the  case  of  large  speci- 
mens), and  that  growth  rate  seems  to  be  similar  for  males  and 
females.  Nonetheless,  further  research  is  required  to  confirm  the 
above. 

As  regards  the  size  at  spawning  of  M.  squalida  (92  mm  SL)  no 
comparisons  are  possible,  given  that  no  background  information  is 
available.  However,  smaller  spawning  organisms  (42-50  mm  SL) 
were  reported  in  Bahia  Concepcion  (Villalejo-Fuerte  et  al.  1996a), 
which  are  even  below  the  smallest  size  reported  in  this  study  for  a 
spawning  organism  (64  mm  SL).  According  to  the  earlier  men- 
tioned, the  size  at  spawning  in  Ojo  de  Liebre  might  be  overesti- 
mated in  this  study.  To  corroborate  this  hypothesis,  further  re- 
search is  required  including  smaller  organisms. 
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ABSTRACT  Reliable  handing  techniques  are  a  major  necessity  for  the  genetic  research  in  marine  bivalves.  Restriction  enzyme 
banding  iHaelll)  was  performed,  in  this  study,  on  chromosomes  of  two  commercially  important  species  of  veneroid  bivalves:  the  clam 
Ritdihipes  decussatus  (Adams  and  Reeve)  and  the  cockle  Cenistodermu  ediilc.  Identification  of  the  nineteen  individual  chromosome 
pairs  was  obtained  for  both  species.  The  cytogenetic  studies  made  in  marine  molluscs  have  recently  experienced  a  very  fast  devel- 
opment caused  by  the  introduction  of  new  molecular  techniques  mainly  fluorescence  in  situ  hybridization  (FISH).  Recently  it  has  been 
shown  in  mammalian  chromosomes  that  restriction  enzyme  banding  is  compatible  with  FISH,  allowing  simultaneous  banding,  and 
consequent  accurate  identification  of  the  localization  of  the  probes  and  unambiguously  identification  of  the  chromosome(s)  carrier(s). 
As  far  as  we  know  this  is  the  first  RE-banding  obtained  in  karyotypes  of  veneroid  species.  The  application  of  restriction  enzyme 
chromosome  banding  in  veneroids  are  diverse  and  this  study  can  constitute  a  fundamental  step  for  future  gene  mapping  on  this 
commercially  important  group  of  bivahes  and  could  offer  a  new  approach  to  specific  problems  in  veneroid  taxonomy  and  genetics. 
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Cenisiodcnihi  cditle.  chromosome  banding.  //;  situ  restriction  enzyme  banding,  Riiditiipcs  dcciissatiis.  veneroid 


INTRODUCTION 


Cytogenetic  investigations  in  veneroid  unci  murine  bivalves  in 
genera]  were  first  mainly  concerned  with  data  on  chromosome 
number  and  gross  morphology.  Later,  tnorphometiic  analysis  of 
karyotypes  provided  cliaraclerization  of  cliromosome  moiphoiogy 
based  on  centromeric  position.  Afterwards,  tfie  application  of  dif- 
ferential staining  techniques  such  as  Ag-NORs  for  nucleolar  or- 
ganizer regions.  C-banding  for  heterochromatin  or  G-banding  for 
individual  chromosome  identification  allowed  the  identification  of 
specific  chromosome  pairs  in  the  karyotypes  of  bivalve  species 
(see  Thiriot-Quievreux  2002,  for  review). 

In  the  last  20  years,  the  introduction  of  new  molecular  tech- 
niques essentially  fluorescence  in  situ  hybridization  (FISH)  al- 
lowed a  significant  development  in  the  cytogenetic  studies  made  in 
marine  molluscs.  However  the  classical  banding  techniques  such 
as  G-,  R-  or  Q-banding  used  for  individual  chromosomal  identi- 
fication, are  not  compatible  with  FISH.  In  fact  these  bandings  are 
often  lost  during  the  in  situ  hybridization  procedure  even  following 
refixation  using  relatively  low  temperatures  and  short  times  for 
denaturation  (Chaves  et  al.  2002)  tnaking  difficult  the  accurate 
chromosomal  localization  of  the  probes  and  the  identification  of 
the  chromosoine(s)  carrier(s). 

In  several  recent  studies  on  the  application  of  the  FISH  tech- 
nique to  marine  bivalves,  and  although  these  applications  were 
successful  in  obtaining  positive  signal(s)  of  hybridization,  a  diffi- 
culty in  the  unambiguous  identification  of  the  exact  chrotnosomes 
caiTier  of  the  probes  was  encounter,  except  on  the  cases  of  local- 
ization of  the  probes  on  the  largest  or  smallest  chromosome  pairs, 
which  can  be  easily  distinguished  by  their  highly  differentiated 
size.  Chromosome  carriers  could  only  be  barely  identified  based 
on  their  size  and  centromeric  index,  not  by  means  of  individual 
chrotnosome  banding  identification  (e.g.,  Clabby  et  al.    1996. 
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Zhang  et  al.  1999,  Insua  et  al.  1999.  Gonzalez-Tizon  et  al.  2000, 
Xu  et  al.  2001.  Wang  &  Guo,  2004,  Hurtado  &  Pasantes  2005), 
which  unfortunately  litnits  the  extent  of  the  potential  of  this  tech- 
nique. 

//;  situ  digestion  with  restriction  endonucleases  (REs).  which 
cleave  DNA  at  specific  target  sequences,  has  been  shown  to  pro- 
duce consistent  banding  patterns  in  fixed  mammalian  and  insect 
chromosomes  and  more  recently  has  been  successfully  applied  to 
mussels  (Martinez-Lage  et  al.  1994).  .scallops  (Gajardo  et  al.  2002) 
and  oysters  (Leitao  et  al.  2004.  Bouilly  et  al.  2005.  Cross  et  al. 
2005).  In  all  cases,  specific  longitudinal  chromosomal  banding 
patterns  were  obtained  after  digestion  with  REs,  allowing  the  in- 
dividual identification  of  all  chromosome  pairs  and  the  establish- 
ment of  precise  karyotypes.  This  technique  has  also  been  applied 
in  a  chromosomal  evolution  study  within  the  Ostreidae  family 
(Leitao  et  al.  2004). 

RE  banding  presents  a  tiiajor  advantage,  in  fact  it  has  been 
recently  shown  in  mammals  that  restriction  enzyme  banding  is 
compatible  with  FISH  (Chaves  et  al.  2002).  Moreover,  the  com- 
bined use  of  different  REs  can  also  be  useful  in  the  detection  of 
different  classes  of  heterochromatin  not  revealed  by  standard 
banding  techniques. 

Genetic  studies  of  commercially  important  marine  bivalves 
have  considerably  increased  in  recent  years,  becoming  crucial  for 
the  development  in  aquaculture.  The  harvesting  of  veneroid  bi- 
valve species  has  been  an  important  component  of  European  and 
Northern  Africa  fisheries  since  ancient  times.  The  clam  Ruditapes 
decussatiis  and  the  cockle  Cerastoderma  ediile  are  of  great  socio- 
economic impotlance  in  Europe  and  are  widely  distributed  along 
the  coastline.  The  culture  of  these  bivalve  molluscs,  mainly  the 
culture  of  the  clam,  R.  decusscitus.  represents  a  major  fraction  of 
the  tnolluscan  mariculture  in  Portugal  with  over  10.000  people 
directly  or  indirectly  involved  in  this  activity  (Ruano  1997.  Ruano 
&  Cachola  1986). 

Clam  species  of  the  subfamily  Tapetinae  (see  Fischer-Piette  & 
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Metivier  1971.  and  Partridge.  1977  for  taxonomic  revision)  are  of 
considerable  commercial  importance  but  very  little  has  been  pub- 
lished on  their  basic  genetics.  Only  2  (Wilkins  &  Mathers  1974. 
Walne  &  Wood  1975)  of  the  225  references  cited  by  Patridge 
(1977)  on  R.  deciissatiis.  concern  genetics.  Since  1975.  genetic 
studies  on  the  genus  Ruditapes  remain  scarce  (Borsa  &  Thiriot- 
Quievreux  1990),  In  cytogenetics  concerns,  the  studies  consisted 
only  of  chromosome  number  determination  of  R.  phillipinarwn 
and  R.  deciissatiis  (2n  =  .^8)  (Gerard  1978).  triploidy  induction  in 
R.  phiUipinanmi  (Beaumont  &  Contaris  1988,  Goslin  &  Nolan 
1989).  and  only  standard  karyotype  characterization  with  intrage- 
nus  comparison  of  R.  phiUipinanmi.  R.  aiirciis  and  R.  deciissatiis 
(Borsa  &  Thiriot-Quievieux  1990). 

Very  little  karyological  data  have  been  published  until  now  on 
Cerastoderma.  A  chromosome  complement  of  2n  =  38  has  been 
reported  in  C.  ediile  and  C.  glaiiciim  (Koulman  &  Wolff  1977). 
Only  standard  karyotype  has  been  described  in  an  Atlantic  popu- 
lation of  C.  edidc  (Insua  &  Thiriot-Quievreux  1992)  and  standard 
karyotype,  and  the  location  of  the  nucleolar  organizer  regions  were 
described  from  Baltic  and  Mediterranean  populations'  of  C.  glaii- 
cum  (Thiriot-Quievieux  &  Wolowicz  1996).  FISH  was  success- 
fully applied  in  C.  cdide  for  the  study  of  the  5S  rDNA  repeated  unit 
(Insua  et  al.  1999). 

However,  up  till  now,  no  banding  tecliniLjue.  which  allows  the 
individual  identification  of  all  chromosome  pairs  was  applied  to 
any  of  these  species.  The  unambiguous  identification  of  all  indi- 
vidual chromosome  pairs  is  essential  for:  ( 1 )  the  establishment  of 
the  precise  karyotype  of  these  species;  (2)  chromosome  evolution 
studies  (through  the  study  of  possible  fissions,  translocations,  and 
deletions);  (3)  aneuploidy  studies  and  (4)  the  precise  localization 
of  /;;  situ  hybridization  probes,  because  the  chromosomes  pairs 
carrying  the  probes  cannot  be  accurately  determined  without  un- 
ambiguous identification  of  all  chromosome  pairs. 

To  fulfill  this  gap  in  these  two  veneroid  species,  we  applied  in 
this  study  the  restriction  enzyme  banding  technique  to  fixed  met- 
aphase  chromosomes  of  R.  deciissatiis  ( Veneridae )  and  C.  edide 
(Cardiidae). 

MATERIALS  AND  METHODS 

Biological  Material 

Specimens  of  R.  deciissatiis  were  intcrtidally  collected  at 
Lameirao  (Ria  Formosa  lagoon,  south  of  Portugal)  and  specimens 
of  C.  edide  were  intertidally  collected  at  Almargem  (Ria  Formosa 
lagoon,  south  of  Portugal).  Before  processing,  the  animals  of  both 
species  were  acclimated  at  the  IPIMAR-Culture  Molluscs  Experi- 
mental Station  Hatchery  for  one  week. 

Chromosome  Preparation 

Whole  juvenile  animals  (ca.  1.5-cm  length)  were  incubated  for 
7  h  in  a  0.005%  solution  of  colchicine  in  seawater.  Then  the  gills 
were  dissected  and  treated  for  30  min  in  0.9%  sodium  citrate  in 
distilled  water.  The  iTiaterial  was  fixed  in  a  freshly  prepared  mix- 
ture of  absolute  alcohol  and  acetic  acid  (3: 1 )  with  three  changes  of 
20  min  each.  Fixed  pieces  of  gill  from  each  individual  were  dis- 
sociated in  50%  acetic  acid  with  distilled  water  solution.  Slides 
were  prepared  following  an  air-drying  technique  (Thiriot- 
Quievreux  &  Ayraud  1982).  The  slides  were  kept  at  -20°C  until 
further  used. 


In  situ  Restriction  Endonnclease  Digestion 

Slides  were  aged  during  6  h.  in  a  dry  incubator  at  65°C.  before 
the  restriction  endonuclease  treatment.  The  restriction  enzyme 
used:  Haelll  (GG/CC)  was  diluted  in  the  buffer  indicated  by  the 
manufacturer  (Invitrogen,  Life  Technologies),  and  final  concen- 
trations of  30  U  were  obtained  per  1(W  (xL  (following  Leitao  et  al. 
2004).  The  100-p.L  of  this  solution  was  placed  on  each  slide  and 
covered  with  coverslips.  These  slides  were  incubated  in  a  humid 
chamber  for  16  h  at  37°C.  Control  slides  were  submitted  to  the 
same  treatment  as  described  earlier  in  this  study  but  incubated  only 
with  buffer.  The  slides  were  then  washed  in  distilled  water,  air 
dried  and  stained  with  Giemsa  (1%  solution,  diluted  in  phosphate 
buffer  at  pH  6.8). 

Microscopy  and  Image  Processing 

Images  of  metaphases  of  R.  deciissatiis  and  C.  edide  banded 
with  the  restriction  endonuclease  Haelll  were  acquired  with  a 
CCD  camera  lAxiocam,  ZEISS)  coupled  to  a  ZEISS  Axioplan  2 
Imaging  microscope.  Digitized  photos  were  printed  from  Adobe 
Photoshop  (version  5.0)  using  only  contrast  optimization  functions 
that  aflected  the  whole  of  the  image. 

karyotype  Organization 

The  karyotypes  of  the  banded  metaphases  were  organized 
based  on  the  length,  centromeric  position  and  RE-banding  pattern. 
Because  we  are  working  with  somatic  tissues,  we  had  to  use  many 
animals  to  obtain  a  sufficient  number  of  mitoses.  A  total  of  38 
RE-banded  karyotypes  were  examined  for  R.  deciissatiis  and  42  for 
C.  edide. 

RESULTS 

The  diploid  complement  of  both  R.  deciissatiis  and  C.  edide 
was  2n  =  38,  and  the  proportion  of  the  different  morphometric 
types  of  chromosomes  observed  in  both  species  was  similar  to  the 
one  observed  in  previously  published  results.  6  metacentric.  3 
submetacentric  and  10  subtelocentric  pairs  for  R.  deciissatiis 
(Borsa  &  Thiriot-Quievreux  1990)  and  12  submetacentric,  4  sub- 
telocentric and  3  telocentric  for  C.  edide  (Insua  &  Thiriot- 
Quievreux  1992). 

The  RE  (Haelll)  tested  yield  specific  banding  pattern  in  the  38 
RE-banded  karyotypes  examined  of  R.  deciissatiis  and  the  42  of  C. 
edide.  Moreover,  the  banding  patterns  were  consistent  between 
members  of  homologous  chromosome  pairs.  The  in  situ  RE  ex- 
periment was  compared  with  control  treatment  on  slides  from  both 
species.  Control  slides  were  tested  with  the  same  treatment  as  the 
//)  situ  restriction  banding  slides,  but  incubated  only  with  buffer.  In 
both  cases,  there  was  no  banding  pattern  induced  in  the  chromo- 
somes, and  all  chromosomes  incubated  (from  both  species),  with 
only  buffer  from  Haelll  showed  a  Giemsa  standard  staining. 

Examples  of  banded  metaphases  with  Haelll  are  present  in 
Figure  1  for/?,  decussatus  (Fig.  la)  and  C.  edide  (Fig.  lb).  Karyo- 
types with  consistent  banding  pattern  between  homologous  pairs 
are  shown  in  Figure  2  for  R.  decussatus  (Fig.  2a)  and  C.  edute  (Fig. 
2b).  All  results  are  assembled  and  summarized  in  Figures  3  and  4, 
which  show  the  haploid  distribution  of  Haelll  chromosomal  bands 
in  the  two  species.  Haelll  produced  a  banding  pattern  along  the 
length  of  each  chromosome  (Figs.  3  and  4).  The  restriction  band- 
ing produced  was  adequate  for  the  single  identification  of  all  chro- 
mosomes for  both  species  and  organization  of  their  respective 
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Figure  1.  Examples  of  banded  metaphases  with  the  RE  Haelll:  Figure  la,  metaphase  of«.  deciissaliis:  Figure  lb,  metaphase  of  C.  ediile.  Scale 
bar  =  5  jini 


karyotypes  (Figs.  2.  3  und  4).  Interstitial,  centromeric  and  telo- 
meric  bands  were  observed  along  the  chromosomes  of  both  species. 
In  the  right  side  of  each  column  of  Figures  3  (for  R.  deciissaliis) 
and  4  (for  C.  editlc)  is  shown  a  schematic  representation  of  the  //; 
situ  restriction  banding  patterns  obtained  for  each  species. 

DISCUSSION 

The  diploid  chromosome  number  of  2n  =  38  is  confirmed  in 
both  R.  decussatus  and  C.  edule  and  appears  to  be  the  modal 
number  of  the  Veneridae  and  Cardiidae  families  (Nakamura  1985. 
Corni  &  Trentini  1986).  and  it  is  also  common  ainong  the  super- 
order  Veneroida  (Thiriot-Quievreux  et  al.  1987). 

The  application,  for  the  first  time,  of  the  RE  Haelll  to  the 
chromosomes  of  the  clam  R.  decussatus  and  the  cockle  C.  edule 
produced  specific  banding  patterns  and  allowed  the  unambiguous 


individual  identification  of  all  the  chromosome  pairs  making  pos- 
sible the  preparation  of  accurate  karyotypes  and  their  respective 
ideograms  (Figs.  1-4).  Therefore,  this  technique  has  demonstrated 
to  be  a  reliable  technique  and  more  prompt  (compared  with  con- 
ventional banding  techniques)  for  veneroid  chromosome  banding. 

For  the  construction  of  the  ideograms,  we  only  described  the 
presence  of  the  bands  and  each  band's  relative  position:  the  inten- 
sity of  the  bands  was  not  considered.  The  intensity  of  the  bands  in 
the  RE  treatments  seems  to  be  related  to  the  type  of  counterstain 
used  (e.g..  Giemsa  or  fluorochronis)  (Gonsalvez  et  al.  1991).  Sev- 
eral authors  demonstrate  that  the  loss  of  DNA  after  a  RE  digestion 
can  increase  the  capacity  of  the  stain  to  bind  to  a  specific  chro- 
mosome region  (Gonsalvez  et  al.  1991.  Nieddu  et  al.  1999),  There- 
fore, it  seemed  reasonable  not  to  consider  the  intensity  of  the  bands 
in  the  construction  of  ideograms  but  only  their  presence  and  position. 

The  in  situ  restriction  banding  technique,  applied  here  to  both 
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Figure  2.  Examples  of  diploid-banded  karvot>pes.  Figure  2a.  diploid  l<aryotype  of  R.  ilccussatus  banded  with  HacIII,  Figure  2b,  diploid 
karyotype  of  ('.  edule  banded  with  Haelll.  Ihese  examples  are  presented,  to  show  the  banding  pattern  consistency  between  homologous  pairs. 
Scale  bar  =  5  pm 
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Figure  3.  Haploid  distribution  of  the  chromosomal  bands  (left  side  of  each  column!  and  schematic  representation  of  the  in  situ  restriction 
banding  patterns  (right  side  of  each  column)  obtained  for  the  RE  Haelll  in  R.  deciissatus. 


species,  presents  a  major  advantage,  that  can  be  used  simulta- 
neously with  FISH  techniques  (Chaves  et  al.  2002).  demanding 
only  one  round  of  observation  and  minimal  extra  preparation  steps. 
Consequently,  the  in  .titii  restriction  banding  technique  will  facili- 


tate physical  mapping  in  this  group  of  bivalves,  besides  being 
compatible  with  more  traditional  banding  techniques. 

Furthermore  because  tissue  culture  protocols  are  not  yet  avail- 
able in  marine  bivalves,  the  chromosomes  are  prepared  directly 
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Figure  4.  Hapluid  distribution  of  the  chromosomal  bands  (left  side  of  each  column)  and  schematic  representation  of  the  in  silii  restriction 
handing  patterns  (right  side  of  each  column)  obtained  for  the  RE  Hae  III  in  C.  ediile. 


from  the  animals  and  are  of  poor  morphology.  The  iu  situ  restric- 
tion banding  technique  better  preserves  the  morphology  of  the 
chromosomes  (compared  with  other  conventional  banding  meth- 
ods), representing  an  additional  advantage  for  the  identification  of 


veneroid  chromosomes,  when  using  further  techniques  such  as 
FISH  or  C-banding  (Chaves  et  al.  2002). 

The  use  of  the  RE-banding  technique  can  be  very  useful  in 
several  studies  of  economic  or  ecological  importance  within  this 


862 


Leitao  et  al. 


group  of  veneroid  bivalves.  For  instance:  (a)  in  evolution  of  chro- 
mosome and  karyotypes:  (b)  can  also  provide  a  rapid  method  for 
the  identification  of  the  missing  chromosomes  in  aneuploidy  situ- 
ations, for  which  a  negative  conelation  with  the  growth  rate  was 
put  in  evidence  in  other  bivalve  species  (Leitao  et  al.  2001 )  and  (c) 
for  the  study  of  the  impact  of  contaminants  (anthropogenic  com- 
pounds, and  so  forth)  on  the  genetic  patrimony  of  veneroids 
(through  the  identification  of  possible  neoplasias,  missing  chro- 
mosomes, deletions,  translocationsand  so  forth).  This  last  applica- 
tion is  far  more  important  because  the  clam  R.  decussatus  has  been 
recently  proposed  as  a  potential  bio-indicator  species  in  areas  were 
mussels  are  not  available  (Bebianno  et  al.  2004).  In  fact  clams  are 
appropriate  organisms  for  monitoring  because  they  are  sedentary 
filter  feeders  that  exhibit  a  high  level  of  diversity  at  a  large  number 
of  loci  (Moraca  et  al.  2002).  Moreover,  the  tissue  most  cunently 


used  for  cytogenetic  analysis  is  from  the  gills,  which  is  one  of  the 
most  "interesting"  tissues  from  the  ecotoxicological  point  of  view 
(Bebianno  et  al.  2004). 

This  study  shows  that  the  applications  of  restriction  en/yme 
chromosome  banding  in  veneroids  are  diverse  and  can  constitute  a 
fundamental  step  in  gene  mapping  in  this  commercially  important 
group  of  bivalves  and  could  offer  a  new  approach  to  specific 
problems  in  veneroid  taxonomy  and  genetics. 
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ABSTRACT  Examination  of  llie  hypo.xic  tolerance  ol  MicH/if  .vii/ium  deternnned  thai  the  mean  sin  viva!  tune  tnider  hypoxia  was  9.57 
d  \Mlli  a  maximum  longevity  of  30  d.  Comparison  between  the  three  species.  N.  sulcata.  N.  niticiosu.  and  N.  nucleus  reveals  that  N. 
sulcata  is  the  most  tolerant  of  hypoxia  followed  by  N.  nucleus  and  N.  niridosa.  It  is  suggested  that  the  hypoxic  tolerance  of  the  species 
is  a  reflection  of  the  normal  habitat  Ihey  occupy. 

KEY  WORDS:     environmental  tolerance,  hypoxia.  Nucula  sulcata,  protobranch,  adaplatmn 


INTRODUCTION 

The  prolobruiich  bivalves,  Niicida  siilccitci.  N.  iiiicU'iis.  and  N. 
niiidosa  are  three  of  the  five  species  of  Nuculidae  commonly 
found  in  soft  sediments  in  British  waters.  Their  distribution  has 
been  linked  to  pailicular  sediment  types,  with  N.  niiidosa  inhab- 
iting muddy  sand;  N.  nucleus,  muddy  gravels;  and  N.  sulcata  sandy 
tiiud/mud,  hence  in  most  locations  only  one  of  the  species  is  found. 
This  has  led  to  the  suggestion  that  the  distribution  of  the  species  is 
determined,  in  part,  by  their  physiology.  For  example.  N.  nitido.sa 
and  N.  nucleus  have  been  shown  to  have  different  metabolic  rates, 
which  can  be  related  to  their  particular  habitats  (Holmes  et  al. 
2002,  see  also  Wilson  &  Davies  1984.  Creutzberg  1986). 

One  iinportant  adaptation  between  the  three  species,  that  may 
affect  their  distribution,  is  their  tolerance  to  hypoxia.  With  regard 
to  N.  niiidosa  and  N.  nucleus,  it  has  been  determined  that  N. 
nucleus  has  a  hypoxic  tolerance  ~3  times  that  of  M  nitido.ui,  which 
tiiay  be  reflected  in  its  occupation  of  muddier  habitats  and  hence 
an  increase  in  its  likelihood  of  experiencing  hypoxic  events 
(Holmes  et  al.  2002).  The  only  observation  pertaining  to  the  hyp- 
oxic tolerance  of  M  sulcata  is  effectively  anecdotal  in  nature  (Tay- 
lor et  al.  1995)  with  no  replication  and/or  independence  of  experi- 
tiiental  design,  as  is  the  case  for  most  hypoxic  tolerance  studies 
(see  Dries  &  Theede  1974  and  Zwaan  et  al.  2001  for  examples). 
The  aim  of  this  study,  was  to  measure  the  hypoxic  tolerance  of  N. 
sulcata,  using  an  experimentally  robust  design  and  directly  com- 
pare these  results  with  those  obtained  for  N.  niiidosa  and  N. 
nucleus  in  earlier  years,  previously  published  elsewhere  (Holmes 
et  al.  2002).  under  the  hypothesis  that  the  hypoxic  tolerance  of  the 
species  should  increase  as  the  mud  content  of  their  habitat  increases 
(i.e.  as  the  likelihood  of  the  frequency  of  hypoxic  events  increases). 

MATERIALS  AND  METHODS 

Bivalves.  N.  sulcata,  were  collected  in  the  mouth  of  GuUmars- 
fjord,  off  Gaso  island  (58°14.19'E  ir26.36'N)  in  2001,  using  an 
Agassiz  trawl,  and  taken  to  Kristineberg  Marine  Research  Station. 
Fiskerbackskil.  Sweden  where  all  experiments  were  canied  out. 
Once  at  the  laboratory,  the  specimens  were  left  for  5  days  in 
sediment  to  acclimatize,  in  running  seawater  (-IO°C).  Measure- 
ment of  the  hypoxic  tolerance  of  N.  sulcata  was  made  as  follows 
(the  measurement  of  the  hypoxic  tolerance  of  N.  niiidosa  and  N. 
nucleus  was  made  in  an  identical  fashion  and  is  reported  elsewhere 
[Holmes  et  al.,  2002]).  Ten  liters  of  autoclaved  filtered  (0.2  jxin) 
seawater  (10°C)  was  vigorously  bubbled  with  filtered  (0.2  p.iTi)  N,. 
in  a  semi-enclosed  vessel,  for  6  h  prior  to  the  start  of  the 
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experiment  (i.e.,  to  ensure  that  the  seawater  contained  as  little 
oxygen  as  possible).  One  hundred  and  twenty.  9-mL  (nominal) 
bottles  were  then  filled  with  the  seawater  and  a  randomly  selected 
animal  placed  into  each.  Ninety  of  the  bottles  were  then  capped, 
ensuring  that  the  bottle  remained  under  the  surface  of  the  water  at 
all  times  (treatment  animals),  and  the  remaining  30  bottles  were  left 
uncapped  (control  animals).  In  addition,  35  bottles  were  filled  with 
seawater  and  the  bottles  capped  (water  control).  Five  of  these  bottles 
were  immediately  analyzed  for  their  oxygen  content  (Holmes  et  al. 
2002).  All  of  the  bottles  were  placed  together  under  a  12  h  day/night 
cycle  and  maintained  at  1 0°C  for  the  duration  of  the  experiment. 
Every  day,  the  treatment  and  control  animals  were  inspected, 
individually,  to  ascertain  whether  they  were  alive.  If  an  animal  was 
found  to  be  dead,  it  was  removed  from  the  experiment  and  its  death 
recorded  along  with  its  shell  height,  width,  length,  whole  dry 
weight,  flesh  dry  weight,  and  the  oxygen  concentration  of  the 
water.  Every  5  days,  from  the  start  of  the  experiment,  5  randomly 
selected  water  controls  were  removed  and  the  oxygen  concentra- 
tion determined.  The  end  of  the  experiment  was  determined  by  the 
death  of  all  of  the  animals.  It  should  be  noted  that,  the  measure- 
ments of  hypoxic  tolerance  made  here  will  inherently  include  other 
confounding  factors  (e.g..  starvation)  that  will  result  in  an  under, 
rather  than  over  estimation. 

RESULTS  AND  DISCUSSION 

The  mean  oxygen  concentration  of  the  seawater  at  the  start  of 
the  experiment  ±  standard  error  (SE)  was  1.56  ±  0.13  mL  O,  T' 
and  hence  the  seawater  can  be  regarded  as  hypoxic  at  the  start  of  the 
experiment,  see  Figure  1  (Diaz  &  Rosenberg  1995).  Comparison 
of  the  control  water  oxygen  concentration  during  the  experiment, 
using  ANOVA.  revealed  no  differences.  Linear  regression  of  the 
lifetime  of /V.  sulcata  versus  the  mean  oxygen  concentration  of  the 
water  samples,  at  the  time  of  death,  produced  a  statistically  sig- 
nificant regression.  The  O,  concentration  of  the  water  for  the 
treatment  animals  dropped  over  time  as  they  respired,  leading  to 
their  eventual  death  (Fig.  I ).  Analysis  of  the  number  of  animals 
dying  per  day.  against  the  mean  O,  concentration  for  the  animals 
that  died  that  day.  usiiig  Spearman's  rho,  to  determine  if  there  was 
a  threshold  O,  concentration  lower  than  that  at  the  start  of  the 
experiment  that  caused  death,  produced  no  statistically  significant 
correlation;  the  initial  O,  concentration  of  the  water  was  sufficient 
without  any  further  reduction  in  its  oxygen  concentration  to  cause 
death  by  hypoxia.  Coirelation,  using  Spearman's  rho.  of  the  shell 
length,  height,  width,  whole  body  dry  weight,  and  dry  flesh  weight 
data  to  the  survival  data,  failed  to  produce  any  statistically  signifi- 
cant correlations  (i.e.  death  caused  by  hypoxia  does  not  seem  to  be 
related  to  body  size). 
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Figure  1.  The  mean  and  standard  error  of  the  oxygen  concentration  of  the  control  and  treatment  samples  compared  with  the  nuniher  of  iV. 
sulcata  that  have  died  on  each  day.  D.  Mean  oxygen  concentration  of  the  control  samples;  \  mean  oxygen  concentration  of  the  treatment 
samples;  — « — .  number  of  treatment  animals  that  have  died;  — ■— .  number  of  control  animals  that  have  died;  calculated  regression  line  (mean 
oxygen  concentration  treatment  samples). 
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Figure  2.  Comparison  between  the  death  rate  (cumulati>e  percentage)  of  A',  sulcata.  A',  nucleus,  and  .V.  iiitidosa  treatments  and  controls. 

(A)  Treatment  iV.  sulcata; (B)  Control  .V.  sulcata; (C)  Treatment  A',  nucleus; (D)  Control  iV.  nucleus;  -  ■  ■  -  (K)  Treatment  A'. 

nilidosa; (F)  Control  A',  nitidosa. 
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Analysis  of  the  survival  data,  using  the  Kaplan-Meier  proce- 
dure with  log  rank  comparisons  (Klein  &  Moeschberger  1998), 
determined  that  survival  rate  of  the  N.  sulcata  treatment  animals 
was  different  from  that  of  the  N.  sulcata  control  animals  (P  = 
0.003,  Fig.  2).  The  mean  ±  SE  survival  time  for  the  treatment 
animals  was  9.57  +  0.68  d  (median  =  7  d.  LT<,„  =  7  d)  and  14.45  ± 
1 .27  d  (median  =  13  d.  LT,,,  =  13  d)  for  the  control  animals  (Fig. 
2).  For  the  treatment  and  control  animal  the  maximum  longevity 
was  30  d.  Note.  13  treatment  animals  and  one  control  animal 
bottles  were  broken  during  the  experimental  period  and  hence 
were  excluded  from  the  analysis.  Comparison  between  the  previ- 
ously published  survival  data  for  N.  nitidosa  and  N.  nucleus  w  ilh 
the  N.  sulcata  data,  again  using  the  Kaplan-Meier  procedure  with 
log  rank  comparisons,  revealed  that  survival  rates  for  all  species 
were  different  from  each  other  (P  <  0.003)  (Fig.  2).  That  is.  N. 
nilidiisa  (mean  ±  SE  survival  time  =  3.53  ±  0.28  d)  was  most 
susceptible  to  death  by  hypoxia  followed  by  N.  nucleus  (mean  ± 
SE  survival  time  =  7.72  ±  0.21  d)  and  then  by  N.  sulcata.  In 
effect.  N.  sulcata  has  a  hypoxic  tolerance  -1.25  times  greater  than 
that  of  N.  nucleus  and  5  times  that  of  N.  nitidosa.  In  terms,  of  total 
longevity  (i.e..  the  time  taken  for  all  animals  to  die).  N.  sulcata  has 
a  maximum  longevity  of  approximately  twice  that  of  N.  nucleus 
(longevity  ~I5  d)  and  approximately  three  times  that  of  N.  niti- 
dosa. The  maximum  survival  time  recorded  for  N.  sulcata  (30  d) 
is  less  than  that  recorded,  but  of  the  same  order,  for  Coiinda  gibba 
(34  -i-d).  which  occupies  a  similar  habitat  (Holmes  &  Miller  2006). 


With  regard  to  the  existing  observation  within  the  literature  as 
to  the  hypoxic  tolerance  oi  N.  sulcata  (LT50  =  14  d  and  longevity  = 
21  d)  (Taylor  et  al.  1995)  the  values  reported  here  are  different.  In 
part,  arising  from  the  different  methodologies  used  but  also  from 
the  more  robust  experimental  design  adopted.  Irrespective  of  the 
cause  of  the  difference,  the  results  presented  here  for  N.  sulcata  are 
directly  comparable  with  those  recorded  for  N.  nitidosa  and  N. 
nucleus,  revealing  as  hypothesized  that  the  hypoxic  tolerance  of 
the  three  species  can  be  linked  to  the  habitat  they  normally  occupy. 
In  terms  of  comparison  with  other  nuculides.  N.  tenuis  has  been 
recorded  as  having  a  maximal  longevity  of  17  d  (Moore  1931 ),  and 
there  are  no  observations  for  N.  hanleyi.  If  the  hypothesis  substan- 
tiated were  coiTect,  then  it  would  be  interesting  to  measure  the 
hypoxic  tolerance  of  N.  hanleyi.  which  should  be  approximately 
equal  to  or  lower  than  that  of /V.  nitidosa  and  N.  hanleyi  occupying 
sandy  sediments  with  a  high  oxygen  concentration.  Similarly,  the 
hypothesis  could  be  expanded  to  a  range  of  bivalve  species,  for  ex- 
ample Alva  alba,  which  inhabits  sandy  mud  and  has  a  much  lower 
hypoxic  tolerance  than  A.  elliptica  occupying  muddy/graveh  sands 
(Dries  &  Theede  1974).  The  importance  in  individual,  nonobserv- 
able,  adaptations  between  closely  related  species  in  determining 
their  distribution  patterns  has  been  often  overlooked  in  sublittoral 
benthic  ecology.  However,  any  experiments  performed  to  attempt 
to  discern  adaptational  differences  need  to  be  done  in  an  experi- 
mentally robust  manner,  with  independent  observations,  such  that 
coiTect  cross  comparisons  between  species  can  be  attained. 
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REPRODUCTIVE  CYCLE  OF  THE  RAZOR  CLAM  SOLEN  MARGINATVS  (PULTENEY  1799) 
IN  SPAIN:  A  COMPARATIVE  STUDY  IN  THREE  DIFFERENT  LOCATIONS 
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ABSTRACT  The  reproductive  cycle  of  the  razor  chim  Soldi  maigiiiaws  (Pulteney  1799)  was  studied  in  three  different  locations  of 
Spain.  Sampling  was  performed  in  the  natural  beds  of:  Eo  Estuary  (NW  Spain)  in  1994  to  I99.S,  Santander  Bay  (N  Spain)  in  1998  to 
1999  and  Terron  Estuary  (SW  Spain)  in  1999.  In  Eo.  Santander  and  Terron.  respectively:  phase  0  (resting  stage)  occurred  in  July  to 
August,  September  to  October  and  August  to  September,  phase  I  (proliferation  of  gonias)  happened  in:  August  to  October,  October 
to  December  and  September  to  November,  phase  II  (gametogenesis)  was  developed  in  November  to  April,  January  to  May  and 
December  to  April  and  phase  III  (reproduction)  took  place  in:  May  to  June,  June  to  August  and  May  to  July.  Two  new  approaches 
oriented  to  the  fast  monitoring  of  the  gametogenic  cycle  of  the  species  based  on  sequential  mean  drained  soft  parts  weights  obtained 
by  simulation  and  on  the  macroscopic  observation  of  the  gonad  are  presented. 

KEY  WORDS:     bivalves.  Soleniikw.  Solcii.  reproduction 


INTRODUCTION 

The  stiperfamily  Solenacea  is  an  inratiiial  soft  bottom  dwelling 
bivalve  group  consisting  of  the  two  marine  families  Solenidae  and 
Phai-idae  {  =  Cultellidae,  Cosel  1993). 

Razor  clams  are  bivalves  whose  commercial  demand  has  no- 
tably increased  in  Spain  in  recent  years  (Remacha-Trivino  1996). 
As  a  consequence  of  this,  the  natural  beds  of  these  species  can  be 
subjected  to  overexploitation. 

Solen  marginatus  (Pulteney,  1799)  is  a  representative  intertidal 
bivalve  of  the  Spanish  coasts.  Accordingly,  this  species  is  distrib- 
uted along  the  west  Mediterranean  Sea  and  Atlantic  Ocean  from 
Britain  to  Mauritania  (Cosel  1993),  comprising  all  of  Spain's 
coasts.  This  species  can  be  considered  the  third  most  important 
commercial  razor  clam  of  Spain  after  Ensis  aniiatiis  and  E.  sili- 

tjlUI. 

Previous  references  dealing  with  the  reproductive  cycle  of  S. 
marginatiis  are:  Rodri'guez-Moscoso  et  al.  ( 1996).  Caspar  ( 1996). 
Remacha-Triviiio  (1996).  Tirado  et  al.  (2002).  Remacha-Trivifio 
(2002),  Martinez  (2002)  and  Lopez  et  al.  (2005).  However,  there 
are  not  precedent  studies  dealing  with  the  reproductive  cycle  of 
this  species  either  in  Santander  Bay  or  in  Terron  Estuary,  as  well 
as  a  comparative  survey  among  these  three  locations. 

Two  of  the  most  important  strategies  oriented  to  iinprove  the 
management  of  the  marine  medium  are  a  more  rational  exploita- 
tion of  the  natural  resources  and  the  application  of  aquaculture  as 
an  instrument  aimed  to  increase  the  production  of  commercial 
species.  Alternatively,  artificial  culture  constitutes  a  way  to  com- 
pensate the  lack  of  other  species,  which,  because  of  overharvest- 
ing  continue  to  diminish.  A  thorough  comprehension  of  the  repro- 
ductive cycle  provides:  (1)  the  establishment  of  close  seasons  in 
keeping  with  the  spawning  periods;  (2)  optimization  of  the  breed- 
ing conditions  oriented  towards  improving  the  quality  of  commer- 
cial exploitation  and,  in  a  more  general  framework,  with  the  pur- 
pose of  expanding  sustained  development  and  (3)  the  genetic  se- 
lection of  varieties  of  a  higher  reproductive  efficiency  and  more 
resistant  to  pathologies  or  stress  conditions  related  to  reproduction. 

The  purpose  of  this  study  is  to  draw  a  comparison  among  the 
reproductive  cycle  of  S.  marginatus  in  three  separate  locations  of 
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Spain  and  to  present  two  new  approaches  oriented  to  the  fast 
monitoring  of  the  gametogenic  cycle  of  this  species,  based  on  the 
macroscopic  observation  of  the  gonads  and  on  sequential  inean 
drained  soft  parts  weights  obtained  by  simulation.  In  this  way,  the 
understanding  of  the  reproductive  biology  of  S.  marginatus  is  im- 
proved, making  this  information  relevant  for  promoting  a  future 
extensive  culture  for  this  species,  oriented  to  satisfy  its  commercial 
demand  and  to  guarantee  the  conservation  of  its  natural  beds. 

MATERIALS  AND  METHODS 

Samples  of  .50-6?  razor  clams  were  collected  intertidally  in  3 
different  locations  including  the  Eo  Estuary  (Asturias,  NW  Spain). 
Santander  Bay  (Cantabria.  N  Spain)  and  Terron  Estuary  (Huelva. 
SW  Spain)  (Fig.  I).  Specimens  from  Eo  Estuary  were  collected 
from  June  1994  to  May  1995.  Specimens  from  Santander  Bay  were 
collected  from  October  1998  to  September  1999.  Speciinens  from 
Tenon  Estuary  were  collected  from  January  1999  to  December 
1999. 

Live  razor  clams  were  transported  to  the  Invertebrates  Labora- 
tory of  the  Department  of  Biology  of  Organisms  and  Systems 
(University  of  Oviedo.  Asturias.  Spain).  Caliper  shell  lengths  and 
drained  weights  were  measured  to  the  closest  0.01  mm  and  g, 
respectively.  Next,  animals  were  fixed  in  10%  formalin  in  sea- 
water  and  the  following  procedures  were  applied. 

Histological  Techniques 

Twelve  animals  (six  males  and  six  females)  per  month  were 
used  for  histology.  A  sample  of  approximately  10  x  5  mm  visceral 
mass  was  dissected  from  the  internal  ventral  portion  of  each  foot 
(Remacha-Trivifio  1996).  starting  from  a  fixed  point  (i.e..  left 
square)  chosen  at  random,  dehydrated  in  graded  ethanols  and  em- 
bedded in  paraffin  according  to  Durfort  (1993),  Seven  micrometers 
serial  sections  were  obtained  and  stained  routinely  with  Hema- 
toxylin-Eosin,  Stages  of  the  reproductive  cycle  were  classified 
under  the  maturity  scale  of  Chipperfield  (1953)  and  Lubet  (1959) 
widely  used  by  different  authors  (e.g..  see  Villalba  1995).  which 
comprises  the  following  phases:  0  (resting  stage).  I  (proliferation 
of  gonias).  II  (gametogenesis)  and  III  (reproduction)  of  subphases: 
III  A  (ripeness).  Ill  B  (early  spawning).  III  C  (restoration)  and 
III  D  (late  spawning). 
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Figure  1.  Map  of  western  Spain  (excluding  Portugal  I.  Arrows  show 
the  relative  locations  of:  Eo  Estuary  (N\\  Spain),  Santander  Bay  (N 
Spain)  and  Terron  Estuary  (S\V  Spain).  Abbreviations:  c,  Eo  Estuary: 
s.  Santander  Bay;  t.  Terron  Estuary. 


Macroscopic  Observation  of  Gonads 

Feet  were  dissected  ventrally  along  the  line  of  intersection  with 
the  sagital  plane.  Gonads  were  classified  in  relation  to  their  mac- 
roscopic appearance  under  the  maturity  scale  used  for  histology. 

Sequential  Mean  Total  Drained  Weiglils 

Sequential  mean  total  drained  weights  were  estimated  in  each 
month  from  the  arithmetic  progression  of  shell  lengths  restricted  to 
sizes  between  65-130  mm.  |fl^)  =  5  ■  (12  +  L)  V,  [65.130], 
whose  elements  were  obtained  by  simulation  from  their  corre- 
sponding monthly  regressions  log  W  I  log  L. 

RESULTS 

Extension  of  the  Gonad 

The  extension  of  the  gonad  of  Solcn  imirgiitatus  is  restricted  to 
the  internal  portion  of  the  foot  where  it  is  enclosed  permanently, 
even  in  the  periods  of  maximal  gonadal  development.  Follicles  line 
the  internal  surface  of  the  pedal  sinus,  adjacent  muscular  layers 
and  parts  of  visceras  enclosed  therein  and  facing  its  lumen.  The 
interfollicular  connective  tissue,  common  in  most  bivalve  species, 
is  absent. 

Histology 

Phase  0  (Resting  Stage) 

Sex  Indistinguishable.  Spread  of  follicular  tissue  limited  to 
minor  areas  located  among  the  peripheral  muscular  bundles  of  the 


pedal  sinus  (Fig.  2A).  Gonads  were  not  observed  in  some  of  the 
specimens.  Hemocytes  surrounding  the  unabsorbed  necrotic 
masses  derived  from  the  precedent  subphase  III  D  (see  below) 
were  frequent.  Gametogenic  elements  reduced  to  reservoirs  of 
stem  cells  (Fig.  2B  to  C)  of  characteristics:  (1)  ellipsoidal,  sphe- 
roidal or  polygonal  shapes;  (2)  basophilic  to  lightly  acidophilic 
staining  affinity;  (3)  bigger  size  than  gonias;  (4)  high  nucleocito- 
plasmic  quotient  and  (5)  boundary  cytoplasm-nucleus  diffuse. 

Phase  I  (Proliferation  of  Gonias) 

Intense  mitotic  activity  and  spread  of  gonias.  which  proliferated 
by  fomiing  disperse  poolings  of  cells  located  around  the  internal 
muscle  layers  and  visceral  mass  of  the  foot  (Fig.  2D  to  G).  Clusters 
of  gonias  were  enclosed  within  the  follicular  cells  to  constitute  the 
primary  follicles.  Oogonias  and  spermatogonias  showed  common 
morphological  features.  Both  cells  were  roughly  ellipsoidal,  dis- 
playing neutrophyl  cytoplasms,  slightly  acidophilic  nuclei,  clear 
boundaries  nucleus-cytoplasm  and  similar  sizes,  ranging  between 
3  and  13  |j.m  in  diameter  (Fig.  2E.  G.  L). 

Phase  II  (Gametogenesis) 

In  females,  the  first  previtellogenic  oocytes  were  observed  at 
the  beginning  of  this  phase.  When  compared  with  oogonias,  the 
former  exhibited  cytoplasms  and  nuclei  with  a  siinilar  degree  of 
neutrophilia  and  a  diffuse  boundary  cytoplasm-nucleus  with  no 
visible  nucleolus.  Some  of  these  first  oocytes  remained  free  in  the 
follicular  lumen,  with  no  apparent  point  of  attachment  to  the  fol- 
licular wall  (Fig.  2J).  In  posterior  stages  of  oogenesis,  nuclear 
membrane  and  nucleolus  became  distinguishable  and  oocytes  were 
found  either  attached  to  the  follicle  wall  or  free  in  the  follicular 
lumen,  but  always  connected  to  aerial  follicular  cells  in  the  latter 
case  (Fig.  2H.  I).  In  males,  spermatocytes  were  the  predominant 
cellular  type  in  early  spermatogenesis  (Fig.  2K).  These  were 
roughly  spheroidal  cells  of  approximately  5  |xm  in  diameter,  deep 
basophilic  nuclei  and  a  high  nucleocitoplasmic  quotient.  In  poste- 
rior phases  of  early  gametogenesis.  the  gonad  gradually  invaded 
the  internal  muscular  and  fibrous  connective  surfaces  of  the  pedal 
sinus  and  free  portions  of  the  visceras — digestive  gland  and  gut — 
enclosed  within  the  foot,  with  the  exception  of  some  concrete  areas 
lined  exclusively  with  integumentary  musculature.  In  winter,  the 
progress  of  the  gametogenesis  was  generally  slow  or  in  recession. 
Late  gametogenesis  was  mainly  developed  through  spring.  In  fe- 
males, oocytes  nuclei  tended  to  emigrate  towards  a  more  apical 
position  within  the  cytoplasm,  whereas  the  longitudinal  axis  of  the 
cells  was  used  to  reallocate  radially  towards  the  follicular  lumen. 
Oocytes  were  generally  attached  to  the  follicular  wall  by  means  of 
stalks  that  were  not  as  evident  as  in  other  bivalve  species.  Masses 
of  basophilic  clusters  of  atresic  oocytes  were  frequent.  In  males, 
proliferation  of  spermatocytes  was  increased  notably,  a  process 
simultaneous  with  the  first  manifest  masses  of  spermatozoa.  Male 
gonads  were  composed  mainly  of  spermatocytes,  spermatids  and 
spermatozoa  (Fig.  2L).  Although  spermatocytes  continued  to  be 
the  most  frequent  spermatogenic  stage,  densities  of  the  other  cel- 
lular types  were  augmented  significantly.  The  first  minor  releases 
of  gametes  took  place  at  the  end  of  this  phase. 

Phase  III  (Reproduction) 

Subphase  HI  A  (Ripeness):  Gonads  were  deeply  packed  and 
full  of  gametes  near  emission.  Follicles  were  extremely  expanded. 
In  most  cases,  the  feet  became  so  dilated  that  they  were  hardly 
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Figure  2.  Phol(imicri)f;riiphs  of  gonadal  stages  of  V  mari;iiHtlii\.  A:  Phase  ().  Sex  undetermined.  B  to  C:  Phase  (t.  Clusters  of  stem  cells.  Sex 
undetermined.  D:  Ovary  in  phase  1.  E:  Detail  of  ZJ  showing  oogonias  and  the  initial  stages  of  the  oocytes  (note  the  similarity  of  these  first  oocytes 
with  the  first  oocytes  presented  in  J).  F:  Testis  in  phase  I.  C:  Detail  of  F  showing  spermatogonias  (note  the  similarity  of  these  spermatogonias 
with  the  spermatogonias  presented  in  L).  H:  Ovary  in  phase  II.  I:  Detail  of //showing  the  junctions  of  the  oocytes  to  the  follicular  cells. ,):  Detail 
of  H  showing  the  first  stages  of  the  oocytes.  K  to  L:  Testis  in  phase  II.  M:  Ovary  in  subphases  III  B  and  III  C,  simultaneously.  N:  Ovary  in 
subphase  III  A.  O:  Ovary  in  subphasc  III  D.  P:  Testis  in  subphases  III  A,  III  B  and  III  C,  simultaneously.  Q:  Testis  in  subphase  III  D. 
Abbreviations:  c.  tails  of  spermatozoa:  sdp,  spermatids  and  heads  of  spermatozoa;  cm,  stem  cells:  oc,  oocytes:  og,  oogonias;  sc,  spermatocytes; 
sg,  spermatogonias. 


retractable.  Atresic  oocytes  were  less  frequent  than  in  phase  11,  as 
indicative  of  a  probable  mechanism  of  resorption.  Mature  oocytes 
were  detached  from  the  follicle  wall,  adopting  a  more  spheroid 


geometry  turned  to  poliedric  at  highly  packed  areas  (Fig.  2N). 
Males  showed  a  significant  predominance  of  spermatozoa  mainly 
positioned  at  the  center  of  the  follicular  lumen  (Fig.  2P). 
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Subphase  III  B  (Spawning):  Phase  of  spawning  was  re- 
stricted to  unspecific  areas  of  the  gonad,  whose  follicles  were 
found  to  be  partially  evacuated  because  of  the  releases  of  gametes 
(Fig.  2M,  P). 

Subphase  III  C  (Restoration):  Intervals  among  consecutive 
spawnings  were  characterized  by  a  restorative  activity  yielded  to  a 
highly  variable  pattern,  depending  on  sex,  number  of  precedent 
spawnings  and  duration  of  these  previous  periods  of  spawning.  In 
females,  restoration  gave  rise  to  follicles  whose  oocytes  showed  a 
major  proportion  of  immature  oocytes.  Spreading  of  oogonias  was 
also  observed.  In  males,  the  follicles  found  in  coexistence  with 
follicles  III  A  and  III  B,  with  no  spaces  in  the  lumen  and  without 
a  predominance  of  spermatozoa,  were  classified  under  phase  III  C, 
although  the  pattern  of  restoration  was  not  clearly  observed  in 
males  (Fig.  2M.  P). 

Subphase  III  D  (Last  Emissions):  Evacuation  of  all  the  po- 
tentially releasable  gametes  from  the  gonad  generally  happened 
after  a  succession  of  various  minor  spawnings  plus  a  major  one. 
Nevertheless,  gonads  examined  after  the  major  spawning  showed 
follicles  that  were  not  completely  evacuated,  implying  some  minor 
releases  after  the  major  spawning  to  complete  this  process.  In  the 
evacuated  follicles,  elements  of  gametogenesis  were  reduced  to 
small  pools  of  gonias,  stem  cells  and  necrotic  masses  of  residual 
oocytes.  A  strong  parallel  resorptive  activity  took  place.  Follicles 
were  progressively  drawn  back  down  the  fibromuscular  tissues  and 
reabsorbed  later  (Fig.  20,  Q).  Groups  of  hemocytes  were  particu- 
larly numerous  in  this  phase  by  forming  aggregates  of  phagocy- 
tosis within  the  degenerating  tissues. 

Sequential  ratios  of  phases  of  the  reproductive  cycles  investi- 
gated are  presented  in  Figures  3,  4,  5. 

Macroscopic  Level 

Phases  0  and  1 .  Gonad  not  observed  macroscopically  or  re- 
duced to  a  thin  layer  of  hyaline  tissue.  Whitish  areas  corresponding 
to  putative  primordia  of  follicular  tissue  were  detected  occasion- 
ally over  the  internal  surface  of  the  pedal  sinus  (Fig.  6A  to  B). 
Phase  II.  Gonad  clearly  observed  macroscopically.  extending  from 
discontinuous  portions  of  the  pedal  sinus  to  almost  all  its  inner 
surface  area.  Internal  surface  of  the  gonad  mainly  distributed  in 
form  of  small  transverse  folds  of  tubular  appearance.  These  folds 
were  whitish  in  males  and  brownish  in  females  (Fig.  6C  to  D). 
Subphases  III  A,  III  B  and  III  C.  Pedal  sinus  almost  obliterated  by 
gonad.  Internal  surface  of  gonad  composed  by  bigger  folds  resem- 
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Figure  4.  Sequential  ratios  of  phases  of  the  reproductive  cycle  of 
Santander  Bay  observed  in  histolo}>ic'al  sections.  Abbreviations:  0, 
phase  0;  I,  phase  I;  II,  phase  II  and  111,  phase  III. 

bling  small  sacs  of  fragmented  surface  in  males  and  wavy  surface 
in  females  (Fig.  6E  to  F).  Subphase  III  D.  (1 )  Early  stage:  Internal 
surface  of  gonad  arranged  in  folds  similar  to  the  previous  ones  but 
less  dimensioned.  (2)  Late  stage:  Gonadal  arrangement  analogous 
to  phase  II  except  for  the  inside  of  the  tubular  folds,  which  are 
covered  in  stains,  as  a  probable  consequence  of  the  mechanism  of 
resorption  (Fig.  6G.  H). 

Mean  Total  Drained  Weight 

The  sequential  mean  total  drained  weights  of  the  different  re- 
productive cycles  investigated  are  shown  in  Figure  7. 

DISCUSSION 

Histology 

The  reproductive  cycle  of  Solen  marginatus  fits  the  general 
pattern  observed  in  other  bivalves  of  temperate  waters  (i.e.,  annual 
cycle,  seasonal  phases,  all  the  different  phases  cannot  be  found 
simultaneously)  being  analogous  to:  Crassostrea  virginicci.  Ceras- 
toderma  ccliile,  C.  glaiiciini.  Mytilus  edulis.  M.  galloprovincialis, 
Lithophaga  lithophaga,  Paphies  oiistralis  and  Venus  striatula 
(Loosanoff  1942,  Lubet  1959,  Ansell  1961,  Boyden  1971.  Gali- 
nou-Mitsoudi  &  Sinis  1994,  Giguere  et  al.  1994.  Villalba  1995), 
among  other  species. 

The  evolution  of  the  reproductive  cycle  of  S.  marginatus  is, 
likewise,  globally  coincident  with  other  references  on  this  species 
(Rodriguez-Moscoso  et  al.  1996,  Gaspar  1996,  Gaspar  &  Monteiro 
1998,  Tirado  et  al.  2002,  Martinez  2002,  Lopez  et  al.  2005)  and 
other  Solenidae  (Martinez  et  al.  1997,  Casavola  et  al.  1985.  Dar- 
riba  et  al.  2004):  with  the  exception  of  the  well-known  expectable 


Figure  3.  Sequential  ratios  of  phases  of  the  reproductive  cycle  of  Eo 
Estuary  observed  in  histological  sections.  ."Kbbreviations:  0,  phase  0;  1, 
phase  I;  II,  phase  II:  111,  phase  111. 
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Figure  5.  Sequential  ratios  of  phases  of  the  reproductive  cvc 
ron  Estuary  observed  in  histological  sections.  Abbreviations 
(1;  I,  phase  I:  II,  phase  II  and  III,  phase  III. 
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Figure  6.  Macroscopic  gonadal  stages  of  .S'.  marginatus.  A  to  B:  Phase  0  and  I,  indistinctly.  Sex  undetermined.  C:  Female  gonad  in  phase  H.  D: 
Male  gonad  in  phase  II.  E:  Female  gonad  in  phases  III  A  to  C.  F:  Male  gonad  in  phases  III  A  to  C.  G:  Female  gonad  in  phase  III  D.  H:  Male 
gonad  in  phase  111  D. 


differences  in  duration  and  occurrence  of  tfie  different  phases  of 
the  cycle  due.  on  the  one  hand,  to  feeding,  temperature,  sahnity, 
photoperiod  and.  in  general,  other  potentially  influent  environmen- 
tal conditions;  whereas  on  the  other  hand,  to  probable  genetic 
variations,  specially  from  the  Southern  population  of  Terron  Es- 
tuary with  respect  to  the  northern  ones  of  Eo  Estuary  and 
Santander  Bay.  The  aforementioned  deviations  are  also  expected 


to  explain  the  differences  among  the  three  reproductive  cycles 
investigated  here. 

Spermatogonias  and  oogonias  were  analogous  to  other  bivalves 
(Tranter  1958.  Lubet  1959.  Darriba  et  al.  2004).  However,  some 
differences  with  respect  to  Ensis  arciiatus  were  found.  Although 
protogonias  have  been  described  in  other  bivalve  species  as  cells 
of  similar  size  to  oogonias  (De  Gaulejac  el  al.  1995).  Daixiba  et  al. 
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Figure  7.  Mean  total  drained  weights  from:  Eo  estuary  (June  to  De- 
cember 1994  and  January  to  May  1995)  (trianglesi;  Santander  Bay 
(October  to  December  1998  and  January  to  September  1999) 
(squares);  Terron  Estuary  (January  to  December  1999)  (points). 


(2004)  described  the  protogonias  of  E.  arcuatus  as  acidophilic 
cells  bigger  than  oogonias  and  reported  larger  and  less  basophile 
oogonias  than  spermatogonias.  Nevertheless  in  S.  marginatus.  oo- 
gonias and  spermatogonias  showed  similar  dimensions  and  de- 
grees of  acidophilia. 

Distinction  between  spermatogonias  and  oogonias  in  phase  I 
was  earned  out  by  the  observation  of  specimens  in  the  transition 
between  the  former  phase  and  phase  II.  in  which  the  subsequent 
gametogenic  stages  (i.e..  first  oocytes  and  spermatocytes)  were 
clearly  observed. 

Subphases  III  A  (ripeness).  111  B  (spawning),  and  III  C  (resto- 
ration) were  found  simultaneously  in  only  a  few  animals  (Fig.  2. 
P).  In  the  rest  of  specimens,  two  of  these  three  subphases  III  A  to 
C  were  always  coexisting  (Fig.  2M).  In  consequence,  and  unlike 
subphase  III  D  and  rest  of  phases  of  the  reproductive  cycle,  we  did 
not  find  razor  clams  in  which  the  whole  follicles  were  in  the  same 
subphase  III  A  to  C.  Although  the  decision  of  classifying  the 
specimens  in  phase  III  under  one  of  these  three  subphases  can  be 
based  on  the  state  of  most  of  the  follicles,  subphases  III  A,  III  B 
and  III  C  are  not  always  easy  to  distinguish  in  both  sexes,  as  in 
females:  ( 1 )  is  unusual  to  find  oocytes  III  A  in  absence  of  imma- 
ture oocytes  attached  to  the  follicle  wall,  and  therefore,  involved  in 
a  simultaneous  mechanis)ii  of  restoration;  (2)  follicles  111  A 
showed  frequent  intrafollicular  spaces,  as  indicative  of  a  previous 
spawning.  In  this  way.  the  loss  of  the  polygonal  shape  generally 
observed  in  the  mature  oocytes  of  bivalve  mollusks  (e.g.,  Lubet 
1959)  can  be  explained  as  the  consequence  of  a  lower  intrafolli- 
cular compression;  (3)  follicles  III  C  are  also  used  to  show  mature 
oocytes  in  the  lumen.  Alternatively,  in  males:  (1)  because  the 
production  of  sperm  could  be  predominant  or  balanced  with  pro- 
duction of  spermatocytes  during  subphase  III  C,  it  is  not  clear  that 
in  E.  arcuatus  the  process  of  restoration  implies,  as  affirmed  by 
Darriba  et  al.  (2004),  a  necessary  predominance  of  spermatocytes 
against  spermatozoa  in  the  follicle;  (2)  in  phase  II,  we  observed 
follicles  with  a  minor  proportion  of  sperm.  If  we  define  the  mature 
male  follicles  as  those  with  predominance  of  spermatozoa  (e.g., 
Loosanoff.  1942)  then  the  process  of  maturation  of  these  follicles 
could  have  been  reached  after  the  emission  of  at  least  a  portion  of 
the  sperm  generated  during  phase  II,  giving  rise  to  the  frequently 
observed  male  follicles  with  broad  luminar  spaces,  which  are  po- 
tentially classifiable  under  subphase  III  B.  In  synthesis,  we  define 
subphases  III  A  to  C  as  substages  of  the  reproductive  cycle  of 


frequent  coexistence.  Therefore,  they  should  be  classified  more 
properly  at  the  follicular  le\el  than  at  the  individual  level,  as 
displayed  in  Figure  2M.  P. 

In  this  study,  the  gonad  of  S.  marginatus  was  found  to  be 
located  exclusively  inside  the  foot  during  all  phases  of  the  repro- 
ductive cycle.  Therefore,  our  results  contradict  the  findings  of 
Rodriguez-Moscoso  et  al.  (1996).  authors  who  affirmed  that  in  5. 
marginatus,  the  gonad  entered  the  foot  during  the  maturation  pe- 
riod. 

The  function  of  hemocytes  as  reserve  cells  has  been  investi- 
gated by  Houtteville  (1974)  and  Medhiboub  &  Lubet  (1988)  for 
the  species  Mytilus  edulis  and  Ruditapes  pltilUpinarum,  who  found 
a  set  of  different  transitional  stages  to  reach  the  final  reservory 
stage  termed  vesicular  cell.  Rodriguez-Moscoso  et  al.  (1996)  re- 
ported a  prevalence  of  glycogen  in  the  muscular  tissues  and  di- 
gestive gland  of  S.  marginatus  and  showed  that  this  polysaccharide 
was  poorly  represented  in  the  gonad.  On  the  contrary,  contents  in 
lipids  ranged  between  16%  and  30%.  Remacha-Trivifio  (2002) 
found  a  parallel  disorganization  and  subsequent  reorganization  of 
nephridia  and  gonads  in  5.  marginatus.  which  was  hypothesized  as 
an  indicative  of  a  probable  renal  cycle  simultaneous  to  the  repro- 
ductive cycle.  Particularly,  the  number  of  hemocytes  of  the  distal 
limb  of  the  nephridia  was  demonstrated  by  Stereology  to  be  sig- 
nificantly increased  in  phase  III.  Most  of  these  blood  cells  were 
observed  to  form  phagocytic  aggregates  around  the  degenerating 
excretory  cells.  All  these  findings  were  interpreted  as  a  probable 
mechanism  of  hemocytic  transport  of  reservory  substances  stored 
in  the  kidney  to  the  gonad,  where  hemocytes  would  tend  to  remain 
accumulated  as  reservory  cells.  Darriba  et  al.  (2004)  reported  a 
probable  feeding  activity  of  the  hemocytes  of  Ensis  arcuatus  by 
supplying  nutrients  and  carrying  out  the  function  of  reserve  cells  in 
the  gonad. 

Macroscopic  Obsenalioii  of  Gonads 

The  obsei^vation  of  gonads  performed  at  the  macroscopic  level 
permits  fast  approximations  of  the  reproductive  condition  and  to 
determine  the  sex  of  the  specimens  in  the  late  stages  of  the  repro- 
ductive cycle.  Although  the  macroscopic  description  of  gonads  is 
a  general  complement  to  the  histological  approach  in  studies  deal- 
ing with  reproduction  of  bivalves,  only  a  few  maturity  scales  have 
been  pursued  in  establishing  a  reliable  parallelism  at  both  levels  of 
magnification  through  all  the  stages  of  the  reproductive  cycle  in 
which  this  relationship  was  possible.  In  this  context,  the  absence  of 
structural  perifollicular  tissues  in  S.  marginatus  facilitated  the  de- 
sign of  a  more  precise  macroscopic  maturity  scale  for  the  species. 

Mean  Total  Drained  Weights 

Biojiietric  methods  oriented  to  monitor  the  reproductive  cycle 
can  be  classified  in:  ( 1 )  approaches  based  in  one  variable  (i.e..  soft 
parts  weight,  shell  weight,  total  weight,  soft  parts  volume,  etc.):  (2) 
condition  indexes  or  functions  of  at  least  two  variables;  (3)  stan- 
dardizations derived  from  the  extrapolation  of  data  of  ( 1 )  and  (2) 
to  a  concrete  value;  (4)  alternative  simple  statistical  treatments 
(i.e.,  descriptive  appixiaches,  regressions,  etc.):  (5)  complex  statis- 
tical or  biological  treatments  (i.e..  temporal  series  or  biological 
models). 

Standardizations  show  the  disadvantage  of  depending  on  the 
final  value  chosen  for  the  extrapolation  of  data.  Thus,  results  can 
only  be  compared  in  relative  terms,  unless  the  sa)ne  standard  value 
is  used  for  all  of  the  different  treatments.  In  addition,  standardiza- 
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tions  would  be  recommended  to  be  based  in  unbiased  estimators. 
where  the  sample  mean  is  likely  to  be  the  best  and  simplest  elec- 
tion. Also,  approaches  (1)  to  (3)  present  the  inconvenience  of 
being  range  dependant.  Therefore,  a  rational  biometrical  compari- 
son should  be  expected  to  be  derived  from  sequential  range- 
balanced  initial  data.  Although  the  previous  selection  of  a  fixed 
range  for  all  the  samples  compared  through  time  is,  in  practice, 
statistically  questionable  for  the  cases  ( 1 )  to  (3).  as  it  means  to  lose 
the  infomialion  of  the  discarded  data,  a  common  range  can  be 
achieved  by  statistical  simulation  (e.g..  regression),  or  it  can  be 
chcsen  in  terms  of  a  rational  criteria  of  election. 

It  is  well  known  that  one  of  the  aims  of  condition  indexes  is  to 
average  the  differences  caused  by  size  or  range  by  dividing  the 
characteristic  of  interest  (e.g.,  dry  soft  parts  weight)  by  a  fixed 
variable,  which  is  expected  to  remain  invariant  through  time  (e.g.. 
dry  shell  weight).  However,  no  effort  is  generally  made  in  evalu- 
ating these  variables  separately.  If  it  were  so.  it  could  be  seen  that 
the  trends  of  some  condition  indexes  widely  used  (e.g..  Higgings' 
( 1938).  and  Walne's  ( 1970)]  and  the  characteristic  of  interest  can 
show  an  inverse  relationship  with  respect  to  size.  This  fact  can  be 
easily  verified  by  comparing  the  linear  regressions  between  each 
one  of  the  variables  used  in  these  condition  indexes  against  a 
common  characteristic  implying  dimension,  alternative  to  the  fixed 
one  utilized  in  the  condition  index  (e.g.,  for  Walne's  CI,  dry  soft 
parts  weight  versus  shell  cavity  volume  and  dry  shell  weight  ver- 
sus shell  cavity  volume,  since  the  inverse  relationship  for  Hig- 
gings" CI).  For  instance,  if  we  suppose  that  equations  of  the  pre- 
vious regressions  were:  Y  =  X+  \  and Z  =  X/2,  where  y is  the  dry 
soft  parts  weight.  X  is  the  shell  cavity  volume  and  Z  is  the  dry  shell 
weight,  shell  cavity  volumes  of;  2,  4  and  8  cm'  give  rise  to  re- 
spective dry  soft  parts  weight  of:  3.  3  and  9  g  and  Walne's  CIs  of: 
3,  2.5  and  2.25.  Even  for  the  hypothetical  case  of  parallel  slopes 
(e.g..  replacing  the  second  equation  Z  =  X/2  by  Z  =  X  -  1 ).  CIs 
are:  3.  1 .66  and  1 .29.  Because  the  previous  example  demonstrates 
that  the  variable  of  interest  can  be  masked  in  the  CI  by  the  influ- 
ence of  the  fixed  variable,  it  seems  to  be  more  reliable  to  apply  the 
approach  ( I )  to  monitor  the  reproductive  cycle. 

Advantages  of  the  approach  applied  here  based  in  the  sequen- 
tial mean  drained  soft  parts  weights  are:  ( I )  A  common  range  for 
the  initial  data.  Grant  and  Tyler  (1983)  affirmed  that  immature 
invertebrates  should  not  be  included  in  the  analysis  of  gonad  index. 


as  they  will  have  smaller  gonads  than  mature  animals  and  their 
gonad  weights,  oocyte  sizes,  etc..  are  unlikely  to  follow  the  adult 
reproductive  cycle.  In  consequence,  the  lower  limit  of  our  interval 
of  shell  lengths  was  restricted  to  65  mm  as  the  smaller  specimens 
were  not  guaranteed  to  be  mature  animals.  Alternatively,  the  upper 
limit  of  the  interval  was  established  in  the  maximal  shell  length  of 
the  samples.  (2)  Subsampled  data  were  balanced  by  simulation  and 
sequential  sample  means  were  estimated  from  a  fixed  set  of  values 
obtained  from  the  arithmetic  progression  of  shell  lengths.  There- 
fore, the  final  data  was  equally  balanced  with  respect  to  the  size  of 
the  specimens.  (3)  The  standardization  was  unbiased  because  it 
was  based  on  sample  means.  (4)  The  present  biometrical  approach 
involves  only  one  variable  (i.e..  total  drained  weight),  avoiding 
CIs.  Dry  soft  parts  weight  or  drained  soft  parts  weight  were  prob- 
ably more  precise  elections.  However,  we  opted  to  look  for  the 
fastest  approach,  which  reflected  a  reliable  evolution  of  the  repro- 
ductive cycle. 

Accordingly,  growth  trends  and  maximums  in  mean  total 
drained  weight  comprised  between  April  and  June  were  coincident 
with  Phases  III,  followed  by  the  falls  and  growths  between  June 
and  August  of  Phases  0.  Phases  I  started  when  maximums  between 
August  and  October  were  reached  and  Phases  II  a  month  later. 
Finally,  minimums  between  April  and  March  matched  the  begin- 
ning of  Phases  HI. 
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ABSTRACT  This  work  describes  the  parasites  and  their  respective  pathologies  in  the  stout  razor  clam.  Tai>elHs  pleheiiis  (Lightfoot. 
1786)  (Psammobiidae)  from  Argentinean  coasts.  It  represents  the  first  report  about  a  histopathological  survey  for  these  .species  in  the 
Southwestern  Atlantic.  Specimens  of  T.  plebeiiis  were  collected  at  Mar  Chiquita  coastal  lagoon  (37M6'S.  57°27'W)  (h  =  104  dissected 
under  stereoniicroscope.  n  =  28  histologically  sectioned  and  microscopically  examined)  and  from  the  mouth  of  the  Quequen  Salado 
River  (38"56'S,  60'33'W)  (;i  =  14  dissected  under  stereoniicroscope).  Tagelus plebeiiis  was  found  housing  two  ciliate  species  without 
apparent  host  reaction  and  acting  as  first  intermediate  host  for  two  digenetic  trematode  species  of  the  families  Fellodistomidae  and 
Gymnophallidae.  by  hosting  sporocysts  (mainly  in  gonad  and  digestive  gland  that  results  in  the  replacement  of  host  tissues)  and  as 
second  intermediate  host  by  housing  a  gymnophallid  melacercaria.  Likewise,  T.  plebeius  was  found  parasitized  by  a  larval  spirurinae 
nematode  encapsulated  by  hemocytes.  The  finding  of  two  ciliate  species,  the  gymnophallid  cercaria  and  metacercaria,  and  the  larval 
nematode  represents  the  first  record  for  the  host.  The  Southwestern  Atlantic  populations  of  this  clam  seem  to  be  devoid  of  serious 
pathogens  in  the  study  area. 

KEY  WORDS:     Tagelus  plebeiiis.  pathology,  parasites,  southwestern  Atlantic 


INTRODUCTION 

The  stout  razor  clam  Tagelus  plebeiiis  (Psammobiidae)  inhabits 
estuarine  tidal  flats  along  the  American  Atlantic  coast  from  Cape 
Cod.  Massachusetts  (42 'N,  USA)  (Leal  2(X)2)  to  the  north  of  Ar- 
gentinean Patagonia  (San  Mati'as  Gulf.  41°S)  (Scarabino  1977). 
Despite  its  wide  geographic  distribution  and  its  importance  as 
dominant  species  in  intertidal  communities  of  some  Southwestern 
Atlantic  estuarine  areas,  to  date  a  histopathological  survey  of  this 
clam  has  not  been  undertaken,  .^t  present,  only  three  parasites  have 
been  recorded:  a  protozoan  of  the  genus  Perkinsus  (Dungan  et  al. 
2002).  a  digenean  larva  at  sporocyst  stage  containing  trichocercous 
eercariae  (Wardle  1983)  and  a  cestode  larva  (Holland  &  Dean 
1977).  These  reports  are  all  from  the  Northern  Hemisphere.  Along 
the  Argentinean  coast.  7".  plebeius  supports  a  small-scale  artisanal 
fishery.  Furthermore,  histopathological  surveys  in  commercially 
exploited  bivalves  are  very  scarce  in  Southwestern  Atlantic  coast 
(e,g..  Cremonte  &  Figueras  2004,  Cremonte  et  al.  2005). 

The  aim  of  this  work  is  to  report  the  parasites  and  the  histo- 
pathologies  that  they  evoke  in  the  stout  razor  clam,  Tagelus  ple- 
beius, from  the  Argentinean  coast. 

MATERIAL  AND  METHODS 

Specimens  of  Tagelus  plebeius  (Lightfoot.  1786)  (Psammobi- 
idae) {II  =  104)  were  collected  from  May  1996  to  July  1997  at  the 
intertidal  of  Mar  Chiquita  coastal  lagoon  (37°46'S,  57°27'W), 
Argentina  by  excavating  the  sediment  with  a  shovel.  Speciinens 
measured  11-62  mm  in  maximum  shell  length  (mean  =  39).  In 
January  1997.  an  additional  sample  of  14  specimens  was  collected 
at  the  mouth  of  Quequen  Salado  River  (38  56'S,  60°33'W)  com- 
prising specimens  of  31-68  mm  in  maximum  shell  length  (mean 
=  53).  Clams  were  examined  for  parasites  under  a  stereomicro- 
scope  immediately  after  collection  or  fixed  in  \09r  formaline  to  be 
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examined  later.  Digenean  larvae  were  studied  from  whole  aceto- 
carmin  stained  worms.  Nematodes  found  both  free  and  recovered 
from  their  capsules,  wei'e  stored  in  70%  ethanol,  cleared  in 
lactofenol  or  alcohol-glicerine  and  examined  under  a  light  micro- 
scope. Drawings  were  made  with  the  aid  of  a  camera  lucida.  All 
larval  measurements  are  given  in  microineters  as  mean  values 
followed  by  the  range  within  parentheses.  Ten  digenean  metacer- 
cariae  and  five  nematode  larvae  were  dried  using  the  critical  point 
method,  examined  with  a  scanning  electron  microscope  (SEM)  (Jeol/ 
SET  lOOll)  and  photographed.  Prevalence  (P)  and  mean  intensity 
(MI)  were  calculated  according  to  Bush  et  al.  ( 1997).  In  June  2001, 
the  soft  parts  of  28  clams  from  Mar  Chiquita  coastal  lagoon,  mea- 
suring from  26-67  mm  of  maximum  shell  length  (mean  =  55) 
were  fixed  in  Davidson's  solution  (Shuw  &  Battle  1957)  for  24  h 
and  stored  in  70%  ethanol  for  histopathological  survey.  Tissue 
samples  were  embedded  in  Paraplast.  and  oblique  transverse  sec- 
tions, approximately  5-mm  thick,  were  taken  from  each  specimen 
including  mantle,  gills,  gonad,  digestive  gland,  nephridia  and  foot. 
They  were  stained  with  haematoxylin  and  eosin.  Histological  sec- 
tions were  examined  by  light  microscope  under  x400  magnifica- 
tion for  presence  of  parasites  and  pathological  alterations. 

To  estimate  the  total  number  of  metacercariae  present,  the  clus- 
ter of  larvae  was  detached,  divided  in  four  equal  parts,  the  larvae 
present  in  one  quarter  counted  and  multiplied  by  four.  The  inten- 
sity of  color  and  the  calcareous  alterations  of  the  inner  surface  of 
shells  were  ranked  in  four  categories  as  follows:  0  =  no  alteration, 
1  =  only  dorsal  area  of  shell  slightly  colored.  2  =  dorsal  area  of 
shell  heavily  colored  and  extended  to  pallial  sinus  and  3  =  almost 
the  entire  inner  shell  surface  heavily  colored  with  calcareous  al- 
terations present.  The  maximum  shell  length,  the  number  of  meta- 
cercariae and  the  intensity  of  shell  alterations  (using  the  4  above 
referred  categories)  were  correlated  by  a  Spearinan-rank  test  (Mo- 
rales &  Pino  1987). 

Histological  sections  of  parasitized  clams  were  deposited  at  the 
Helmintholosiical  and  Protozoological  Collections.  Museo  de  La 
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Plata  (MLP  No.  3624,  5624/1.  5624/2  and  ML?  023,  023/1,  and 
023/2),  La  Plata.  Argentina;  some  valves  of  the  examined  clams 
were  also  deposited  at  the  Malacological  Collection.  Museo  de  La 
Plata  (MLP  No.  5696). 

RESULTS 

A  total  of  six  parasitic  or  commensal  taxa  were  found  in  the 
clam  samples  examined;  two  of  them  were  ciliate  protozoans  and 
the  other  four,  metazoan  parasites.  Prevalences  and  mean  intensi- 
ties of  infection  found  at  both  study  sites  are  given  in  Table  1 . 

All  measurements  in  this  section  will  be  assumed  to  indicate 
microns. 

Ciliate  sp.  I 

This  protozoan  was  found  in  clams  examined  alive  and  from 
histological  sections,  mostly  parasitizing  the  base  of  the  gills  in 
low  intensities  of  infection  (Table  1.  Fig.  1  [2]). 

Ciliate  sp.  2 

This  ciliate,  which  is  similar  to  a  Tiicliodina  species,  was  also 
found  in  clams  examined  both  alive  and  from  histological  sections 
parasitizing  the  gills  in  low  intensities  (Table  1 ). 

Fellodistomid  Cercaria  sp. 

General  Morphology 

According  to  Cable  (1956),  a  fellodistomid  cercariae  can  be 
identified  by  the  following  characteristics:  Distonie,  pharyngeate 
larva,  tegument  spinose  or  smooth,  eyespots  present  or  absent, 
stylet  lacking,  excretory  vesicle  thin-walled,  and  a  long  and  slen- 
der trichocercous  tail,  developing  in  marine  bivalves. 

Sporocysl  [measurements  based  on  10  mounted  specimens] 

Elongated,  thick-walled  sac  without  constrictions,  2.520 
(1,750-3,051)  in  length  by  310  (260-370)  in  maximum  wide,  each 
containing  10-21  (mean:  14)  trichocercous  cercariae  at  different 
developmental  stages  (Fig.  1  |3.  4]). 

Cercaria  [not  released,  measurements  based  on  the  10  largest 
mounted  specimens] 

Body  oval  to  pyrifom,  343  (328-362)  long  by  154  (123-175) 
wide.  Tegument  spinose.  Oral  sucker  subterminal.  65  (58-7 1 )  long 
by  67  (62-73)  wide.  Forebody  (distance  from  anterior  end  of  body 
to  anterior  edge  of  ventral  sucker)  127  ( 120-135).  Ventral  sucker 
52  (47-56)  long  by  51  (46-54)  wide.  Sucker  ratio  (ventral  sucker 
length/oral  sucker  length):  1 :  0.80  (0.79-0.8 1 ).  Prepharynx  absent. 


Pharynx  ovoid.  43  (39-52)  long  by  33  (31-37)  wide.  Esophagus 
23  (17-30)  long.  Caeca  bifurcating  just  anteriorly  to  ventral 
sucker.  151  (140-160)  long  by  18  (16-21)  wide.  Parenchyma  full 
of  cystogenous  cells.  Excretory  vesicle  V-shaped,  arms  reaching 
acetabular  level;  caudal  excretory  tubule  conspicuous,  opening  at 
end  of  tail  in  two  pores.  Primordial  testes  opposite,  located  at  the 
level  of  the  caecal  end.  Tail  484  (452-520)  long  by  47  (43-51) 
wide,  with  about  25  finlet-like  structures  on  each  side  with  15 
(9-22)  setae  joined  by  a  membrane  (Fig.  1  [5]). 

Site  of  Infection 

Mainly  in  gonad,  also  in  digestive  gland. 
Hi,stopalhology 

Sporocysts  were  replacing  host  tissues  (Fig.  1  [3]). 
Gymnophallid  cercaria  sp. 

General  Morphology 

According  to  Bartoli  (1974),  a  gymnophallid  cercaria  can  be 
identified  by  the  following  characteristics:  Distonie.  pharyngeate 
larva,  tegument  spinose,  eyespots  absent,  stylet  lacking,  excretory 
vesicle  thin-walled  V  or  Y  shaped,  furcated  tail,  developing  in 
marine  bivalves. 

Sporocyst  [measurements  based  on  10  mounted  specimens] 

Elongated,  thin-walled  sac  without  constrictions,  750  (470- 
1  101 )  long  by  250  ( 160-331 )  in  maximum  wide,  each  containing 
50-55  (mean:  50)  furcocercariae  at  different  developmental  stages 
(Fig.  1  |6al). 

Cercaria  (not  released,  measurements  based  on  the  10  largest 
mounted  specimens] 

Body  minute,  transversely  spinose,  136  (126-151)  long  by  61 
(52-67)  wide  at  ventral  sucker  level.  Oral  sucker  opening  subter- 
minally.  35  (3()-fl)  long  by  31  (29-36)  wide.  Ventral  sucker 
located  in  hindbody.  25  (23-28)  in  diameter.  Sucker  ratio  (ventral 
sucker  length/oral  sucker  length):  1:1.4  (0.68-0.77).  Pharynx 
ovoid.  20  (16-23)  long  by  15  (12-17)  wide.  Esophagus  15(13-16) 
length.  Caeca  short,  reaching  acetabular  level.  Excretory  vesicle 
V-shaped  filled  with  excretory  granules,  arms  reaching  pharynx 
level,  opening  on  the  inner  side  of  each  furca  end.  Tail  stem  45 
(41-51)  in  length,  furcae  55  (50-65)  in  length  (Fig.  1  [6b]). 


TABLE  L 
Prevalence  and  mean  intensities  of  parasites  of  the  stout  razor  clam  Tagelus  pleheius  from  .Argentina. 


Mar  Chiquita  Coastal  Lagoon 

Mar  Chiquita  Coastal  Lagoon 

Quequen  Salado  Mouth  River 

(n  =  104) 

(n 

=  28) 

(n  =  14) 

Dissection  under 

Microscoical  examination  of 

Dissection  under 

Examination  method 

stereomicroscope 

histological  i 

sections 

stereomicroscope 

Prevalence  (?)  and  mean  intens 

ity  (MI) 

P(%)                       Ml 

P(%) 

Ml 

P(%)                       MI 

Ciliate  sp.  1 

Not  quantified 

25 

low 

Not  quantified 

Ciliate  sp.  2  {Trichodina  sp.) 

Nol  quantified 

0.35 

low 

Not  quantified 

Fellodistomid  sporocysts 

0.96                        — 

0 

— 

0                             — 

Gymnophallid  sporocysts 

0.%                        — 

0 

— 

7.14                        — 

Gymnophallid  metacercariae 

100                          662 

54 

low 

100                         546 

Spirurine  larval  nematodes 

3.5.58                       3.38 

Not  quantified 

Not 

quantified 

21.43                         1.33 

Parasites  of  Tagelus  plebeius 
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Figure  I.  Parasites  of  Tagelus  plebeius  from  Southwest  Atlantic  coast.  1.  Live  specimen  of  ciliate  sp.  from  the  gill,  scale  bar  =  20  pm. 
2.  Histological  section  showing  a  ciliate  at  the  base  of  gills,  scale  bar  =  250  pm.  References:  g  =  gill.  3.  Gonad  replaced  by  the  fellodistomid 
sporocysts,  note  the  trichocercous  tail  of  cercariae  (arrow »,  scale  bar  =  600  pm.  References:  s  =  sporocyst.  4.  Sporocyst  of  Fellodistomidae 
(Digenea),  scale  bar  =  200  fim.  5a.  Cercaria  of  Fellodistomidae,  scale  hare  =  200  ^m.  b.  Detail  of  a  set  of  the  trichocercous  furcae,  scale  bar  = 
M)  Mm.  6a.  Sporocyst  of  Gymnophallidae  (Digenea),  scale  bar  =  200  Mm.  6b.  Cercaria  of  the  family  (.ymnophallidae,  scale  bar  =  50  Mm. 
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Site  of  Infection 

Mainly  in  gonad,  also  in  digestive  gland, 
Histopathology 

Sporocysts  were  replacing  host  tissues. 
Gymnophallid  metacercaria  sp. 

General  Morphology 

According  to  Bartoli  ( 1974).  a  gymnophallid  metacercariae  can 
be  identified  by  the  following  characteristics:  small  or  minute 
worms,  tegument  spinose,  oral  sucker  larger  than  ventral  sucker 
with  or  without  lateral  projections,  ventral  sucker  equatorial  to 
postequatorial,  excretory  vesicle  V  or  Y  shaped,  with  long  lateral 
arms  extending  to  pharyngeal  level  and  filled  with  excretory  gran- 
ules. Reproductive  organs  in  an  advanced  stage  of  development 
(testes  opposite  to  diagonal,  ovary  pre  or  post  testicular). 

Metacercaria  [measurements  based  on  10  largest  mounted  specimens] 

Body  small,  oval  to  pyriform,  329  (284-374)  long  by  167 
(110-230)  wide  at  ventral  sucker  level.  Body  rounded  when  en- 
veloped by  host  tissues.  Spines  arranged  transversely  over  all  body 
length.  Oral  sucker  subterminal,  70  (46-90)  long  by  75  (27-90) 
wide,  with  two  conspicuous  lateral  projections.  Twelve  papillae 
located  around  oral  sucker  opening.  At  least  5  pairs  of  cephalic 
glands  opening  dorsally  to  oral  sucker.  Ventral  sucker  post  equa- 
torial, 35  (30^1 )  in  diameter,  with  6  papillae.  Sucker  ratio  (ventral 
sucker  length/oral  sucker  length):  1:0.46  (0.50-0.65).  Pharynx 
ovoid,  34  (29-38)  long  by  29  (23^1)  wide.  Esophagus  19  (10-40) 
in  length.  Caeca  84  (63-98)  long  by  54  (37-88)  wide,  reaching 
acetabular  level.  Testes  ovoid  to  rounded,  located  postero-lateral  to 
ventral  sucker,  symmetrically  to  obliquely  disposed.  Testis  poste- 
rior to  ovary.  49  (37-60)  long  by  41  (32-58)  wide;  testis  opposite 
to  ovary  46  (28-62)  long  by  42  (34—17)  wide.  Ovary  rounded, 
pretesticular  30  (28-32)  in  diameter.  Genital  pore  wide,  oval,  lo- 
cated somewhat  apart  and  anteriorly  to  ventral  sucker.  Genital 
atrium  oval  and  shallow.  Vitellaria  formed  by  two  compact  lobes, 
located  at  sides  of  ventral  sucker.  Excretory  vesicle  V-shaped,  with 
diverticulated  arms  reaching  oral  sucker  and  filled  with  excretory 
granules  (Fig.  2  [7-10]). 

Site  of  Infection 

Metacercariae  lay  forming  a  compact  and  easily  detachable 
cluster  (see  Fig.  3  [13]  later)  just  below  the  dorsal  shell  margin, 
immediately  below  hinge  and  above  the  rectum  (Fig.  2  [11]).  In 
heavy  infections  metacercariae  were  also  found  in  the  extrapallial 
space  adjacent  to  the  anterior  end  of  the  pallial  sinus  (Fig.  2  [1 1] 
Fig.  3  [13]). 

Histopatliology 

Macroscopically.  metacercariae  appear  crowded,  forming  an 
orange-colored  cluster  enveloped  by  host  tissues  (Fig.  3  [13]).  In 
heavy  infections,  a  brownish-orange  pigmentation  is  also  present 
on  the  inner  shell  surface  at  the  sites  where  metacercariae  are 
located  (Fig.  3  [12])  (i.e..  below  hinge)  and  also  along  the  pallial 
sinus.  In  histological  sections,  each  metacercaria  appear  sur- 
rounded by  a  hyaline,  non  cellular  envelope,  which  is  formed  by 
several  concentric  layers  (Fig.  3  [14]).  This  envelope  has  a  jelly- 
like appearance  under  the  stereomicroscope  (Fig.  3  [13]).  Meta- 
cercariae and  their  envelope  are  surrounded,  individually  or  in 
groups,  by  a  sac  formed  by  one-cell-thick  cubic  or  somewhat 


flattened  epithelium  (Fig.  3  [14]).  which  results  from  the  invagi- 
nation of  the  outer  mantle  epithelium  at  the  isthmus  region.  Cumuli 
of  orange  pigment  were  observed  as  amorphous  aggregates,  be- 
tween the  epithelial  layer  and  the  hyaline  envelope  of  each  meta- 
cercaria (Fig.  3  [14]).  In  some  clams,  abnormal  calcifications  in  the 
form  of  loose  calcium  concretions  or  growth  disruptions  on  the 
inner  shell  surface  were  present,  which  were  from  slightly  to 
strongly  colored  (Fig.  3  [12]).  Small  calcareous  concretions  like 
pearls  or  amorphous  calcium  carbonate  were  also  found  within 
sacs,  near  dead  metacercariae  (Fig.  3  [12-14]). 

Relationship  Between  Shell  Length,  Shell  Alteration  and  Intensity  of 
Infection  by  Gymnophallid  metacercariae 

Spearman-rank  correlation  test  was  statistically  significant  in 
all  cases  in  =  104:  P  <  0.001 ).  rs  =  0.85  obtained  when  plotting 
maximum  shell  length  and  intensity  of  infection  by  metacercariae; 
rs  =  0.45  obtained  when  plotting  maximum  shell  length  and  shell 
alteration;  rs  =  0.45  obtained  when  plotting  intensity  of  infection 
by  metacercariae  and  shell  alteration. 

Sipiniriiia  larval  nematode 

General  Morphology 

According  to  Chaubaud  (1975),  a  nematode  with  the  following 
characteristics  can  be  included  into  the  Order  Spirurida  Chabaud, 
1975,  Suborder  Spirurina  Chabaud,  1974:  anterior  extremity  bilat- 
erally symmetrical,  pseudolabia  well  developed,  esophagus  di- 
vided into  an  anterior  mu.scular  portion  and  a  posterior,  longer  and 
glandular  portion. 

Description  [measurements  based  on  20  specimens] 

Stout  small  nematode  with  cuticle  finely  and  transversely  stri- 
ated and  pseudolabia  well  developed.  The  lateral  groove  starts  in 
the  anterior  part  and  ends  near  fasmids.  Two  cephalic  papillae  are 
at  each  side,  and  amphids  large  with  Deirids  absent.  Body  un- 
armed, 1,238  (805-1,610)  long  by  47  (32-68)  wide.  Esophagus 
elongate,  clavate,  278  (102-410)  long;  divided  into  anterior  mus- 
cular part,  116  (88-149)  long,  and  posterior  glandular  part.  177 
(109-272)  long.  Nerve  ring  slightly  anterior  to  the  junction  of  both 
parts  of  esophagus,  distant  106  (91-123)  from  anterior  end.  Ex- 
cretory pore  185  (129-223)  from  anterior  end.  Genital  primordia 
observed  in  some  specimens  as  one  cell  located  in  the  middle  of 
body  length.  Three  rectal  cells  (one  dorsal  and  two  ventral).  Tail 
conical,  96  (81-120)  long,  ending  in  a  sharp  cuticular  spike  (Fig. 
4  [15-19]). 

Site  of  Infection 

Muscular  wall  of  visceral  mass  (48%).  labial  palps  (28%),  si- 
phon retractor  muscles  (8%).  adductor  muscles  (8%).  radial 
muscles  of  the  mantle  border  (4%),  mantle  (A%)  (Fig.  5  [20-23]). 

Histopathology 

Larvae  are  found  free  or  individually  surrounded  by  a  capsule. 
At  the  stereomicroscope,  the  capsule  appears  as  a  brownish  spot 
that  measures  1-3  mm  in  diameter;  larva  inside  is  alive  and  able  to 
move.  The  degree  of  tissue  reaction  elicited  by  the  presence  of  this 
parasite  varies  from  no  reaction  to  the  formation  of  a  thick  capsule 
(Fig.  5  120-23]).  Histological  sections  show  that  the  capsule  is 
formed  by  a  dense  aggregation  of  hemocytes  (Fig.  5  [22,  23]).  In 
some  cases,  bundles  of  fibers  of  the  muscle  affected  are  seques- 
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Figure  2.  Parasites  of  Tagelus  plebeiiis  from  Southwest  Atlantic  coast.  7.  Metaccrcariae  of  Gvninophallidae,  scale  bar  =  100  pm.  8.  Live 
specimens  of  metacercaria  of  the  family  (ivmnophallidae.  scale  bar  =  300  fim.  9.  Detail  of  oral  sucker  at  SEM.  note  the  two  lateral  projections 
slightly  retracted  (arrow)  and  papillae  (arrow  head),  scale  bar  =  10  pm.  10.  Detail  of  ventral  sucker  at  SEM,  note  the  six  papillae,  scale  bar  =  10  pm. 
11.  Histological  section  of  dorsal  part  where  gymnophallid  metacercariae  are  located  scale  bar  =  200  pm.  References:  m  =  metacercaria,  r  =  rectum. 


tered  to  form  part  of  the  outer  wall  of  the  capsule  (Fig.  5  |23]).  In 
other  cases,  the  reaction  complex  only  causes  the  splitting  of  the 
adjacent  muscle  t'ihers;  however,  the  later  do  not  form  part  of  the 
capsule. 


DISCUSSION 

The  present  report  is  the  first  parasitological  survey  of  the  stout 
razor  clam   Tagelus  plehcius  from  the  Southwestern  Atlantic 


Figure  3.  Shell  alterations  in  Tagehis  pleheiiis  caused  by  gymnuphallid  metatertariae.  12a.  Left  valve  strongly  colored  in  a  specimen  with  high 
parasitic  infection  by  gymnuphallid  metacercariac:  I2b.  Left  valve  slightly  colored  in  a  specimen  with  light  parasitic  infection  of  gymnuphallid 
metacercaria,  scale  bar  =  2  cm.  13.  Metacercaria  crowd  removed  from  a  bivalve  specimen,  scale  bar  10(1(1  jini.  14.  Histological  section  of  Tagelus 
plebeius  showing  the  pigment  accumulated  inside  the  sacs,  scale  bar  =  200  |um.  References  :  m  =  metacercaria;  a  =  noncellular  matrix;  p  =  orange 
pigment;  e  =  epithelium. 


Ocean.  The  finding  of  two  ciliate  species,  the  gymnophallid  cer- 
caria  and  metacercaria,  and  the  larval  nematode  represent  first 
records  for  the  host.  The  only  digenean  previously  recorded  in  T. 
plebeius  is  a  felloditomid  cercaria  (Wardle,  1983).  The  larval  ces- 
tode  (Holland  &  Dean  1977)  and  the  protozoa  species  of  Perkinstis 
(Dungan  et  al.  2002).  all  reported  from  the  Nonhwestem  Atlantic 
coast  were  not  found  in  this  study.  From  biogeography  point  of 
view,  this  result  is  in  accordance  with  that  hypothesized  for  many 
adult  parasites:  most  parasite  species  have  restricted,  continental, 
geographical  distributions,  even  though  their  hosts  have  wider, 
intercontinental,  distributions  (Carney  &  Dick  2000). 

Tagelus  plebeius  was  found  acting  as  first  intermediate  host  for 
two  digenetic  trematode  species  of  the  families  Fellodistomidae 
and  Gymnophallidae,  hosting  the  sporocyst  stage.  Most  trematode 
species  parasitize  gastropods.  Only  a  few  families  infect  bivalves, 
and  as  were  found  in  this  study,  low  prevalences  were  the  rule 
(Lauckner  1983).  In  our  study,  sporocysts  of  both  families  were 
found  replacing  host  tissues  without  host  reaction.  They  do  not 
become  encapsulated  when  they  are  found  in  their  natural  in- 
tramolluscan  habitats  because  both  are  well  adapted  with  each 
other  (Cheng  &  RitT<in  1970). 

According  to  Bray  (1988).  nonoculate  cercariae  carrying  long 
trichocercous  tails  without  furcae.  with  fin-like  setae  joined  by  a 
membrane  and  spinose  tegument  belong  to  the  subfamily  Bac- 
cigerinae  Yamaguti.  1958.  Thus,  the  fellodistiimid  cercaria  ob- 
served in  the  present  study  likely  belongs  to  the  subfamily  Bac- 
cigeriinae.  The  life  cycle  of  Baccigerinae  involves  a  heterodont 
bivalve,  which  acts  as  first  intermediate  host,  some  representative 
of  gelatinous  plankton  or  a  crustacean  usually  act  as  second  inter- 
mediate hosts  and  fishes  are  the  definitive  host  (Bray  1988). 

As  regard  the  finding  of  cercaria  of  the  family  Gymnophallidae, 
its  identification  below  family  or  subfamily  level  is  not  possible 


because  cercariae  of  different  species  in  this  family  are  almost 
indistinguishable  (Lauckner  1983).  Because  most  gymnophallid 
life  cycles  have  a  swimming  cercaria  that  enter  in  a  second  inter- 
mediate host  that  is  the  same  species  as  the  first  one,  it  seems 
probable  that  gymnophallid  cercaria  found  belongs  to  the  same 
species  that  the  metacercaria  hosted  by  T.  plebeius  (Cremonte 
2004).  It  would  be  necessary  to  perform  e.xperimental  infections  to 
confirm  this  assumption  and  to  obtain  the  adult  form  to  identify  it 
at  genus  and  species  level.  High  prevalences  and  intensities  of 
gymnophallid  metacercariac  (Table  I )  could  be  explained  by  the 
hydrodynamic  of  the  studied  environment.  The  quiet  circulation  of 
water  masses  facilitates  the  transmission  of  cercaria  (Bartoli  1984). 
The  oystercatcher,  Haeinatopus  palliatus  (Aves:  Haematopodidae) 
seems  to  be  the  definitive  host,  because  it  was  reported  to  feed 
mainly  on  T.  plebeius  along  this  environment  (Bachmann  1995). 

The  only  gymnophallids  reported  from  South  American  niol- 
lusks  are  Lxicunovermis  sp.  from  Patinigera  spp.  (Gastropoda:  Pa- 
tellidae)  (Martorelli  &  Morriconi  1998).  Bartolius  sp.  from 
Gaimardia  trapesina  (Bivalvia:  Gaimardiidae)  (Ituarte  et  al.  2001 ) 
(both  from  Magellan  Strait  and  Beagle  Channel)  and  Barlolius 
pierrei  from  Darina  solenoides  (Bivalvia:  Mactridae)  from  Pat- 
agonian  coast  (Cremonte  2001). 

Regarding  the  pathology  caused  by  metacercariac  of  the  family 
Gymnophallidae.  it  is  variable  and  depends  on  the  parasite  and  the 
host  species  involved  (e.g..  deposition  of  additional  shell  material 
in  the  form  of  calcareous  concretions,  blisters  and  crests,  ridges,  or 
igloo-like  structures  on  the  inner  surface  of  the  valves,  pearls,  shell 
erosions  like  pits,  depletion  of  host  body  reserves,  alterations  of 
host  behavior  and  general  debilitation  and  morbidity)  (Lauckner 
1983.  Iluarte  et  al.  2001.  Cremonte  &  Ituarte  2003.  Ituarte  et  al. 
2005).  In  the  present  case,  the  host  reaction  observed  in  T.  plebeius 
is  very  similar  to  that  reported  in  D.  solenoides  infected  by  B. 


Fisure  4.  Larval  nematode  of  the  subfamily  Spiruriiiae.  15a.  posterior  extremity;  15b.  anterior  extremity,  scale  bar  =  50  fim  (16-19).  SEM 
pholojjraphs  of  the  larval  spirurine  nematode  in  Taiielii\  picheiiis  from  Argentina.  16.  Whole  coiled  worm,  scale  bar  =  100  fim.  17.  Anterior  part 
of  the  Ixidy.  note  the  lateral  groove  and  the  absence  of  deirids.  scale  bar  =  10  fim.  18.  Apical  view  of  the  anterior  end,  showing  pseudolabia. 
cephalic  papillae  (arrow )  and  amphids.  scale  bar  =  10  fim.  IM.  Caudal  end,  note  the  terminal  culicular  spike,  anus  and  the  end  of  the  lateral 
groove  (arro^^ ),  scale  bar  =  10  ^im. 
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Vazquez  et  al. 


I  iniin  5.  Ilisliiliii;iiiil  siLiidii  1)1  /(/■,'<7/n  pUhcui\  pai  a^ili/^■(l  »illi  l;ii\:il  spirurine  nematode  from  Argentina.  20.  General  view  showiiif;  l;ll■^al 
nematode  transversallv  sectioned  in  connective  tissue  of  mantle  and  nuiscic,  scale  bar  =  2(H)  \xm.  21.  IHlail  of  lar\al  nematode  transversally 
sectioned  at  esophagus  level  showing  muscle  fibers  divided,  note  hemocvtes,  scale  bar  =  50  (im.  22.  Initial  formation  of  capsule  by  hemocytes  (h) 
in  connective  tissue  of  mantle,  scale  bar  =  50  (im.  23.  Advanced  stage  of  a  capsule  formed  by  hemocytes  in  tegument  musculature  (arrow),  scale 
bar  =  100  pm.  References:  n  =  nematode;  ni  =  mantle:  h  =  hemocytes. 


pieirei  (Cremonle  &.  Itiiarte  2(X)3).  The  main  ditt'erence  observed 
in  T.  pleheius  is  the  presence  of  a  brownish-orange  colored  pig- 
ment within  sacs  containing  larvae,  particularly  in  older  bivalve 
hosts,  in  concordance  with  correlations  among  shell  length,  shell 
alteration  and  intensity  of  infection  observed.  A  similar  but  yel- 
lowish conchiolin  material  was  reported  in  Tellina  spp.  (Bivalvia: 
Tellinidae)  by  Giard  (1897)  and  brownish  material  by  Bartoli 
(1974)  in  Tapes  aureus  (Bivalvia:  Veneridae)  infected  by  gym- 
nophallid  metacercariae. 

Metacercariae  of  Gyninophallidae  are  known  to  be  able  to  pre- 
vent nacreazation  around  them,  allowing  most  larvae  to  remain 
alive  inside  their  envelope  until  reaching  a  suitable  definitive  host. 
This  peculiarity  of  the  gymnophallids  encapsulation  was  discussed 
by  Ituarte  et  al.  (2001 ),  Cremonte  &  Ituarte  (200.i)  and  Ituarte  et  al. 
(2005).  However,  in  advanced  stages  of  parasitism  (i.e..  in  older 
infections)  it  seems  that  several  metacercariae  die.  and  just  after 
this,  the  deposition  of  calcium  to  form  blisters  seems  to  be  pos- 
sible. In  T.  pleheius.  calcium  concretions  in  the  form  of  blisters  or 
loose  pearls  were  only  seen  in  older  clam  specimens,  and  seem  to 
affect  a  reduced  number  of  adult  bivalves.  Lomovasky  et  al.  (2005) 
reported  this  phenomenon  in  only  the  5.9%  of  the  620  specimens 
of  T.  pleheius  studied. 

Marine  bivalves,  as  a  group,  are  rather  uncommon  hosts  for 


nematodes.  However,  ascaridoids  and  gnathostomids  have  been 
reported  several  times  from  representatives  of  commercially  ex- 
ploited bivalve  species  (Lauckner  1983).  The  nematode  taxa  more 
frequently  reported  from  marine  bivalves  are  Suliascaris  sulcata 
(Ascaridoidea:  Anisakidae)  and  Echinocephalus  spp.  (Gnathosto- 
moidea:  Gnathostomidae);  their  adults  occur  in  fishes,  which  prey 
on  clams  (Sindermann  1990).  The  nematode  larva  described  in  this 
study  clearly  does  not  correspond  to  an  ascaridoid.  because  it  has 
pseudolabia  and  an  esophagus  divided  into  glandular  and  muscular 
portions  (Anderson  et  al.  1974).  Moreover,  the  larva  described 
here  is  not  a  gnathostomid  because  it  has  not  trilobed  pseudalabia 
and  lacks  the  anterior  extremity  swollen  into  bulb  (Anderson  et  al. 
1974).  Thus,  the  present  record  represents  a  new  group  of  nema- 
tode using  marine  bivalves,  T.  pleheius  in  this  case,  as  intermediate 
or  paratenic  hosts. 

High  values  of  prevalence  and  mean  intensity  of  infection 
found  in  this  study  (Table  1 )  indicate  these  are  not  cases  of  an 
accidental  infection.  This  represents  the  first  record  of  a  nematode 
larva  parasitizing  a  bivalve  in  the  Southwestern  Atlantic  Ocean. 
Because  all  nematodes  found  in  marine  bivalves  are  larvae,  they 
are  extremely  difficult  to  identify  (i.e..  lack  the  diagnostic  charac- 
ters that  are  cairied  by  the  adult  stage);  thus,  the  importance  of 
nematodes  as  parasites  of  this  group  have  been  sadly  neglected 
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(Cheng  1978).  The  iiemalode  larva  described  in  this  survey  is  not 
specific  regarding  its  site  of  infection,  being  located  mainly  in 
muscles  but  also  in  other  organs  such  as  labial  palps.  Sites  of 
infection  of  larval  nematodes  in  other  bivalves  also  showed  to  be 
highly  variable:  EcJiiuoccpJnilits  uucinutus  Molin,  1858  was  found 
in  the  adductor  muscle  of  pearl  oyster  Marf^ciririfcm  vulgaris.  E. 
pseudouncinalus.  Millemann.  1951  in  the  foot  of  pink  abalone 
Hatiotis  cornigaia  (Millemann  1963)  and  E.  cnissostreai  Cheng 
1975  in  the  gonoducts  of  Japanese  oyster  Cnissostrea  gigas  with 
a  reaction  of  the  tunic  elements  that  are  surrounding  the  gonoduct 
(Cheng  1975). 

The  pathogenicity  of  larval  nematodes  in  marine  bivalves  var- 
ies from  nonreaction  to  a  strong  tissue  response  (Ko  et  al.  1975). 
Different  degrees  of  host  reaction  observed  in  the  present  work 
would  correspond  to  the  time  of  infection.  The  capsule  formed  by 
a  dense  aggregation  of  hemocytes  such  as  observed  in  T.  pleheiti.s. 


is  known  as  hemocytosis  according  to  Cheng  &  Rifkin  (1970). 
Despite  the  large  number  of  capsules  studied,  fibrous-appearing 
nodules  as  it  was  described  by  Harris  (1975)  for  the  case  of  Aii- 
giostrongyliis  catiumensis  (Metastrongylidae)  parasitizing  a  gas- 
tropod, were  not  observed.  Hairis  ( 1975)  noted  some  variability  in 
the  extent  of  response  even  within  the  same  snail  host.  In  that  case, 
the  granuloma  loses  the  appearance  of  a  loose  aggregation  of  ba- 
sophilic cells  and  becomes  more  fibrous  and  eosinophilc.  similar  to 
the  capsule  reported  for  the  cestode  Ecliineibotrium  sp.  by  Cheng 
(1978). 
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COMPARISON  OF  ASSIMILATION  EFFICIENCY  ON  DIETS  OF  NINE  PHYTOPLANKTON 
SPECIES  OF  THE  GREENSHELL  MUSSEL  PERNA  CANALICULUS 
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ABSTRACT  The  greenshell  iihism.'!  Fciiui  lumiliciihis  is  the  nuisl  important  species  in  aL|iiacuhiM"e  in  New  Zeahind.  Mussel 
energetics  and  growth  rate.s  are  subject  to  the  natural  variability  in  phytoplankton  biomass  and  species  composition  and  thus  under- 
standing the  influence  of  food  type  on  assimilation  efficiency  is  fundamental  to  the  prediction  of  mussel  production  and  planning  farm 
management.  In  thfs  study  pulse-chase  feeding  techniques  were  used  to  assess  the  effect  of  diet  on  assimilation  efficiencies  for  nine 
phytoplankton  species  including  three  diatoms  Clutetocerns  calcitrans.  SIcelctonema  costauim  and  Tlmlassiosira  sp..  and  three  flagel- 
lates Eutreptiella  sp..  Pyirimimoiuis  sp.  and  Isochrysis  gulbcina.  and  three  dinotlagellates  Aliashiwo  sanguineum.  Alexandriiim  miiniutm 
and  Gymiwiliniiim  cotenurum.  Assimilation  efficiency  varied  with  algal  species,  but  it  was  significantly  higher  when  mussels  were  fed 
dinotlagellates  iS4.59c)  compared  with  diatoms  (61.79r)  and  flagellates  (77.9%).  Assimilation  efficiency  of  dinoflagellates  and 
flagellates  increased  with  gut  passage  time,  whereas  with  a  diatom  diet,  a  negative  correlation  was  evident.  This  finding  has  impli- 
cations in  understanding  and  predicting  growth  rates  of  mussels  (and  hence  commercial  yield)  in  tandem  with  natural  variability  in 
phytoplankton  species  composition. 

KEY  WORDS:     mus.sel,  Pirmi  cciiuiluiilus.  phytoplankton.  assimilation  efficiency,  gut  passage  time 


INTRODUCTION 

The  feeding  responses  of  bivalves  to  variations  in  the  t]uantity 
and  quality  of  seston  have  been  extensively  studied  (see  reviews 
by  Winter  1978  and  Jorgensen  1996).  Results  ofthe.se  .studies  have 
shown  the  ability  of  bivalves  to  preferentially  ingest  organic  par- 
ticles from  the  filtered  matter  and  selectively  reject  the  inorganic 
particles.  Many  of  these  feeding  experiments  have  been  conducted 
on  blue  mussels  (e.g.,  Bayne  et  al.  1989.  Bayne  et  al.  1993.  Na- 
varro et  al.  1992).  oysters  (e.g..  Newell  &  Jordan  1983.  Barille 
et  al.  1997.  Ren  et  al.  2000),  scallops  (e.g..  Cranford  et  al.  1998). 
clams  (e.g..  Hartwell  et  al.  1991 ),  and  cockles  (Iglesias  et  al.  1992 
&  Iglesias  el  al.  1996).  Few  studies  used  P.  canaliculus,  the 
greenshell  mussel  (Hawkins  et  al.  1999).  In  these  studies,  diets  of 
either  natural  seston  or  natural  food  with  addition  of  algae  were 
used  to  understand  the  effects  of  food  quantity  and  quality  on 
feeding  dynamics.  Seston-phytoplankton  mixed  diets  generate  a 
blended  assimilation  that  reflects  a  diversity  of  particle  sources 
and  quality.  To  our  knowledge  however,  relatively  little  attention 
has  been  paid  to  the  preferential  ingestion  among  phytoplank- 
ton species  (e.g.,  Romberger  &  Epifanio  1981,  .Shtimway  et  al. 
1985). 

Considerable  infra-annual  variations  in  growth  rates  and  con- 
ditions of  farmed  shellfishes  have  been  observed  in  Marlborough 
Sounds.  New  Zealand  (e.g..  Ross  et  al.  1997.  Ross  &  Image  2001 ). 
This  reflects  the  complex  ecophysiological  response  of  mussels  to 
the  equal  complexity  of  interactions  among  environmental  vari- 
ables. High  phytoplankton  biomass  usually  results  in  fast  growth 
and  increase  in  condition  of  mussels  (Ren  &  Ross  200,'i).  Chloro- 
phyll-((  pigment  concentration  is  often  used  to  estimate  phyto- 
plankton biomass  in  field  monitoring  and,  therefore,  can  be  an 
indicator  of  environmental  conditions  that  influence  mussel 
growth.  Over  the  last  few  years,  the  chlorophyll-t;  concentration  in 
Marlborough  Sounds  has  generally  decreased  and  there  have  been 
concurrent  decreases  in  both  the  condition  and  growth  rate  of  the 
mussels  (e.g.,  Ross  et  al.  1997,  Ross  &  Image  2001).  Although 
these  trends  appear  to  be  broadly  related,  there  have  been  occa- 
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sions  when  mussel  growth  has  been  poor  even  though  sutTounding 
chlorophyll-fl  levels  have  been  moderate  (Ren  &  Ross  2002). 
These  discrepancies  may  relate  to  the  differential  consumption  of 
phytoplankton  species  or  groups.  During  the  same  period,  the  com- 
position and  abundance  of  the  phytoplankton  was  characterized  by 
strong  intra  and  interannual  variations  in  the  extensive  mussel 
farming  area  of  Marlborough  Sounds.  This  variation  may  even  be 
pronounced  during  seasons  of  algal  blooins  when  one  single  spe- 
cies usually  dominates  the  phytoplankton  biomass  (Mackenzie  et 
al.  1986,  Ogilvie  2000).  This  raises  the  question  on  whether  mus- 
sels can  assimilate  some  algal  species  with  greater  efficiency  than 
others  and  hereby  show  good  growth  even  when  chlorophyll-o  as 
an  indicator  of  total  phytoplankton  biomass  is  low.  Selective  in- 
gestion on  different  algal  species  has  been  observed  in  other  mus- 
sel species  (e.g.,  Kreeger  et  al.  1996,  Wang  &  Fisher  1996).  The 
mussel  Mytilus  galloprovincialis  preferentially  selects  dinotlagel- 
lates rather  than  diatoms  and  digestion  rate  of  the  dinotlagellates 
may  also  vary  among  species  (Sidari  et  al.  1998).  Although  a  few 
studies  on  feeding  behavior  of  P.  eanulieulus  have  been  done 
(Hawkins  et  al.  1999),  very  little  is  known  of  the  selective  assimi- 
lation in  this  species.  To  assess  energy  flows  through  a  mussel- 
farmed  ecosystem  it  is  essential  to  quantify  the  efficiency  with 
which  the  mussels  assimilate  the  phytoplankton  species  and  groups 
that  inhabit  the  Marlborough  Sounds. 

Assimilation  efficiency  is  usually  estimated  from  direct  mea- 
surements based  on  the  ash  ratio  between  the  food  source  and  feces 
as  developed  by  Conover  (1966).  This  ratio  is  embodied  in  the 
mass  balance  equation  that  assesses  scope  for  growth,  which  is 
based  on  measured  difference  between  energy  gains  from  feeding 
and  energy  loss  for  respiration  and  excretion  (Baynes  &  Newell 
1983).  However,  the  relationship  between  estimated  growth  from 
mass  balance  models  and  actual  growth  has  not  been  convincingly 
described  in  bivalves  (e.g..  Riisgard  &  Randol  1981 ).  By  compar- 
ing estimated  and  actual  growth  of  mussels,  the  authors  found  that 
estimation  of  assimilation  efficiency  gave  unreliable  results.  Al- 
though uncertainty  in  modeling  techniques  may  not  be  ruled  out 
(see  van  Haren  &  Kooijman  1993).  limitations  of  the  methods  used 
in  physiological  measurements  may.  to  some  extent,  have  contrib- 
uted to  the  error  of  estimated  assimilation  efficiency.  As  discussed 
by  Conover  (1966),  when  the  diet  consists  of  a  low  ratio  of  ash  to 
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organic  content  such  as  pli\toplankton.  a  significant  proportion  of 
ash  can  be  absorbed.  This  would  result  in  uncertainties  in  esti- 
mated assimilation  under  such  a  condition.  This  method  also  re- 
quires a  large  amount  of  material  and  is  susceptible  to  weighing 
errors  even  when  using  a  microbalance  (Navarro  &  Thompson 
1994).  In  shellfish  farming  ecosystems  such  as  Marlborough 
Sounds  of  New  Zealand,  the  contribution  of  phytoplankton  bio- 
niass  to  total  organic  particulate  matter  is  usually  very  low  in  terms 
of  dry  weight,  but  it  is  the  main  energy  sources  for  bivalve  growth. 
Small  errors  in  measurements  can  potentially  result  in  considerable 
larger  en'ors  in  estimation  of  energy  budgets  (Ren  &  Ross  2005). 
Therefore,  accuracy  in  estimates  of  the  bioenergetic  parameter  is 
critical  for  the  study  of  mussel  energetics. 

In  this  study,  we  used  a  radiotracer  technique  to  investigate 
Ikhv  mussels  respond  to  different  food  diets.  Assimilation  efficien- 
cies were  measured  in  P.  canaliculus  using  nine  phytoplankton 
species  found  in  a  mussel-farming  ecosystem  in  Marlborough 
Sounds.  New  Zealand.  This  study  is  aimed  at  providing  informa- 
tion for  parameterizations  of  energetic  and  carrying  capacity  mod- 
els currently  being  developed  (Ren  &  Ross  2005). 

MATERIALS  AND  METHODS 


be  representative  of  the  natural  condition,  experimental  diets  were 
based  on  '^C  labeled  algae. 

Nine  phytoplankton  species.  Chaetoceros  calcitnms.  Skel- 
etoneina  cosiatum.  Thalassiosira  sp..  Akashiwo  sanguineuin. 
Alexaiuirium  minutum.  Gyinnodinium  catenatum.  Eutrepliella  sp.. 
Isochiysis  galbana.  Pyramimonas  sp..  belonged  to  diatom,  flagel- 
late and  dinoflagellate.  were  cultured  at  the  NIWA  aquaculture 
laboratory  at  Mahanga  Bay.  The  algae  were  enumei'ated  by  particle 
counter  (Model  ZM  and  tube  with  lOO-pm  orifice  diameter).  The 
algae  were  spiked  with  '""C  (100  jxCu  niL"' )  by  exposing  the  algae 
to  the  radiotracers  for  3  d  and  kept  in  12:12  light-dark  photoperiod 
at  1 7°C.  To  calculate  '"*C-uptake  after  3  d  exposure.  2  mL  replicate 
samples  were  each  filtered  through  a  25  mm  diameter  GF/F  filters 
(0.7-|xm  pore.  Whatman).  These  filters  were  then  added  to  1  ml 
5%  HCL  and  held  for  o\er  6  h  for  liquid  scintillation  cocktail  for 
analysis  (LKB  Wallac  1217  Rackbeta)  of  '''C-activity.  Before 
feeding  to  mussels,  the  algal  cells  were  separated  from  their  culture 
medium  by  centrifugation  1 1000  g.  10  min)  to  remove  dissolved 
'^C.  The  algal  pellets  were  rinsed  with  0.7-jxm  filtered  seawater. 
This  process  was  repeated  three-times  to  remove  surface  attached 
chemicals.  The  cells  were  resuspended  in  100  mL  seawater  and 
enumerated  for  the  feeding  experiments  as  described  below. 


Mussels 


Experiments  with  Mussels 


Three  hundred  mussels  (P.  canaliculus.  -70  cm  shell  length) 
were  collected  on  one  occasion  from  a  farming  site  in  Marlbor- 
ough Sounds.  New  Zealand.  They  were  transported  immediately  to 
and  kept  on  ropes  in  Magazine  Bay  near  Christchurch  for  use  in 
the  experiments.  For  the  feeding  trial.  54  mussels  were  transferred 
to  the  NIWA  laboratory  in  Christchurch  and  acclimatized  in  a 
recirculating  aerated  flow-through  seawater  system  for  72  h  prior 
to  feeding  experiments.  During  the  acclimatization  period,  mussels 
were  fed  with  a  diet  of  inixed  algae  consisting  of  nine  experimental 
algae  with  equal  numbers  of  each  species.  Approximately  1  x  10'' 
cells  of  the  algae  were  added  each  day  per  mussel  to  ensure  that 
physiological  activities  of  the  animals  were  not  affected  because  of 
starvation.  Seawater  was  collected  directly  from  Christchurch 
coast  and  stored  in  three  holding  tanks.  Because  the  seawater  was 
kept  in  the  dark  and  aerated  in  the  laboiatory  for  over  6  wks  before 
experiments,  there  were  no  living  algae  in  the  water  at  the  time  of 
use.  Seston.  particulate  organic  matter  and  chlorophyll-o  concen- 
trations were  2.15  mg  L''.  0.49  mg  L"'  and  ~0  \i.g  L"'  respec- 
tively. Temperature  was  constant  at  -16°C.  The  seawater  was 
recirculated  and  monitored  once  a  day  for  ammonia  concentration 
using  ammonia  test  kits.  Throughout  all  experiments,  the  ammonia 
concentration  never  exceeded  1  ppm. 

Experimental  Diets 

An  important  aspect  of  this  study  was  to  measure  assimilation 
efficiency  that  can  be  incorporated  into  energetic  and  carrying 
capacity  models  applied  in  mussel  farming  ecosystems.  It  is  there- 
fore important  that  these  measurements  be  conducted  on  diets 
reflecting  natural  conditions.  In  mussel  farming  sites  of  the  Marl- 
borough Sounds,  there  is  little  variation  in  POM.  whereas  there  is 
a  considerable  inter  and  intra  annual  variation  in  phytoplankton 
species  composition.  Phytoplankton  contributes  very  little  to  POM 
in  terms  of  dry  weight  (<10%.  e.g..  Ren  2001 ).  but  it  is  the  major 
food  sources  for  bivalve  growth  in  terms  of  available  suspended 
particulates  (e.g..  James  &  Ross  1996.  Ogilvie  2000).  Therefore,  to 


Radiolabeled  algae  were  transferred  into  a  20-L  container  and 
mixed  with  15  L  seawater  (no  living  algae).  Nine  experimental 
trials  were  conducted  simultaneously  and  experimental  diets  were 
prepared  by  adding  '"'C  labeled  algae  into  seawater.  Each  experi- 
mental trial  was  identical  except  that  mussels  were  fed  on  different 
'""C  labeled  algal  species.  Six  replicate  individual  mussels  were 
then  placed  in  the  container  containing  the  mixture  of  seawater  and 
radiolabeled  algae  (-1  x  10"^  cells  rnL' )  for  30  min.  The  duration 
of  the  feeding  was  assumed  sufficient  to  allow  mussels  to  ingest  a 
substantial  amount  of  the  labeled  algae  but  not  defecate,  because 
the  experimental  duration  was  less  than  gut  transition  time  of 
80  min  (Hawkins  et  al.  1999).  The  solution  was  stirred  and  aerated 
to  homogenize  algae  during  the  course  of  the  feeding  trial.  Pseudo- 
feces  production  was  not  observed:  this  was  probably  caused  by 
particulate  concentrations  of  the  diets  being  lower  than  the  thresh- 
old for  pseudofeces  production.  Feces  were  collected  at  the  end  of 
the  feeding  trial,  but  '""C  activity  in  these  were  negligible. 

After  feeding  with  radiolabeled  algae,  the  mussels  were  rinsed 
with  seawater  and  transferred  into  a  tlow-through  system  to 
"chase"  the  unassimilated  material  through  the  gut.  The  mussels 
were  fed  with  unlabeled  mixed  algal  diet  the  same  as  prior  to  the 
experiment.  In  a  separate  pilot  trial,  gut  evacuation  time  of  the 
mussel  varied  with  algal  species,  but  most  of  ingested  diets  were 
evacuated  within  30  h.  In  this  experiment,  mussels  were  allowed  to 
evacuate  their  guts  for  3  d.  This  was  also  based  on  evidence  that 
Mytilus  edulis  completes  its  digestion  and  assimilation  of  food 
within  3  d  (see  Wang  et  al.  1995).  Feces  produced  by  individual 
mussels  were  collected  with  a  wide-pore  pipette  to  monitor  gut 
passage  of  the  radioactive  algae  every  1-3  h  for  the  first  10  h  and 
every  4-20  h  thereafter.  Feces  were  filtered  onto  25  mm  diameter 
GF/F  filters  (0.7  ijim  pore.  Whatman)  and  individually  placed  into 
20  mL  scintillation  vials  until  analysis. 

After  a  3  d  pufse-chase  feeding  experiment,  ingested  '""C  algae 
were  to  have  been  assimilated  and  incorporated  in  the  mussel  flesh, 
which  was  then  dis.sected  from  the  shell,  added  to  a  tared  alumi- 
num weighing  pan,  freeze-dried  and  then  reweighed  to  determine 


Comparison  Efficiency  on  Diets  of  P.  canaliculus 


889 


total  dry  flesh  weight  of  each  mussel.  Dried  flesh  of  individual 
mussels  was  then  ground  with  a  mortar  and  pestle  and  three  rep- 
licates of  -200  mg  were  placed  into  20  niL  scintillation  vials  for 
counts  of  incorporated  "C.  The  powdered  sample  was  homog- 
enized in  1  niL  of  distilled  water  and  left  overnight  at  room  tem- 
perature. The  next  day.  I  niL  of  tissue  solubilizer  was  added  into 
each  vial,  which  were  then  incubated  in  a  water  bath  at  93  C  for 
5  h  before  10  mL  ""HiSafe"-III  liquid  scintillation  cocktail  was 
added.  The  homogenate  solution  was  thoroughly  mixed,  left  over- 
night and  counted  using  a  liquid  scintillation  counter  (LSC)  to 
determine  '"*C  incorporation.  Resulting  counts  per  minute  were 
converted  to  decays  per  minute  using  a  quench  curve  and  the 
external  standard  technique  with  coiTecti<in  for  background  radio- 
activity. 

For  the  analysis  of  '■*€  in  feces.  I  mL  of  yi  HCL  was  added 
into  each  vial  containing  feces  and  left  overnight  to  breakdow  n  any 
possible  undigested  algal  cells.  Ten  milliliters  ■"HiSafe"-IlI  liquid 
scintillation  cocktail  was  added  into  each  vial  and  '""C  was  counted 
using  LSC  as  above.  The  total  '""C  activity  was  summarized  from 
all  collections  of  feces  during  the  3  d  pulse-chase  feeding  period. 

Statistical  Analysis 

Assimilation  efficiency  (AE)  was  defined  as  the  proportion  of 
ingested  '■*€  retained  after  completion  of  digestion  and  gut  evacu- 
ation of  '''C  within  3  d.  as 


100 


AE: 


where  '"*Cn.,.,,,  is  '"^C  incorporated  in  the  flesh  and 


■*c 


egested  in  the  feces  during  the  72  h  pulse-chase  feeding  period. 
This  method  is  based  on  the  assumption  that  respired  and  excreted 
"C  are  negligible  (e.g..  Wang  &  Fisher  1996.  Charles  &  Newell 
1997).  For  example.  Charles  &  Newell  (1997)  showed  that  re- 
spired '"'C  contributed  as  little  as  0.4%  to  the  total  ingested  '^C  in 
the  mussel  Geukensia  demissa. 

Following  Wang  &  Fisher  (1996).  gut  passage  time  (GPT)  is 
defined  as  the  time  at  which  90%  of  the  accumulated  '""C  in  the 
feces  is  recovered,  assuming  100'7<-  recovery  at  3  d  pulse-chase 
feeding  period. 

Multiple  comparison  tests  on  data  were  used  to  detect  signifi- 
cant differences  of  assimilation  efficiency  between  food  algal 
types  (95%  confidence  level).  Linear  regression  model  was  used  to 
analyze  coiTelation  between  AE  and  GPT.  All  analyses  were  done 
using  S-PLUS.  (Insightful  Corp.) 

RESULTS 

Defecation  and  Giil  Passage  Time 

No  pseudofeces  were  detected  during  the  experiments  indicat- 
ing that  the  concentration  of  total  particulate  matter  was  below  the 
threshold  for  pseudofeces  production.  The  defecation  of  nine- 
tested  phvtoplankton  species  in  mussels  after  radioactive  pulse 
feeding  is  shown  in  Figure  1.  In  general,  the  unassimilated  portion 
of  ingested  radioactive  phytoplankton  showed  a  rapid  loss  through 
feces  within  the  first  few  hours.  However,  the  defecation  rate 
\aried  considerably  among  phytoplankton  species,  being  the  fast- 
est on  a  diet  oi Alexandriitm  miiiutum.  Chaetoceros  cakitnins  and 
SkelelDiu'ina  costaliim.  whereas  Thakissiosira  sp.  and  Gyinna- 
(liniiiiii  cdtemituii]  were  egested  with  slow  rates.  This  defecation 
pattern  can  be  shown  more  clearly  using  gut  passage  time  (GPT) 
because  this  showed  a  large  variation  between  food  types,  ranging 
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Figure  I.  Time-series  accumulated  percentage  of  DPM  in  the  feces 
after  a  pulse  ingestion  of  radiolabeled  phytoplankton  bv  the  greenshell 
mussel  Perna  canaliculus.  Symbols:  ♦  =  Cliaetiicerus  calcitrans,  0  = 
Skeletonema  costatum.  ▲  =  Tlialassiiisira  sp..  Zi  =  Akashiwo  san- 
guineum.  ■  =  Alexandrium  miiiulum.  •  =  Gymnodinium  calenatum, 
D  =  Eulreptiella  sp.,  V  =  Isoclirysis  galhana.  *  =  Pyramimonas  sp. 
Confidence  intervals  have  been  omitted  from  the  graphs  to  improve 
clarity. 

from  6.9-50.9  h  (Fig.  2).  Despite  variation  in  GPT.  species- 
specific  differences  were  not  significant  (P  >  0.51).  No  signifi- 
cant differences  in  GPT  were  detected  when  the  phytoplankton 
species  were  grouped  into  diatoin,  flagellate  and  dinoflagellate 
ta.xa  (P  >  0.71). 

Assimilation  Efficiency 

Assimilation  efficiencies  of  the  ninc-phytoplankton  species  are 
shown  in  Figure  3.  The  greenshell  mussel  assimilated  phytoplank- 
ton with  overall  high  rates,  but  average  assimilation  efficiency 
(AE)  varied  considerably  with  phytoplankton  species,  ranging 
from  55.6%:  to  Sl.T7c.  Overall.  AEs  of  dinoflagellates  were  high- 
est, whereas  AEs  of  diatoms  were  lowest.  The  average  efficiency 
with  which  the  mussel  assimilated  the  dinoflagellates  (84.5  ± 
6.3%)  was  significantly  higher  than  that  of  diatoms  (P  <  O.OI) 
(61.7  ±  11.0%-).  Similarly,  mussels  assimilated  flagellates  with 
significantly  higher  efficiency  than  diatoms  (P  <  0.01).  How- 
ever, the  difference  of  AEs  between  flagellates  (77.9  ±  6.7%)  and 
dinoflaaellates  was  not  sianificant  (P  >  0.08).  There  were  no 


Figure  2.  Variation  of  gut  passage  time  iGPT)  of  the  greenshell  mussel 
Perna  canaliculus  fed  with  nine  ph> tiiplankton  species.  Error  bars  are 
±1  SE. 
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Figure  3.  Assimilation  efficiency  of  nine  pliytoplanl^ton  species  by  tfie 
greenshell  mussel  Penia  canaliculus.  Error  bars  are  ±1  SE. 


significant  differences  of  AE  between  species  within  diatom 
(P  >  0.17).  flagellate  (P  >  0.56)  and  dinoflagellate  (P  >  0.41). 

Correlation  analysis  showed  that  AE  of  diatoms  was  negatively 
correlated  to  GPT  (R-  =  -0.97.  P  >  0. 1 1 ),  but  AEs  of  dinoflagel- 
lates  and  flagellates  were  positively  conelated  to  GPT  (R-  =  0.1. 
P  >  0.86).  If  Alexaiulriiiiii  minutmn  is  excluded,  this  trend  is  more 
robust  (R-  =  0.49.  P>  0.18). 

DISCUSSION 

The  pulse-chase  feeding  technique  v\as  used  in  this  study  to 
specifically  address  the  influence  of  phytoplankton  species  on  as- 
similation efficiency  in  the  greenshell  mussel  Perna  canaliculus. 
We  chose  to  use  nine  phytoplankton  species  to  represent  diatoms, 
dinoflagellates  and  flagellates  that  are  found  in  the  mussel  farming 
areas  in  New  Zealand.  The  results  have  demonstrated  that  AE 
varied  between  phytoplankton  species,  but  AEs  of  dinoflagellates 
and  flagellates  was  generally  higher  than  those  of  diatoms. 

The  GPT  in  our  study  varied  between  7  and  51  h.  which  was 
independent  of  algal  species.  Control  of  gut  retention  time  has 
been  demonstrated  in  Mytilu.s  edulis  and  Ceiastoderma  edule  and 
a  strong  positive  relationship  between  absorption  efficiency  and 
gut  retention  time  has  been  recorded  in  M.  edulis  (e.g..  Hawkins  et 
al.  1990,  Wang  &  Fisher  1996.  Chong  &  Wang  2000).  Longer 
retention  of  ingested  food  within  the  digestive  tract  allows  for 
more  efficient  digestion  and  assiiiiilalioii  (Willows  1992).  and  thus 
maximizes  nutrient  gain.  AUhough  this  theory  is  supported  by  our 
experimental  data  that  AEs  of  dinoflagellate  and  flagellate  diets  for 
which  AE  was  positively  coirelated  to  GPT,  AE  of  diatoms  was 
negatively  correlated  to  GPT.  These  results  suggest  that  AE  may 
not  always  increase  with  increasing  GPT.  Similar  results  have  also 
been  observed  from  two  marine  bivalves  in  which  AE  of  pooled 
diatoms  and  flagellates  was  not  correlated  to  GFT  (Li  et  al.  2001 ). 
The  assimilation  efficiency  of  bivalves  reflects  complex  physi- 
ological processes  within  an  organism  and  can  be  influenced  by 
many  physiological  factors  including  enzymatic  digestive  activity, 
gut  residence  time,  gut  capacity  and  digestive  synchrony  (e.g.. 
Bayne  &  Newell  1983.  Hawkins  et  al.  1990,  Wang  &  Fisher  1996. 
Charles  &  Newell  1997).  The  adaptive  strategies  of  bivalves  in 
digestive  processes  (Bricelj  et  al.  1984)  may  help  explain  the  dif- 
fering results.  A  mussel  would  have  little  benefit  in  withholding 
relatively  indigestible  diatoms  longer  in  the  gut  for  more  efficient 
digestion.  The  difference  of  diatom-AEs  may  have  resulted  from 


the  variability  in  digestibility  between  the  species.  Relati\ely  less 
digestible  diatom  species  may  be  egested  more  rapidly.  Con- 
\ersely.  the  longer  GPT  of  relatively  digestible  dinoflagellates  and 
flagellates  would  have  resulted  in  more  efficiency. 

Our  observations  demonstrated  that  mussels  assimilated  carbon 
from  diatoms  at  a  lower  efficiency  than  they  did  from  dinoflagel- 
lates and  flagellates.  This  is  probably  typical  for  many  bivalves, 
because  the  cell  walls  of  diatoms  are  rigid  and  resistant  to  enzv- 
matic  digestion  and  physical  breakdown,  and  diatoms  also  contains 
significantly  higher  quantities  of  inorganic  matter.  AEs  measured 
in  our  experiments  are  comparable  with  previous  studies  in  other 
bivalves.  For  example.  Shumway  et  al.  (1985)  found  that  bivalve 
molluscs  preferentially  assimilated  a  crytomonad  flagellate  over  a 
diatom.  Variations  in  assimilation  efficiency  with  different  algal 
species  have  been  observed  in  other  marine  bivalves  (e.g..  Rom- 
berger  &  Epifanio  1981.  Wang  &  Fisher  1996).  The  assimilation 
of  some  algal  species  can  be  extremely  low.  which  would  result  in 
low  energy  available  for  growth.  For  example,  oysters  Crassosirea 
virgiiiica  could  hardly  digest  Platymonas  suecica  (Romberger  & 
Epifanio  1981).  Results  from  our  experiments  indicated  that  the 
greenshell  mussel  digested  algal  species  with  a  relatively  overall 
high  AE  (55.67f  to  87.7%)  compared  with  the  mussel  M.  edulis 
(7%  to  86%.  Wang  &  Fisher  1996).  the  oyster  C.  virgijuca  (6%  to 
74%,  Romberger  &  Epifanio  1981). 

Although  assimilation  of  the  greenshell  mussel  have  been  in- 
vestigated, direct  comparison  of  AE  is  difficult  because  previous 
studies  used  either  different  algal  species  (Hawkins  et  al.  1999)  or 
natural  seawater  (Gardner  2000)  or  combination  of  single  algal 
species  and  natural  seawater  (Hawkins  et  al.  1999).  To  our  knowl- 
edge, only  one  study  used  the  same  algal  species  (Isochrysis)  as  the 
present  study  (Marsden  &  Weatherhead  1999).  Our  measured  AE 
(76.3%)  is  lower  than  theirs  (84%).  Differences  in  experimental 
designs  may  explain  the  differing  results.  The  previous  study  used 
intertidal  mussels  starved  for  3-12  d  before  experimentation.  The 
physiological  behavior  may  have  either  differed  from  farmed  mus- 
sels or  have  been  affected  by  starvation  or  both.  Moreover,  their 
study  used  the  Conover  technique.  This  technique  relies  on  mea- 
suring gravimetric  changes  in  the  ratio  of  organic  material  to  ash 
between  food  and  feces,  which  is  susceptible  to  weighing  eiTors 
(Navarro  &  Thompson  1994).  Therefore,  it  is  not  as  sensitive  as 
the  radiotracer  technique  that  we  used  in  this  study.  Because  the 
radiotracer  technique  does  not  require  a  large  amount  of  material, 
it  is  particularly  accurate  when  food  concentration  is  low  and 
consists  of  a  high  proportion  of  algal  particles. 

Selective  feeding  on  particles  of  different  sizes  has  been  re- 
ported in  filter  feeders  (Newell  &  Jordan  1989,  Barrille  et  al.  1993, 
Wang  &  Fisher  1996),  but  this  selective  behavior  was  only  dem- 
onstrated in  marine  bivalves  when  fed  with  small  particles.  For 
example,  experimental  results  by  Barrille  et  al.  (1993)  showed  no 
change  in  retention  etTiciency  of  oyster  (Crassostrea  gigas)  for 
particles  larger  than  3—1  jj-m.  Wang  &  Fisher  (1996)  demonstrated 
that  assimilation  efficiency  of  M.  edulis  was  not  directly  related  to 
the  particle  size  of  different  algae  ranging  from  2^0  |xm.  which  is 
in  agreement  with  other  studies  (e.g..  Newell  &  Jordan  1983). 
Similarly,  the  size  of  the  algal  cells  in  our  study  ranged  from  4— 
38  |a.m  (data  not  showed)  and  was  not  significantly  related  to 
assimilation  efficiency  {P  >  0.68).  Therefore,  algal  sizes  in  this 
range  may  not  be  important  during  the  digestive  period  and  thus 
would  not  significantly  affect  assimilation  efficiency. 

We  did  not  account  for  respiratory  loss  of  '^C  in  the  present 
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study,  which  may  have  resulted  in  slight  underestimates  of  AEs. 
However,  the  respiratory  loss  of  '""C  may  be  negligible  according 
to  similar  experiments  on  other  mussels  (e.g..  Kreeger  1993.  Wang 
&  Fisher  1996)  and  only  0.4'7f  of  ingested  food  went  to  CO2 
(Charles  &  Newell  1997).  Although  the  contribution  of  respired 
'""C  to  AEs  might  be  small,  it  is  recommended  that  this  term  be 
included  in  the  future  measurements. 

Studies  on  the  food  available  to  bivahe  feeders  in  coastal  wa- 
ters reveal  marked  temporal  variations  in  particulate  matter  con- 
centration, composition  and  nutritional  value  (Bayne  et  al.  1993. 
Galois  et  al.  1996).  Variability  on  a  scale  of  days  to  weeks  can 
result  from  episodic  algal  blooms  and  shifts  in  species  composi- 
tion. In  the  extensive  mussel  farming  area  of  Marlborough  Sounds. 
New  Zealand,  a  high-frequency  fluctuation  of  phytoplankton  spe- 
cies composition  has  been  observed  (Mackenzie  et  al.  1986).  For 
example,  in  early  spring  and  summer  of  1982  to  1983,  microflagel- 
lates  dominated  the  phytoplankton  community  (over  50%), 
whereas  diatom  species  made  up  of  less  than  JO^r  of  the  total 
biomass.  In  the  autumn  however,  the  diatoms  dominated  050%) 
(Mackenzie  et  al.  19S6).  An  understanding  of  the  influence  of  food 
type  im  assimilation  efficiency  is  fundamental  to  validating  models 
that  predict  not  only  greenshell  mussel  energetics  and  growth  but 
also  the  capacity  of  the  environment  to  support  phytoplankton 
grazing  by  farmed  mussels.  Accurate  models  are  essential  for  ef- 
fective long-term  farm  management.  There  is  a  lack  of  compre- 
hensive knowledge  on  assimilation  efficiency  and  it  is  often  as- 
sumed to  be  a  constant  or  a  functional  response  of  ingested  organic 
matter  in  many  energetic  modeling  studies  on  farmed  bivalves 
(Ren  &  Ross  2001,  Ren  &  Ross  2005).  An  obvious  and  important 
aspect  of  the  incorporation  of  AE  into  predictive  models  is  obtain- 
ing values  that  are  representative  of  the  natural  diet.  Mussels  ha\  e 
the  ability  to  selectively  ingest  organic  or  high  nutrient  particles 
(e.g.,  Bayne  &  Hawkins  1990).  If  preferential  assimilation  of  phy- 
toplankton species  has  not  been  accounted  for,  then  predictive 
models  based  on  only  one  component  of  the  diet  such  as  organic 
content,  may  potentially  under-  or  overestimate  true  energetics  of 
the  mussel.  The  present  study  has  clearly  demonstrated  a 


considerable  difference  of  physiological  responses  of  the  green- 
shell  mussel  to  algal  types. 

It  should  be  noted  that  AE  might  vary  not  only  with  phy- 
toplankton species  but  also  with  different  life  stages  of  bivalves. 
For  example,  the  diatom  Skeletouema  costatum  is  an  excellent 
food  for  oyster  juveniles  (Walne  1970)  but  poor  for  larvae  of  the 
same  species  (Ostrea  edulis)  that  favor  flagellates  (Enright  et  al. 
1986,  Ferreiro  et  al.  1990).  Assimilation  efficiencies  of  the  phy- 
toplankton species  tested  in  our  study  are  applicable  to  adult  mus- 
sels. Further  experiments  are  needed  to  investigate  how  juvenile 
and  larval  stages  of  the  mussel  respond  to  changes  of  food  types. 

In  conclusion,  the  present  study  shows  that  assimilation  effi- 
ciencies of  adult  P.  canaliculus  depend  on  the  phytoplankton  gen- 
era and/or  species.  This  variability  appeared  to  be  related  to  dif- 
fering digestibility  of  phytoplankton  species  caused  by  rigid  cell 
walls  of  diatoms  being  more  difficult  for  enzymatic  digestion  than 
dinoflagellates  and  flagellates.  This  finding  would  provide  impor- 
tant information  to  the  understanding  of  the  physiological  response 
of  the  mussel  to  the  type  of  phytoplankton  species.  However,  a  diet 
of  a  single  algal  species  may  evoke  a  feeding  behavior  that  differs 
from  diets  of  multialgal  species  or  natural  seawater  (e.g.,  Rom- 
berger  &  Epifanio  1981,  Navarro  et  al.  1992,  Hawkins  et  al.  1996). 
Before  the  results  are  incorporated  into  energetic  and  carrying 
capacity  models,  further  experimental  work  should  be  conducted 
to  investigate  the  mussel  responses  to  mixed  diets  of  multialgal 
species  in  field  conditions. 

ACKNOWLEDGMENTS 

The  authors  thank  Mark  Weatherhead.  Andrea  Blackburn  and 
Dave  Rawlings  for  providing  logistic  supports  for  the  experiment 
and  Sealord  Shellfish  Ltd  for  providing  mussel  samples.  Thanks  to 
Magazine  Bay  Marina  for  holding  the  mussels.  We  gratefully  ac- 
knowledge the  valuable  comments  of  Dr.  Jeanie  Stenton-Dozey 
and  anonymous  reviewers.  This  study  was  supported  by  the  New 
Zealand  Foundation  of  Research.  Science  and  Technology,  con- 
tract number  CO  1X0507. 


LITERATURE  CITED 


Barille.  L.,  J.  Prou.  M.  Heral  &  D.  Razet.  1997.  Effects  of  high  natural 
seston  concentrations  on  the  feeding,  selection  and  absorption  of  the 
oyster  CraiiOinra  jj/g<M  (Thunberg).  y.  Exp.  Mai:  Biol.  Ecol.  212:149- 
172. 

Barille.  L..  J.  Prou.  M.  Heral  &  S.  Bougrier.  1993.  No  influence  of  food 
quality,  but  ration-dependent  retention  efficiencies  in  the  Japanese  oys- 
ter Crassostrt'ii  aigas.  J.  E.xp.  Mar.  Biol.  Ecol.  171:91-106. 

Bayne,  B.  L.  &  R.  C.  Newell.  1983.  Physiological  energetics  of  marine 
molluscs.  In;  A.  S.  M.  Saleuddin  &  K.  M.  Wilbur,  editors.  The  Mol- 
lusca.  vol.  4.  Physiology,  part  1.  Academic  Press.  New  York.  pp.  407- 
515. 

Bayne,  B.  L.  &  A.  J.  S.  Hawkins.  1990.  Filter-feeding  in  bivalve  molluscs: 
controls  on  energy  balance.  In:  J.  Mellinger.  editor.  Animal  nutrition 
and  transport  processes-1.  Nutrition  in  wild  and  domestic  animals. 
BasefKarger,  pp.  70-83. 

Bayne.  B.  L.,  A.  J.  S.  Hawkins.  E.  Navarro  &  J.  I.  P.  Iglesias.  1989.  Effects 
of  seston  concentration  on  feeding,  digestion  and  growth  in  the  mussel 
Mytilus  edulis.  Mar.  Ecol.  Prog.  Ser.  55:47-54. 

Bayne,  B.  L.,  J.  I.  P.  Iglesias.  A.  J.  S.  Hawkins.  E.  Navarro.  M.  Heral  & 
J.  M.  Deslous-Paoli.  1993.  Feeding  behaviour  of  the  mussel,  Mytilii.s 
edulis:  responses  to  variations  in  quantity  and  organic  content  of  the 
seston.  J.  Mar  Biol.  Ass.  U.K.  73:813-829. 

Bricelj.  V.  M..  A.  E.  Bass  &  G.  R.  Lopez.  1984.  Absorption  and  gut  pas- 


sage time  of  microalgae  in  a  suspension  feeder:  an  evaluation  of  the 
51Cr:I4C  twin  tracer  technique.  Mar.  Ecol.  Prog.  Ser.  17:57-63. 

Charies.  F.  &  R.  1.  E.  Newell.  1997.  Digestive  physiology  of  ribbed  mussel 
Geukeiisia  demissu  (Dillwyn)  held  at  different  tidal  heights.  /  E.x/i. 
Mar.  Biol.  Ecol.  209:201-213. 

Chong.  K.  &  W.  X.  Wang.  2000.  Bioavailability  of  sediment-bound  Cd.  Cr 
and  Zn  to  the  green  mussel  Perna  viridis  and  the  Manila  clam  Rudi- 
tapes  philippiiuirum.  J.  E.xp.  Mar.  Biol,  Ecol.  255:75-92. 

Conover.  R.  J.  1966.  Assimilation  of  organic  matter  by  zooplankton.  Lun- 
uol.  Oceanogr.  11:338-345. 

Cranford.  P.  J..  C.  W.  Emerson.  B.  T.  Hargrave  &  T.  G.  Milligan.  1998.  In 
situ  feeding  and  absorption  responses  of  sea  scallops  Placopeclen  ma- 
gellanicus  (Gmelin)  to  stonii-induced  changes  in  the  quantity  and  com- 
position of  the  seston.  J.  Exp.  Mar.  Biol.  Ecol.  219:45-70. 

Enright.  C.  T.,  G.  F.  Newkirk,  J.  S.  C.  &  J.  D.  Castell.  1986.  Evaluation  of 
phytoplankton  as  diets  for  juvenile  Ostrea  edulis  L.  /  E.xp.  Mar.  Biol. 
Ecol.  96:1-13. 

Ferreiro.  M.  J..  A.  Perez-Camacho.  U.  Labarla.  R.  Beiras.  M.  Planas  & 
M.  J.  Femandez-Reiriz.  1990.  Changes  in  the  biochemical  composition 
of  Ostrea  edulis  larvae  fed  on  different  food  regimes.  Mar.  Biol.  106: 
395-401. 

Galois.  R..  P.  Richard  &  B.  Fricourt.   1996.  Seasonal  vanations  in  sus- 


892 


Ren  et  al. 


pended  particulate  matter  in  the  Marennes-Oleron  Bay,  France,  using 
lipids  as  biomarkers.  Esluarine.  Coast.  Shelf  Sci.  43:335-357. 

Gardner.  J.  P.  A.  2000.  Where  are  the  mussels  on  Cook  Strait  (New 
Zealand)  shores?  Low  seston  quality  as  a  possible  factor  limiting  multi- 
species  distributions.  Mar.  Ecol.  Prog.  Ser.  194:123-132. 

Hartwell,  S.  I.,  D.  A.  Wright,  R.  Takacs  cS:  C.  H.  Hocutt.  1991.  Relative 
respiration  and  feeding  rales  of  oyster  and  brakish  water  clam  in  vari- 
ously contaminated  waters.  Mar.  Polliit.  Bull.  22:191-197. 

Hawkins.  A.  J.  S.,  E.  Navarro  &  J.  I.  P.  Iglesias.  1990.  Comparative  allom- 
etries  of  gut-passage  time,  gut  content  and  metabolic  faecal  loss  in 
Mytilus  ediilis  and  Ceraswderma  ediile.  Mar.  Biol.  105:197-204. 

Hawkins,  A.  J.  S.,  R.  F.  M.  Smith,  B.  L.  Bayne  &  M.  Heral.  1996.  Novel 
observations  underlying  the  fast  growth  of  suspension-feeding  shellfish 
in  turbid  environments:  Mytilus  ediilis.  Mar.  Ecol.  Prog.  Ser.  131:179- 
190. 

Hawkins.  A.  J.  S..  M.  R.  James.  R.  W.  Hickman,  S.  Hatton  &  M.  Weather- 
head.  1999.  Modelling  of  suspension-feeding  and  growth  in  the  green- 
lipped  mussel  Penta  canaliculus  exposed  to  natural  and  experimental 
variations  of  seston  availability  in  the  Marlbourough  Sounds.  New 
Zealand.  Mar  Ecol.  Prog.  Ser  191:217-232. 

Iglesias.  J.  I,  P..  E.  Navarro,  P,  A.  Joma  &  I.  Aementia.  1992.  Feeding, 
particle  selection  and  absorption  in  cockles  Ceraslodenna  edule  (L.) 
exposed  to  variable  conditions  of  food  concentration  and  quality. 
/  £vp.  Mar.  Biol.  Ecol.  162:177-198. 

Iglesias,  J.  1.  P..  M.  B.  Urrutia,  E.  Navarro.  P.  Alvarez-Joma,  X.  LaiTetxea, 
S.  Bougrier  &  M.  Heral.  1996.  Variability  of  feeding  processes  in  the 
cockle  Cerasiiulcrma  cdulis  (L. )  in  response  to  changes  in  seston  con- 
centration and  composition.  J.  E.xp.  Mar.  Biol.  Ecol.  197:121-143. 

James,  M,  R,  &  A.  H.  Ross.  1996.  How  many  mussels  can  we  farm? 
Seafood  New  Zealand  4:50-53. 

Jorgensen,  C,  B,  1996.  Bivalve  filter  feeding  revisited.  Mar.  Ecol.  Prog. 
Ser  142:287-302. 

Kreeger,  D.  A.  1993.  Seasonal  patterns  m  the  utilization  of  dietary  protein 
by  the  mussel,  Mytilus  trossulus.  Mar.  Ecol.  Prog.  Ser.  95:215-232. 

Kreeger,  D.  A.,  A.  J.  S.  Hawkins  &  B.  L.  Bayne.  1996.  Use  of  dual-labeled 
microcapsules  to  discern  the  physiological  fates  of  assimilated  carbo- 
hydrate, protein  carbon,  and  protein  nitrogen  in  suspension-feeding 
organisms.  Linmol.  Oceanogr.  41:208-215. 

Li,  S.  C.  W.  X.  Wang  &  D.  P.  H.  Hsieh.  2001.  Feeding  and  absorption  of 
the  toxic  dinoflagelatte  Ale.xandrium  tamarense  by  two  marine  bivalves 
from  the  South  China  Sea.  Mar  Biol.  139:617-624. 

Mackenzie,  A.  L.,  H.  F.  Kaspar  &  P.  A.  Gillespie.  1986.  Some  observa- 
tions on  phytoplankton  species  composition,  biomass.  and  productivity 
in  Kenepuru  Sound.  New  Zealand.  1982-1983.  N.Z.J.  Mar.  Fresh- 
water Res.  20:397-405. 

Marsden.  I.  D.  &  M.  A.  Weatherhead.  1999.  Short-le\el  mduced  variations 
in  condition  and  feeding  of  the  mussel  Perna  canaliculus  from  the  east 
coast  of  the  South  Island,  New  Zealand.  N.  Z.  J.  Mar.  Freshwater  Res. 
33:611-622. 

Navarro,  E.  &  R.  J.  Thompson.  1994.  Comparison  and  evaluation  of  dif- 
ferent techniques  for  measuring  absorption  efficiency  in  suspension 
feeders.  Limnol.  Oceaiwgr.  39:159-164. 

Navarro,  E.,  J.  I.  P.  Iglesias  &  M.  M.  Ortega.  1992.  Natural  sediment  as  a 
food  source  for  the  cockle  Cerastoderma  edule  (L.):  effect  of  variable 
particle  concentration  on  feeding,  digestion  and  the  scope  for  growth. 
J.  Exp.  Mar.  Biol.  Ecol.  156:69-87. 


Newell.  R.  1.  E.  &  S.J.  Jordan.  1983.  Preferential  ingestion  of  organic 
material  by  the  American  oyster  Crassostrea  virginica.  Mar.  Ecol. 
Prog.  Ser  13:47-53. 

Ogilvie,  S.  C.  2000.  Phytoplankton  depletion  in  cultures  of  the  mussel 
Perna  canaliculus.  PhD  thesis,  Univ.  Canterbury,  New  Zealand. 
126  pp. 

Ren.  J.  S..  A.  H.  Ross  &  D.  R.  Schiel.  2000.  Functional  descriptions  of 
feeding  and  energetics  of  the  Pacific  oyster  Crassostrea  gigas  in  New 
Zealand.  Mcir  Ecol.  Prog.  Ser  208:119-130. 

Ren,  J.  S.  2001.  Dynamic  energy  budgets  of  the  oysters  Crassostrea  gigas. 
PhD  thesis,  Univ.  Canterbury,  New  Zealand.  159  pp. 

Ren,  J.  S.  &  A.  H.  Ross.  2001.  A  dynamic  energy  budget  model  of  the 
Pacific  oyster  Crassostrea  gigas.  Ecol.  Model  142:105-120. 

Ren,  J.  S.  &  A.  H.  Ross.  2002.  What's  best  for  mussels?  Fish.  .Aquaculture 
Update  5:2. 

Ren.  J.  S.  &  A.  H.  Ross.  2005.  Environmental  influence  on  mussel  growth: 
a  dynamic  energy  budget  model  and  its  application  to  the  greenshell 
mussel  Perna  canaliculus.  Ecol.  Model.  189:347-362. 

Riisgard,  H.  U.  &  A.  Randlov.  1981.  Energy  budget,  growth  and  filtration 
rates  in  Mytilus  cdulis  at  different  algal  concentration.  Mar.  Biol.  61: 
227-2,34. 

Romberger.  H.  P.  &  C.  E.  Epifanio.  1981.  Comparative  effects  of  diets 
consisting  of  one  or  two  algal  species  upon  assimilation  efficiencies 
and  growth  of  juvenile  oysters,  Crassostrea  virginica  (Gmelin).  Aqua- 
cultiu-e  25:77-87. 

Ross,  A.  H,  &  K.  Image.  2001.  Assessment  of  environmental  changes, 
causes,  and  the  consequences  for  mussel  condition  in  Pelorus  Sound 
1995-2001.  National  Institute  of  Water  and  Atmospheric  Research 
Client  Report.  No.  CHCOl/60.  41  pp. 

Ross,  A.  H..  J.  S.  Ren  &  S.  C.  Ogilvie.  1997.  Assessment  of  environmental 
influence  on  mussel  condition  in  the  Marlborough  Sounds.  Unpub- 
lished National  Institute  of  Water  and  Atmospheric  Research  Contract 
Report.  NoCHC97(.50):llpp. 

Shumway,  S.  E.,  T.  L.  Cucci.  R.  C.  Newell  &  CM.  Yentsch.  1985. 
Particle  selection,  ingestion,  and  absorption  in  filter-feeding  bivalves. 
/  Exp.  Mar.  Biol.  Ecol.  91:77-92. 

Sidari,  L..  P.  Nichetto.  S.  C,  Sosa,  A.  Tubaro.  G.  Honsell  &  R.  Delia 
Loggia.  1998.  Phytoplankton  selection  by  mussels,  and  dianhetic  shell- 
fish poisoning.  Mar.  Biol.  131:103-111. 

van  Haren,  R.  J.  F.  &  S.  A.  L.  M.  Kooijman.  1993.  .Application  of  a  dy- 
namic energy  budget  model  to  Mytilus  edulis  (L.).  Nctherland  .lournal 
of  Sea  Research  31:119-133. 

Walne.  P.  R.  1970.  The  seasonal  Viu'iation  of  meat  and  glycogen  content  of 
seven  populations  of  oysters  Ostrea  edulis  L.  and  a  review  of  the 
literature.  Fish.  Invest.  II  24:1-35. 

Wang,  W.  X.  &  N.  S.  Fisher.  1996.  Assimilation  of  trace  elements  by  the 
mussel  Mytilus  edulis:  effects  of  food  composition.  Linmol.  Oceanogr. 
41:197-207. 

Wang,  W.  X..  N.  S.  Fisher  &  S.  N.  Luoma.  1995.  Assimilation  of  trace 
elements  ingested  by  the  mussel  Mytilus  edulis:  effects  of  algal  food 
abundance.  Mar.  Ecol.  Prog.  Ser.  129:16.5-176. 

Willows.  R.  1.  1992.  Optimal  digestive  investment:  a  model  for  filter  feeder 
experiencing  variable  diets.  Limnol.  Oceanogr.  37:829-847. 

Winter.  J.  E.  1978.  A  review  on  the  knowledge  of  suspension-feeding  in 
lamellibranchiate  bivalves,  with  special  reference  to  artificial  aqua- 
culture  systems.  Atpuuultiirc  13:1-33. 


Joiinuil  of  Shellfish  Research.  Vol.  25.  No.  .\  Sy^-S^t).  200(1. 

AGEING  AND  METABOLISM  OF  MYTILUS  EDULIS:  POPULATIONS  FROM  VARIOUS 

CLIMATE  REGIMES 

A.  A.  SUKHOTIN,"*  D.  ABPZLE"  AND  H.-O.  PORTNER" 

' White  Sea  Biological  Station.  Zoological  Institittc  of  Rus.sian  Academy  of  Scieiues.  Univer.sitetskaya 
nah..  L  199034  St.  Petersburg.  Russia:  'Alfred-Wegener  Institute  fiir  Polar  uiul  Meeresforscliung. 
dkophysiologie.  Am  Haiidelsliajen  12,  27570  Bremerhaveii.  Germany 

ABSTRACT  The  aim  of  this  study  is  to  elucidate  the  impact  of  age  and  temperature  on  metabolic  key  parameters  (respiration  rate 
and  mitochondrial  marker  en/ymes)  controlling  ma.ximal  size  and  longevity  in  the  blue  mussel  Mytilus  echilis  L.  from  geographically 
separated  populations  of  Northern  European  seas.  Mussels  from  the  Barents  Sea  attain  similar  maximal  sizes  as  animals  from  the 
warmer  North  Sea.  Young  animals  (<5  y)  grow  faster  in  the  North  Sea.  however,  inshore  Barents  Sea  mussels  grow  rapidly  even  at 
advanced  age.  The  slowest  growth  rates  were  found  in  a  population  exposed  to  strong  wave  action  in  the  Barents  Sea.  Respiration  rates 
followed  the  same  age  dependent  pattern  in  mussels  from  all  studied  populations  with  low  respiration  rates  in  the  youngest  specimens 
followed  by  a  rapid  increase  and  then  a  gradual  decline  to  nearly  constant  values  in  the  oldest  animals.  When  compared  at  a  common 
temperature,  metabolic  rates  only  of  young  blue  mussels  (<7-8  y)  are  cold  compensated  with  maximal  respiration  in  the  most  Northern 
populations.  Cold  compensated  metabolic  activities  in  mussels  from  Northern  populations  may  support  similar  patterns  of  maximal 
body  size  and  longevity  as  in  the  more  temperate  Southern  population. 

KEY  WORDS:  ageing.  Barents  Sea.  citrate  synthase,  cytochrome  C  oxidase,  growth,  environmental  temperature,  Mytilus  ediilis. 
North  Sea,  respiration  rate.  White  Sea 


INTRODUCTION 

Mi)st  eurythermal  marine  invertebrates  of  tlie  Nortliern  hemi- 
sphere have  wide  latitudinal  distribution  and  physiological  differ- 
ences between  spatially  separated  populations  of  one  and  the  same 
species  can  be  pronounced.  In  times  of  rapidly  changing  regional 
climate  regimes  it  is  a  prime  concern  to  study  the  quality  of  physi- 
ological adaptations,  especially  in  key  species  like  the  blue  mussel 
Mytilus  ediilis.  Low  ambient  temperatures  slow  down  metabolic 
activity  at  high  latitudes,  and  there  is  by  now  ample  evidence  that 
thermal  lowering  metabolic  rates  extends  life  span  in  ectothermal 
models  like  Cacnorluihditis  elegans  (Van  Voorhies  &  Wai'd  1999) 
or  Drosophila  melanogaster  (Luckinbill  1998).  However,  in 
aquatic  ectothetms  observations  are  controversial.  Some  euryther- 
mal species  are  distributed  over  wide  latitudinal  gradients,  and,  at 
least  in  northern  populations,  the  animals  tend  to  attain  bigger 
body  sizes  and  longer  life  spans  than  their  southern  counterparts 
(MacDonald  &  Thompson  1988,  Gianniny  &  Geary  1992,  Du- 
chesne &  Magnan  1997).  In  others,  no  tendency  or  the  opposite 
trend  is  observed  (Selin  et  al.  1991,  Garvey  &  Marschall  2(X)3). 
Although  a  growing  number  of  publications  analyze  the  ageing 
process  and  the  influence  of  age  on  metabolism  in  ectotherms  with 
infinite  growth  (Zolotarev  &  Ryabushko  1977,  Fidhiany  &  Winck- 
ler  1998,  Zielinski  &  Portner  2000,  Sukhotin  et  al.  2002.  Philipp  et 
al.  2003,  20061,  virtually  nothing  is  known  about  the  variation  of 
ageing  parameters  within  a  species  with  a  latitudinal  distribution. 

Latitudinal  variations  of  metabolic  rate  in  aquatic  ectotherms 
were  extensively  studied  and  shaped  into  the  hypothesis  of  meta- 
bolic cold  adaptation,  which  suggests  a  significant  elevation  of 
metabolic  rate  in  cold  adapted  species.  This  hypothesis  has  re- 
cently been  challenged  for  Antarctic  stenoiherms  (Clarke  & 
Johnston  1999,  Peck  &  Conway  2000),  but  it  has  been  re- 
emphasized  in  comparative  studies  of  temperate  and  subpolar. 
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Northern  hemispheie  eurytherms  (Portner  2002a.  Portner  2004). 
Notably,  eurythei-mal  cold-water  animals  are  characterized  by  el- 
evated standard  metabolic  rates  in  comparison  with  ternperate  and 
tropical  confamilial  species.  The  present  study  addresses  the  con- 
sequences of  these  patterns  for  the  lifespans  of  marine  bivalves  by 
investigating  metabolic  changes  in  the  course  of  ageing  in  geo- 
graphically separated  populations  of  the  blue  mussel  Mytilus  edu- 
lis.  M.  edulis  is  a  eurythermal  species  inhabiting  European  coa.sts 
from  the  French  Atlantic  coast  in  the  South  to  the  eastern  parts  of 
the  Barents  Sea  and  the  White  Sea  in  the  North.  We  compared 
growth,  metabolic  rates  and  mitochondrial  key  enzymes  of  blue 
mussels  from  the  relatively  warm  temperate  North  Sea  (Helgo- 
land), the  cold  subArctic  White  Sea,  where  seasonal  temperature 
variations  can  span  up  to  15°C.  as  well  as  from  the  cold,  but 
thermally  more  stable  Barents  Sea  (the  seasonal  difference  in  tem- 
perature is  about  6°C). 

MATERIAL  AND  METHODS 

Animals 

Field  sampling  of  blue  mussels  Mytilus  edulis  L.  was  carried 
out  in  3  main  areas;  ( 1 )  Barents  Sea  (Kola  Peninsula,  Yamyshnaja 
Bay  69°06'N,  36°04'E),  (2)  White  Sea  (Chupa  Inlet  of  Kandalak- 
sha Bay.  66°20'N.  33°40'E)  and  (3)  North  Sea  (at  Helgoland 
Island.  54°1 1  'N,  7°53'El  (Fig.  la).  Salinity  of  suiface  waters  range 
from  about  24  ppt  in  the  White  Sea  to  28-32  ppt  in  the  Barents  and 
the  North  seas.  The  three  selected  sampling  locations  fomi  a  dine 
of  temperature  conditions.  The  warmest  is  the  North  Sea.  whereas 
the  White  and  the  Barents  Seas  are  characterized  by  far  lower 
winter  and  summer  temperatures,  respectively  (Fig.  lb).  At  each 
site  dense  or  dispersed  settleinents  of  Mytilus  edulis  are  found  in 
intertidal  and  upper  subtidal  zones.  Sampling  was  performed  from 
intertidal  dense  mussel  beds  at  about  0.7-1  m  above  0  tidal  level 
in  each  of  the  three  sampling  areas.  The  mussel  bed  in  Yarnyshnaja 
Bay  (Barents  Sea.  BSi)  is  situated  in  the  innermost  part  of  a  narrow 
bay,  which  penetrates  about  6  km  into  the  Kola  Peninsula  shoreline 
and  is  thus  protected  from  wave  action.  In  the  White  Sea  sampling 
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Figure  1.  Map  of  study  area  and  sampling  sites  of  mussels  (a)  and 
montlily  average  temperature  in  the  North  Sea  (littp://bah. 
wdc-mare.org),  Barents  Sea  (Matishov  et  al.  19981  and  White  Sea 
iBabkov.  19821. 

area  (WS)  Mylilus  edulis  forms  a  dense  multilayer  population  on 
the  southern  shore  of  a  small  island,  which  is  also  sheltered  from 
direct  wave  action,  whereas  exposed  to  strong  tidal  currents.  In  the 
North  Sea  (NS)  mussels  were  collected  from  the  rocky  intertidal 
on  the  NW  coast  of  Helgoland  Island.  This  site  is  exposed  to  wave 
action  at  N  to  NE  wind  directions. 

Mussels  were  collected  in  October  (BSi  and  WS)  and  Novem- 
ber (NS)  2002.  Sea  water  temperature  was  -(-5.5°C  and  +9°C,  re- 
spectively. Furthermore,  mussels  were  sampled  from  an  intertidal 
population  situated  in  the  outer  part  of  Yarnyshnaja  Bay  of  the 
Barents  Sea  (BSo).  This  area  is  exposed  to  strong  wave  action.  In 
addition,  a  small  sample  of  mussels  from  the  most  Eastern  part  of 
the  Barents  Sea  was  kindly  collected  by  Dr.  P.P.  Strelkov.  These 
mussels  were  sampled  from  subtidal  population  in  6-m  depth  near 
the  Vajgach  Island  (Barents  Sea.  Novaya  Zemlya  Archipelago, 
69°44'N.  59°30'E)  in  August  2002  at  a  water  temperature  of -i-3°C. 

Molluscs  from  all  sites  were  transported  alive  to  the  Alfred- 
Wegener  Institute  (Bremerhaven,  Germany)  and  maintained  in 
aquaria  at  30  ppm  salinity  and  +5.7"C  temperature.  Age  was  de- 
termined for  all  mussels  by  counting  the  rings  of  winter  growth 
delays  on  the  outer  shell  surface.  This  method  has  previously  been 
verified  in  studies  carried  out  in  the  White  Sea  by  comparing  the 
number  of  internal  rings  and  seasonal  growth  of  individually 
marked  mussels  (Cheniodanov  &  Maximovich  1983.  Sirenko  & 


Suranchova  1985).  Respiration  measurements  were  performed  in 
January  2003. 

Growth 

Growth  rings  of  mussels  from  all  four  populations  were  mea- 
sured from  the  umbo  to  the  most  distant  edge  of  the  shell  to  the 
nearest  0.1  mm  for  reconstruction  of  the  growth  history  of  mussels. 
Linear  growth  of  mussels  was  approximated  using  the  von  Berta- 
lanffy  model 

Z.,  =  L-,. -d-exp-'"-'"'), 

in  which  Z.,  is  length  (mm)  at  the  age  f  (years),  L^.  k  and  r„  are 
constants. 

ExperimciUal  Procedure 

Mussels  from  all  populations  were  sorted  by  age  with  consid- 
erable variability  in  animal  size  within  each  age  class.  The  BSi 
group  included  age  classes  from  3-15  y  (12  and  14  y  age  classes 
were  missing)  ranging  in  size  from  0.187-4.740  (mean  =  1.03)  g 
wet  tissue  weight.  The  BSo  group  was  represented  by  4-8-y-old 
mussels  (0.095-0.479,  mean  =  0.29  g  wet  tissue  weight).  Mussels 
from  the  White  Sea  (WS)  were  1-10  y  old  (0.046-2.40.  mean  = 
0.72  g  wet  tissue  wt)  whereas  the  North  Sea  sample  (NS)  com- 
prised animals  from  <1  to  1  1  y  of  age  (0.206-4.036,  mean  =  1.58 
g  wet  tissue  wt).  Vajgach  sample  (Vajgach)  was  represented  by 
only  8  specimens  5-1 1-y-old  (0.249-1 .374,  mean  0.75  g  wet  tissue 
wt).  Mussels  from  this  sample  were  used  only  for  respiration  rate 
measurements. 

Oxygen  consumption  was  measured  at  -h5°C  in  closed  150-200 
niL  respirometers,  containing  1-6  mussels.  Oxygen  concentration 
was  monitored  using  Clark  type  oxygen  electrodes  (Eschweiler, 
Kiel.  Germany).  After  the  measurements  mussels  were  cut  open, 
gills  were  dissected,  blotted  dry  on  tissue  paper,  weighed  to  the 
nearest  0. 1  mg  and  deep  frozen  in  liquid  nitrogen  for  further  analy- 
ses of  enzyme  activities.  The  residual  tissues  were  also  weighed. 
Respiration  rate  was  expressed  in  |jLmol  O,  g"'  tissue  wet  wt  h'  . 

Analyses 

Citrate  synthase  (CS.  EC  2.3.3.1 )  activity  was  measured  spec- 
trophotometrically  at  412  nm  using  an  enzymatic  test  (Sidell  et  al. 
1987).  Powdered  tissue  (about  100  mg)  was  homogenized  in  75 
niM  Tris-l-ImM  EDTA  buffer  (pH  7.6)  at  a  1:9  w/v  ratio.  After 
centrifugation  ( 10  min,  9,500  g.  at  0°C)  CS  activity  in  the  super- 
natant was  measured  in  100  mM  Tris-HCl  buffer  (pH  8.0)  con- 
taining 20mM  acetyl-CoA.  20  niM  oxaloacetate  and  5  mM  DTNB. 
Absorbance  was  monitored  at  412  nm  using  a  spectrophotometer 
(LKB  Pharmacia)  with  cuvettes  thermostatted  at  -(-25°C. 

Cytochrome  C  oxidase  (COX.  EC  1.9.3.1)  activity  in  mussel 
gill  tissue  was  determined  according  to  Hardewig  et  al.  (1999).  Pow- 
dered tissue  (1:9  w/v)  was  homogenized  in  20  mM  Tris-HCl  -flniM 
EDTA  -I-  0.1%  Tween  20  buffer  (pH  7.4).  Enzyme  activity  was 
measured  in  the  assay  buffer  (20  mM  Tris-HCl,  pH  8.0  +  0.5% 
Tween  20  -i-  50  jjiM  reduced  cytochrome  c)  at  -i-25''C.  The  decrease 
of  absorbance  was  determined  spectrophotometrically  (LKB  Phar- 
macia) at  550  nm.  Cytochrome  C.  dissolved  in  20  mM  Tris-HCl, 
pH  8.0  was  reduced  by  sodium  dithionite.  which  was  removed  by 
gel  filtration  in  a  Sephadex  G-25  column.  Enzyme  activities  were 
expressed  in  U  g~'  tissue  wet  wt. 

Calculalions  and  Statistics 

One-way  ANOVA  was  used  to  compare  densities,  biomasses, 
respiration  rates  and  enzyme  activities  between  populations.  Post- 
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hoc  CDiiiparisoiis  were  made  by  Tiikey  HSD  TeNt  lor  unequal  N. 
Age  effects  on  respiration  rates  and  enzyme  activities  were  tested 
by  Kriiskai-Wallis  nonparametric  test.  Age  distributions  in  the 
studied  populations  were  compared  by  the  Chi-square  test.  The 
F-test  was  used  for  comparisons  of  linear  growth  equations  in 
different  samples. 


RR  =  ?..H  W 


'  (r  = -0.838. /3<  0.001.  N=  15). 


RESULTS 


GroHih 


Mussels  from  NS  and  WS  populations  grew  rapidly  during  the 
first  4-5  y  but  growth  tended  to  level  off  hereafter  (Fig.  2).  Mol- 
luscs from  the  Barents  Sea  displayed  similar  growth  strategies  in 
both  populations  until  the  5lh  year,  when  animals  from  the  open 
shore  (BSo)  slowed  their  growth,  whereas  mussels  from  the  shel- 
tered part  of  the  bay  (BSi)  continued  intensive  growth  until  the  age 
of  about  10  y.  whereafter  a  decrease  in  growth  rate  was  observed. 
In  terms  of  absolute  shell  length  increment,  mussels  from  the 
North  Sea  had  the  fastest  growth  of  all  populations  in  the  first 
2-,'>  y  after  settlement,  attaining  over  30-mm  body  length  during 
young  age.  Hereafter  their  growth  rate  diminished  to  that  of  mus- 
sels from  the  other  sites.  The  most  rapid  growth  at  advanced  age 
(over  5-y-olds,  beyond  20-mm  body  length)  was  found  in  the 
Barents  Sea  population  from  the  protected  site  in  Yarnyshnaja  Bay 
(BSi).  Pairwise  comparisons  showed  that  growth  curves  of  mussels 
from  the  White  Sea  (WS)  and  from  the  open  part  of  the  Yarnysh- 
naja Bay  (BSo,  Fig.  2)  did  not  differ  statistically  {P  =  0.246. 
F-test).  Both  demonstrated  an  abrupt  decrease  of  growth  rate  after 
reaching  5  y  of  age.  Growth  rates  of  BSi  mussels  differed  sig- 
nificantly from  both  BSo  and  WS  specimens  at  P  =  0.0012  and 
P  <  0.001.  respectively,  whereas  NS  animals  differed  from  all 
others  at  P  <  0.001  (F-test). 

Respiration  Rate 

The  effect  of  body  size  on  respiration  was  appro.ximated  using 
5-y-old  individuals  from  all  3  stations,  because  this  age  class  was 
in  the  middle  of  the  age  range  and  also  one  of  the  most  abundant 
(except  for  the  juveniles)  in  the  studied  populations  (unpublished 
data).  Respiration  rate  (RR.  \x.mo\  O,  g~'  wet  wt  h"')  of  5-y-old 
M.  cdiiUs  decreased  as  a  function  of  tissue  wet  weicht  (W.  g) 
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Figure  2.  Von  Bcrtalanffy  growth  curves  in  mussel  populations.  NS, 
North  Sea:  /.,  =  62.8  ■  (I  -  f.vp"" '"""'"-").  n  =  215.  BSi.  Barents  Sea; 
Innermost  (sheltered)  part  of  the  bay:  /.,  =  4l2.fl  •  ( I  -  «/>  '""■"'-'  ""'"). 
II  =  iy4,  BSo,  Barents  Sea;  outer  (open)  part  of  the  bay:  [.,  =  126.2  • 
(1  -  exp" """-'-'""),  H  =  30,  WS,  White  Sea;  /.,  =  39.3  • 
(1  -  exp-""""-'"'"'),  II  =  238.  Data  are  mean  ±  SE. 


The  obtained  power  coefficient  (-0.356)  was  then  used  for  a 
weight  conection  of  the  respiration  data  to  a  mean  wet  tissue 
weight  (  =  1.00  g)  for  comparisons  between  mussels  of  different 
ages  and  populations.  The  correction  was  as  follows  /?,.,„.,.,,,„.,/  = 

R..l,scrvec,^    (l/lV)-"'*"\ 

Although  the  Vajgach  pi)pulalion  was  subtidal  and  theretore 
differed  from  the  other  populations,  it  was  included  in  the  inter- 
populational  comparisons  of  mussels'  respiration  as  the  most  dis- 
tant outpost  with  the  lowest  ambient  temperatures.  The  factor 
"■population"  had  a  significant  (P  <  0.001,  ANOVA)  effect  on 
weight-corrected  respiration  rates.  Figure  3a  presents  respiration 
rates  of  mussels  from  5  populations  as  means  of  all  ages.  Respi- 
ration increased  in  the  following  rank  order:  NS  <  WS  =  BSi  = 
BSo  <  Vajgach.  Compared  at  a  common  experimental  temperature 
of  5°C,  NS  mussels  were  characterized  by  significantly  (P  <  0.01 , 
Tukey  HSD)  lower  respiration  rates  than  their  more  northern  coun- 
teiparts.  whereas  Vajgach  animals  exceeded  NS,  WS  and  BSi  ones 
by  respiration  at  P  <  0.05.  The  factor  "population"  affected  mussel 
respiration  in  the  separate  age  classes:  2.  4.  5.  6  and  7  y  (P  <  0.05, 
Kruskal-Wallis  test),  whereas  at  ages  I,  3  and  older  than  7  y  the 
difference  between  populations  was  below  significance  (Fig.  3b). 

Becau.se  age  classes  in  Vajgach  sample  were  represented  by  too 
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Figure  3,  Respiration  rales  of  mussels  from  studied  populations — all 
age  classes  combined  together  (a)  and  in  different  age  classes  (b),  NS, 
North  Sea;  BSi,  Barents  Sea:  innermost  (sheltered)  part  of  the  bay, 
BSo,  Barents  Sea:  outer  (open)  part  of  the  bay,  WS,  White  Sea;  Data 
are  mean  ±  SE,  evaluated  at  5°C. 
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few  specimens  this  population  was  not  included  in  the  analysis  of 
age  influence  on  respiration.  Age  effects  on  mussel  respiration 
rates  were  significant  at  P  =  0.026,  P  =  0.047.  P  =  0.004  and 
P  =  0.010  (Kruskal-Wallis  test)  for  BSi,  BSo.  NS  and  WS  popu- 
lations, respectively  (Fig.  3b).  The  shape  of  the  curves  describing 
the  age  dependence  of  respiration  rates  in  mus.sels  was  similar  for 
NS  and  WS  molluscs.  In  these  groups  respiration  rates  were  low  at 
young  age  (0-1-y-old)  followed  by  a  signit"icant  increase  in  2-y- 
old  specimens.  Older  mussels  were  characterized  by  a  gradual 
decrease  of  respiration  with  age,  with  constant  rates  in  age  classes 
3-5  in  both  WS  and  NS  molluscs.  The  oldest  (10-1  1-y-old)  speci- 
mens from  the  NS  displayed  insignificantly  higher  respiration  rates 
than  6-9-y-old  animals  from  that  same  site.  However,  the  sample 
size  was  too  small  for  meaningful  statistical  analyses. 

The  respiration  rate  of  the  youngest  mussels  in  the  BSi  group 
(3-y-old)  was  somewhat,  but  nonsignificantly,  lower  than  that  of 
4-y-old  specimens,  which  displayed  the  highest  respiration  rates  in 
this  population.  A  rapid  2-fold  decrease  in  respiration  rate  was 
recorded  between  age  classes  4  and  6  followed  by  a  gradual  de- 
cline to  the  lowest  values  seen  in  1 3-y-old  specimens. 

The  age  range  of  mussels  from  the  BSo  population  was  much 
narrower  than  that  of  the  other  populations  and  included  only  age 
classes  4-8  y.  Animals  older  than  8  y  were  never  found  on  the  BSo 
site.  On  the  other  hand,  young  specimens  (0-3-y-old)  were  too 
small  to  be  included  in  the  experiments  (mean  shell  length  of 
3-y-olds  from  BSo  was  6.1  mm).  The  respiration  rate  of  BSo 
mussels  was  similar  in  all  age  classes 

Enzyme  Activities 

CS  activity  in  gill  tissue  of  M.  cclidis  varied  from  2.1.3-8.24  U 
g"'  wet  tissue  wt,  whereas  COX  activity  was  in  the  range  0.44- 
1.65  U  g~'  wet  tissue  wt.  The  activity  of  both  enzymes  appeared 
positively  correlated  (Spearman  R  =  0.517,  «  =  125,  P<  0.001) 
(Fig.  4).  Size  effects  on  the  activity  of  citrate  synthase  and  cyto- 
chrome C  oxidase  were  tested  using  regression  (enzyme  activity 
vs.  body  mass)  analyses  in  separate  age  groups  of  different  popu- 
lations. No  significant  trend  was  found  for  either  CS  or  COX. 

Age  of  the  mussels  had  no  influence  on  either  CS  or  COX 
activities  (Kruskal-Wallis  test)  (Fig.  5a).  The  factor  "population" 
significantly  affected  the  activity  of  both  enzymes  (ANOVA,  P  < 
0.01  for  CS  and  P  <  0.001  for  COX)  resulting  in  a  decrease  in 
activity  in  the  order  NS  >  WS  >  BSi  >  BSo  (Fig.  5b).  NS  mussels 
differed  from  both  Barents  Sea  populations  (P  <  0.05,  Tukey  HSD 
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test)  with  respect  to  COX  and  from  BSi  (P  <  0.05.  Tukey  HSD 
test)  with  respect  to  CS  activities. 

DISCUSSION 

Growth  patterns  and  maximal  size  observed  in  the  NS  and  WS 
populations  are  typical  for  mussels  from  intertidal  habitats  of  the 
respective  areas  (see  for  comparison,  for  the  North  Sea: 
Craeymeersch  et  al.  1986;  Munch-Petersen  &  Kristensen  2001,  for 
the  White  Sea:  Savilov  1953,  Maximovich  1989).  On  the  exposed 
rocky  shore  (BSo)  mussels  colonize  crevices  in  the  rocks,  where 
they  are  protected  from  strong  wave  action.  Maximal  size  of  mus- 
sels in  this  habitat  is  obviously  limited  by  the  sheltered  space 
available,  because  aniinals  sticking  out  from  crevices  are  mechani- 
cally removed  by  waves  and  winter  ice.  Strong  hydrodynamic 
action  on  open  shores  provide  better  conditions  for  growth  of 
mussels  from  different  species  than  sheltered  bays,  however,  in 
extreme  cases  growth  on  exposed  habitats  is  inhibited  and  longev- 
ity is  reduced  (McQuaid  &  Lindsay  2000,  Sleffani  &  Branch 
2003).  Growth  of  mussels  from  the  BSo  population  is  similar  to 
that  of  their  conspecifics  from  the  sheltered  BSi  population  until 
the  animals  reach  about  20-mm  shell  size  at  5-6  y.  Older  BSo 
animals  grow  significantly  slower  than  BSi  mussels  and  have  only 
2  y  of  further  life  expectancy.  Thus,  maximum  size  and  longevity 
of  mus.sels  from  the  exposed  intertidal  of  the  Barents  Sea  are  likely 
determined  by  wave  action  and  firmly  limited  to  a  maximal  size  of 
30-35  mm  reached  after  8  y. 

In  contrast,  animals  from  BSi  do  not  seem  to  be  limited  by  any 
mechanical  factor  and  reach  maximal  old  age  and  maximal  attain- 
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able  size  among  all  studied  populations.  Although  bet'oie  3—+  y  of 
age  they  grow  slower  than  NS  and  WS  mussels  with  smaller  an- 
nual growth  increments,  they  keep  growing  by  about  5-6-mm  per 
year  until  they  are  about  13-y-old  and.  eventually,  outgrow  and 
outli\  e  mussels  from  all  other  populations  of  this  study. 

NS  mussels  exceeded  all  other  populations  in  shell  size  within 
each  age  class.  This  difference  is  grounded  in  a  significant  dis- 
tinction in  body  size  reached  by  the  end  of  their  first  growth  season 
in  all  four  populations.  Mytihis  spat  in  the  NS  had  grown  to  a  mean 
size  of  12.9  mm  by  the  beginning  of  winter,  whereas  newly  settled 
mussels  in  the  WS.  BSi  and  BSo  attained  on  average  I.I.  O.S  1  and 
0.60  mm  during  their  first  growth  season.  This  parameter  (the  size 
of  the  first  ring)  depends  on  two  factors:  growth  rate  and  duration 
of  the  growth  season.  In  the  North  Sea  (at  Helgoland,  see  Sprung. 
1983)  Mytihis  settlement  starts  already  in  midMay  resulting  in  a 
4-5  mo  long  initial  growth  season  for  the  spat  in  a  relatively  warm 
sea.  In  the  White  Sea  and  the  Barents  Sea  mussels  spat  settles  in 
August  and  even  later,  leaving  not  more  than  1 .5-2  mo  for  growth 
before  seasonal  cooling  starts. 

According  to  Bergmann's  rule  (originally  elaborated  for  mam- 
mals and  birds.  Ray  1960)  animals  tend  to  increase  their  average 
body  size  with  increasing  latitude.  Among  Northern  hemisphere 
aquatic  ectothemis  following  this  rule  are  fishes  Sqiiahis  mllsiikii- 
rii  (Taniuchi  et  al.  1993).  and  the  gastropod  mollusc  Acanlhiiui 
pttiictiihita  (Gianniny  &  Geary  1992).  Some  weaker  but  significant 
trends  to  grow  bigger  at  higher  latitudes  are  recorded  for  the  giant 
scallop  Placopecten  magellanicus  (MacDonald  &  Thompson 
1988)  and  the  deep-sea  gastropod  Troschelia  heniicieiisis  (Olabar- 
ria  &  Thurston  2003).  There  are  however  nuinerous  deviations 
from  this  rule  (e.g..  Gilbert  1973.  Selin  et  al.  1991.  Duchesne  & 
Magnan  1997.  Garvey  &  Marschall  2003).  The  largest  specimens 
of  mussels  found  in  our  samples  from  the  NS  and  BSi  populations 
were  60.0  and  7 1 .4  mm  length  (4.32  and  4.74  g  wet  tissue  weight ). 
respectively.  Although  mussels  from  the  northern  population  (BSi) 
in  our  study  reach  the  biggest  shell  size,  they  attain  only  similar 
maximal  soft  body  masses  as  NS  mussels.  Therefore,  our  data  do 
not  support  Bergmann's  rule  as  well  as  the  expectations  of  slower 
growth  and  longer  life  of  mussels  from  Arctic  compared  with 
temperate  populations. 

Age  effects  on  respiration  rates  of  mussels  were  studied  in  four 
different  populations  over  a  wide  age  range  from  0-15  y.  In  all 
populations  a  similar  pattern  was  observed,  namely,  low  respira- 
tion rates  in  the  youngest  specimens  followed  by  a  rapid  increase 
and  then  a  gradual  decline  to  nearly  constant  and  similar  values  in 
the  oldest  specimens  at  each  site.  Initial  low  respiration  values  may 
relate  to  sexual  immaturity  of  the  young  animals.  It  has  been 
shown  (Maximovich  1985)  that  M.  ediilis  in  the  White  and  the 
Barents  Seas  attain  sexual  maturity  only  beyond  15-20  mm  shell 
length  (50-100  mg  wet  tissue  weight).  2-y-old  mussels  from  the 
WS  population  included  in  the  analysis  displayed  160-340-mg 
tissue  wet  weight,  whereas  1-y-old  mussels  ranged  between  40  and 
60  mg.  The  fact  that  2-y-olds  were  already  mature,  whereas  l-y- 
olds  were  immature  can  explain  the  difference  in  respiration  rates 
between  inussels  of  these  two  age  classes.  According  to  Sprung 
( 1983).  mussels  from  Helgoland  become  sexually  mature  after  1  or 
2  y.  which  explains  low  respiration  rates  in  0-1-y-old  specimens 
from  the  NS.  The  youngest  mussels  (3  and  4-y-old)  studied  in  both 
Barents  Sea  populations  were  mature  and  displayed  high  respira- 
tion rates. 

The  age-related  pattern  of  respiration  rates  is  common  among 
all  four  studied  populations.  Sexual  maturation  is  accompanied  by 


an  increase  of  weight  specific  respiration,  which  is  followed  by  a 
more  or  less  pronounced  decrease  of  respiration  at  older  age.  It  is 
interesting  that  despite  the  almost  2-fold  difference  in  maximum 
lifespan  observed  in  the  studied  populations  (8  and  15  y  in  BSo 
and  BSi.  respectively),  the  age  window  of  "metabolically  most 
active"  mussels  is  the  same  in  all  populations  (from  the  age  of 
sexual  maturity  to  6-7  y)  (Fig.  3b). 

A  general  decrease  of  weight  specific  metabolic  rate  in  the 
course  of  ageing  is  reported  for  homeotherms  and  insects  (see  for 
review  McCarler  1995).  however,  with  few  exceptions  (O'Connor 
et  al.  2002).  Data  on  age-dependence  of  metabolic  rate  in  infinitely 
growing  species  are  controversial.  Mere  age  effects  on  respiration 
rate  (not  linked  to  the  influence  of  body  size)  were  reported  for 
bivalves  Crenomxtihis  giayaiuts  (Zolotarev  &  Ryabushko  1977). 
Argnpecleit  irnulians  irradicms  (Bricelj  et  al.  1987).  Mylihis  edulis 
(Sukhotin  &  Portner  2001)  and  fish  Ciclilasomu  nigrofascialiim 
(Fidhiany  &  Winckler  1998).  However,  in  other  studies  this  effect 
was  poor  or  not  seen  at  all  (Perez  Camacho  et  al.  2000.  Sukhotin 
et  al.  2002.  2003).  This  study  shows  that  age  effects  on  metabolic 
rate  of  mussels  are  not  straight  forward  (the  older  the  animal,  the 
lower  the  metabolic  rate).  There  can  be  periods  with  a  strong  effect 
of  age  on  respiration  (e.g..  an  increase  after  maturation  or  a  rapid 
decrease  after  6-7  y  of  age)  and  also  time  intervals  when  metabo- 
lism is  virtually  independent  of  age  (e.g..  in  the  most  metabolically 
active  and  also  in  the  oldest  specimens).  Therefore,  comparisons  of 
selected  age  classes  in  latitudinal  comparisons,  seeking  for  an 
effect  of  environmental  temperature  on  metabolic  rates  may  lead  to 
enoneous  interpretations.  Further,  our  data  suggest  that  the  age- 
related  decline  in  respiration  is  more  pronounced  in  cold-adapted 
subArctic  animals  (BS  and  WS)  than  in  North  Sea  mussels.  More- 
over, in  warm-acclimated  (summer)  animals  (Sukhotin  et  al.  2002; 
2003)  the  age  effect  may  not  appear  as  pronounced  as  in  late 
autumn  (this  study)  and  winter. 

Respiration  rates  of  mussels  from  the  investigated  populations 
are  indicative  of  metabolic  cold  compensation  in  Mytihis  edulis 
from  Northern  latitudes.  This  compensation  of  respiratory  capacity 
in  cold  adapted  ectotherms  from  the  Northern  hemisphere  is 
achieved  by  an  increase  of  mitochondrial  density  or  inner  mem- 
brane surface  area  as  well  as  mitochondrial  capacity  (Tschischka  et 
al.  2000,  Sommer  &  Portner  2002,  2004).  Mussels  from  interme- 
diate reproductive  age  classes  from  the  more  northern  populations 
had  higher  specific  respiration  rates  than  those  from  the  North  Sea. 
By  contrast,  old  and  presumably  also  very  young  mussels  had 
lower  and  uniform  respiration  rates  in  all  populations  so  that  popu- 
lation differences  were  abolished  in  the  old  animals  (Fig.  3b).  In 
other  words,  cold  adaptation,  specifically  latitudinal  differences  in 
metabolic  rates  according  to  different  temperatures  inanifests  es- 
pecially in  the  most  metabolically  active  specimens,  possibly  be- 
cause of  active  somatic  growth  and  substantial  reproductive  effort, 
which  are  costly  in  terms  of  assimilated  energy.  When  combined, 
both  findings  support  the  view  that  in  the  Northern  Mytihis  popu- 
lations lifetime  energy  expenses  peak  early  in  life  to  support  re- 
productive output  in  young  animals,  whereas  metabolic  activity 
declines  rapidly  thereafter.  This  may  be  an  adaptation  to  the  harsh 
environmental  conditions  and  may  also  reflect  an  age-related  de- 
crease of  energy  demands  for  somatic  growth  and  reproduction, 
until  a  baseline  level  of  energy  turnover  is  reached  as  required  for 
maintenance  that  allows  no  further  reduction  in  the  old  animal. 

Weight  specific  activities  of  metabolic  enzymes  as  citrate  syn- 
thase and  cytochrome  C  oxidase  often  vary  between  warm  and 
cold  adapted  mollusks  or  between  summer  and  winter  specimens 
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in  one  and  the  same  population.  Interestingly,  whole  animal  res- 
piration in  our  study  did  not  follow  the  same  trend  as  the  mito- 
chondrial key  enzymes  in  gills.  Enzyme  activities  in  gills  were 
highest  in  the  North  Sea  population  (25°C  assay  temperature)  but 
whole  animal  respiration  at  5°C  was  lower  at  Helgoland  than  in 
WS  and  BS  animals.  Higher  enzyme  activities  at  low  whole  animal 
respiration  rate  would  suggest  higher  mitochondrial  densities  or 
capacities  in  gills  of  the  warmer  North  Sea  animals  despite  low 
respiration  rate  measured  at  5°C.  This  apparent  contradiction 
might  suggest  that  the  metabolic  requirements  in  gills  vary  inde- 
pendently from  those  of  the  whole  animal.  It  appears  conceivable 
that  food  demand  and  associated  gill  activity  are  high  at  the  higher 
temperatures  of  the  North  Sea  such  that  gill  metabolic  capacity  is 
set  high.  Moreover,  according  to  the  temperature  regime  seen  at 
Helgoland  roads  (Wiltshire  &  Manly  2004:  3°C  to  20°C.  mean 
T  =  9°C)  the  temperature  applied  during  respiration  analyses  is 
low  for  Helgoland  indicating  that  metabolic  rate  was  measured  at 
the  low  end  and  enzyme  capacities  were  analyzed  beyond  the  high 
end  of  the  thermal  window.  Future  analyses  should  compare  mus- 
sel metabolism  and  enzyme  activities  at  the  same  and  within  the 
range  of  habitat  temperatures. 

Aerobic  enzyme  capacities  in  other  invertebrates  have  been 
found  to  vary  in  line  with  the  cost  of  cold  eurythermy  hypothesis 
(Portner  et  al.  2000.  Pcirtner  2004).  Among  scallops.  COX  activity 
ranged  significantly  higher  in  Aequipecten  openidaris  from  the 
wanner  Irish  Sea  than  in  cold  adapted  stenothermal  Adanmssium 
colbecki  from  the  high  Antarctic,  whereas  CS  activities  were  simi- 
lar in  both  species  (Philipp  et  al.  2006).  In  contrast,  cytochrome  C 
oxidase  (COX)  activity  was  10-times  higher  during  summer  in 
cold  adapted  eurythermal  lugworms  Arenicola  marina  from  the 
White  Sea  at  6°C  than  in  North  Sea  specimens  measured  at  1 1  °C 
(Sommer  &  Portner  2002).  Seasonal  influences  may  modulate  this 
picture.  Sommer  and  Portner  (2004)  and  Keller  et  al.  (2004)  found 
that  mitochondrial  respiratory  capacity  was  significantly  higher  in 
prespawning  and  lower  in  postspawning  summer  anmials  than  in 


winter.  Concomitantly.  CS  activities  in  North  Sea  lugworm  tissue 
during  summer  versus  winter  were  equal  prespawning  or  lower 
postspawning.  A  seasonal  comparison  of  the  related  horse  mussels. 
Modiolus  modiolus.  (Mytilidae)  from  shallow  subtidal  environ- 
ment (lO-m  depth)  of  New  Hampshire.  Isle  of  Shoals.  United 
States  (Lesser  &  Kruse  2004)  found  somewhat  but  significantly 
higher  respiration  in  summer  than  winter  animals,  however,  again 
with  CS  concentration  per  g  tissue  significantly  increased  in  the 
winter.  This  may  reflect  reduced  whole  animal  respiration  rates 
caused  by  metabolic  depression  in  winter,  whereas  enhanced  CS 
levels  and  COX  activities  during  winter  (Lesser  &  Kruse  2004)  are 
in  line  with  elevated  capacities  of  mitochondria  in  seasonal  cold 
and  may  also  meet  additional  metabolic  requirements  on  top  oi 
supporting  mitochondrial  capacity  (Portner  2002b). 

In  conclusion,  the  compensatory  increase  of  metabolic  rate  in 
cold  adapted  Northern  hemisphere  mussels  manifests  especially  in 
the  most  metabolically  active  individuals  and  is  less  apparent  at 
advanced  age.  Our  data  suggest  compensation  for  latitudinal  cold 
during  summer  in  blue  mussel  Mytihis  edulis  Northern  popula- 
tions. Cold  compensation  is  mostly  reflected  in  actixe  whole  ani- 
mal respiration  rates,  in  line  with  the  cold  eurythermy  hypothesis 
(cf.  Portner  et  al.  2000.  Sommer  &  Portner  2004).  According  to 
our  data,  growth  and  longevity  in  blue  mussels  relate  to  tempera- 
ture variability  within  the  climatic  range  covered  in  this  study  as 
well  as  to  local  environmental  factors.  Similarity  of  maximal  life 
spans  of  mussels  from  latitudinaliy  separated  populations  can  be 
explained  by  similar  metabolic  rates  at  ambient  temperature 
caused  by  metabolic  cold  compensation  in  animals  at  high  North- 
em  latitudes. 
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VALVE-GAPE  RESPONSE  TIMES  IN  MUSSELS  {MYTILUS  EDULIS)— EFFECTS  OF 
LABORATORY  PRECEDING-FEEDING  CONDITIONS  AND  IN  SITU  TIDALLY  INDUCED 

VARIATION  IN  PHYTOPLANKTON  BIOMASS 


HANS  ULRIK  RIISGARD,*  JOHAN  LASSEN  AND  CHRISTINA  KITTNER 

Mciriiw  Biological  Reseuich  Cviilir.  Univcrxilr  of  Soulhcm  Dciinuirk.  Hmdsholmvcj  II.  DK-5300 
Kcrteminde,  Denmark 

ABSTR.ACT  Many  physiulogical  pmccssL's  m  bivalves  arc  intluenced  by  the  valve  opening  sale  and  Ihus  (he  valve  opening-closing 
response  times  of  the  experimental  animals.  Controlled  laboratory  studies  using  underwater  video  camera  recording  of  valve-gape 
responses  of  mussels  (Mytilus  ediilis)  to  presence  or  absence  of  algal  cells  in  the  ambient  water  have  revealed  that  valve  opening  and 
closing  responses  are  strongly  intluenced  by  the  preceding  feeding  conditions.  The  observations  indicate  that  the  period  during  which 
mussels  may  "learn"  or  "forget"  to  respond  to  the  presence  or  absence  of  algal  cells  can  last  for  weeks  in  the  laboratory.  Further,  the 
critical  algal  concentration  below  which  mussels  close  their  valves  has  been  identified  to  be  about  700  Rhodomonas  sp.  cells  mL  ', 
or  0.9  (jLg  chl  a  L"'.  Such  knowledge  is  essential  for  making  allowance  for  possible  deviation  from  natural-response  times  in  mussels 
kept  in  the  laboratory  previous  to  experimental  physiological  studies,  hi  silii  simultaneous  registrations  of  water  flow,  chl  a  and 
valve-opening  degree  of  mussels  were  made  within  a  dense  mussel  bed  in  a  shallow,  tidally  dominated  inlet  to  a  Danish  t]ord.  Phases 
of  strong  tidal  flow  brought  ample  supply  of  phy  toplankton  to  the  mussel  bed.  and  it  was  observed  that  concentrations  higher  than  about 
I  jjLg  chla  L"'  in  the  near-bed  layer  stimulated  the  mussels  to  keep  their  valves  wide  open,  whereas  tidal  slack  with  slow  flow  resulting 
in  near-bed  concentrations  below  1  (jLg  chl  a  L"'  caused  by  grazing  by  the  mussels,  after  some  time  led  to  shell  closure,  or  reduced 
valve  gapes  of  the  mussels.  The  valve  opening  time  from  opening  degree  50%  to  100%  and  the  valve  closing  time  from  opening  degree 
100%  to  50%  in  response  to  variation  in  near-bed  chl  u  concentration  were  on  average  59  ±  22  and  50  ±  19  min.  respectively,  which 
is  considerably  faster  than  observed  in  unfed  mussels  in  the  laboratory. 

KEY  WORDS:     feeding  activity,  response  to  phytoplankton.  valve  gape,  feeding  activity,  grazing  impact 


INTRODUCTION 

Many  physiological  processes  in  bivalves  are  strongly  inllti- 
enced  by  the  valve  opening  state  and  thus  the  valve  opening- 
closing  response  times  of  the  experimental  animals  (Riisgard 
2001b).  Filter-feeding  bivalves  are  able  to  sense  the  presence  of 
suspended  food  particles  in  the  ambient  water,  and  this  sensitivity 
is  reflected  in  the  gape  of  the  valves  (Jorgensen  1973).  The  be- 
havioral valve-opening  repertoire  ranges  froin  closed  valves  and 
retraction  of  mantle  edges  and  siphons  to  fully  open  valves  ac- 
companied by  extended  mantle  edges  and  siphons  (j0rgensen  et  al. 
1988).  Under  optimal  conditions,  bivalves  filter  the  ambient  water 
at  a  maximum  rate  and  under  sub  optimal  environmental  condi- 
tions, including  low  or  (very)  high  concentrations  of  phytoplank- 
ton. the  valve  gape  is  reduced  and  the  mantle  edges  retracted 
(Riisgard  &  Randlov  1981.  Jorgensen  et  al.  1988.  Riisgard.  1991: 
2001a.  Clausen  &  Riisgard  1996.  Newell  et  al.  1998;  2001. 
Dolmer  2000a;  2000b.  Riisgard  et  al.  2003.  van  Duren  et  al.  2005. 
Lassen  et  al.  2006).  Although  mussels  in  nature  may  often  expe- 
rience phytoplankton  concentrations  below  the  threshold  level,  the 
valve  gape  opening-closing  response  to  natural  variations  in  phy- 
toplankton biomass  in  nature  has  so  far  been  unobserved. 

In  algal  clearance  experiments  with  blue  mussels.  Mylilti.'.  cdu- 
lis.  we  have  often  over  the  years  observed  that  when  inussels  are 
fed  algal  cells  for  some  hours  every  day  during  a  period  of  up  to 
one  week,  as  has  been  the  case  during  many  student  laboratory 
exercises,  both  the  opening  and  closing  response  apparently  be- 
come faster  than  observed  on  mussels  starved  for  some  days — or 
sometimes  weeks — previous  to  the  first  clearance  experiments. 
These  observations  draw  attention  to  the  iinportance  of  the  previ- 
ous feeding  history  of  the  bivalves.  More  knowledge  on  the  re- 
sponse times  in  mussels  will  improve  our  understanding  of  the  role 
of  mussels  for  the  energy  tlow  in  highly  dynamic  systems.  In  such 


systems,  the  opening-closing-response  times  to  presence/absence 
of  food  may  potentially  limit  ingestion  and  the  grazing  impact  on 
phytoplankton.  Awareness  of  response  times  is  also  important 
when  interpreting  (e.g.,  observed  correlations  between  low  food 
concentrations  and  clearance  rates  in  mussels).  On  shorter  time 
scales  (minutes  to  hours!  the  mussel  response  times  may  cause 
hysteresis  and  mask  the  underlying  functional  response  of  clear- 
ance rate  to  food  concentration. 

In  the  present  work  we  first  in  controlled  laboratory  experi- 
ments examined  if  mussels  are  able  to  lose  and  regain  the  ability 
to  respond  promptly  to  absence  and  presence  of  suspended  algal 
cells  in  the  ambient  water.  Such  knowledge  about  "memory/ 
learning/  forgetting"  in  filter-feeding  bivalves  may  be  essential  for 
making  allowance  for  possible  deviation  from  natural-response 
times  in  animals  kept  in  the  laboratory  for  shorter  or  longer  times 
previous  to  physiological  experiments. 

Next,  in  field  studies  we  examined  the  interactions  between 
water  flow,  near-bed  phytoplankton  biomass  and  valve  gape  open- 
ing-closing response  times  of  mussels  in  a  dense  bed.  The  study 
site,  the  narrow  inlet  to  a  shallow  tjord.  was  chosen  because  of  a 
predictable  water-tlow  regimen  created  by  the  tide.  Because  of  a 
high  area-specific  population  filtration  rate,  a  considerable  varia- 
tion in  the  chlorophyll  a  concentration  could  be  expected  within  a 
half-tidal  period.  Therefore,  the  mussels  are  likely  to  be  wide  open 
during  strong-flow  periods  with  ample  supply  of  phytoplankton,  in 
contrast  to  periods  with  temporary  tidal  slacks  and  low  supply 
rates  of  phytoplankton,  where  reductions  in  valve-gapes  could  be 
expected. 


MATERIALS  AND  METHODS 


Lahoraton-  Studies 


♦Corresponding  author.  E-mail:  hurCs'biology. sdu.dk 


Blue  mussels,  Mylilii.s  cdidis.  were  collected  in  the  southeastern 
part  of  Kerteminde  Fjord  (Fyn.  Denmark)  in  August  2003,  January 
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and  May  2004.  and  brought  to  the  nearby  Marine  Biological  Re- 
search Centre  where  all  experiments  were  conducted.  In  feeding 
experiments,  mussels  in  aerated  aquaria  were  offered  suspended 
algal  cells  Rlunloinonas  sp.  (almost  spherical,  about  6.3  p.ni  in 
diameter)  that  are  100*  efficiently  retained  by  the  gills  of  M. 
eduUs  (M0hlenberg  &  Riisgard  1978).  The  algal  cell  concentration 
was  measured  by  means  of  an  electronic  particle  counter  (Elzone 
5380)  by  taking  1 5  niL  water  samples  for  analysis.  All  experiments 
were  conducted  at  naturally  low  algal  concentrations  between 
1,000-4.000  Rhodomonas  sp.  cells  mL"'.  equivalent  to  about  1-5 
(Jig  chl  a  r'  (Riisgard  et  al.  2003).  In  short-term  laboratory  ex- 
periments, the  valve  gapes  of  mussels  were  monitored  by  means  of 
a  digital  camera  taking  a  picture  every  10  min.  In  long-term  labo- 
ratory experiments,  the  valve  gapes  were  monitored  by  means  of 
an  underwater  video  camera  (SONY  TRV25)  recording  the  mus- 
sels for  2  s  every  5  min.  The  individual  valve  gape  was  measured 
as  the  distance  between  the  shells  at  the  center  of  the  exhalant 
opening  and  subsequently  expressed  as  percentage  of  maximum 
distance  recorded. 

To  study  whether  the  opening-closing  responses  of  the  mussels 
and  their  duration  are  dependent  on  preceding  feeding  conditions 
a  number  of  feeding/starvation  experiments  were  performed.  In 
one  series  of  experiments.  Mytilus  ediiUs  (Group  #1 .  Table  I )  were 
placed  in  an  aerated  aquarium  with  l.2-|jim  filtered  seawater  (20 
psu)  and  the  temperature  was  kept  constant  (Hetofrig  cooler/ 
heater)  at  the  natural  (field)  acclimation  temperature  of  the  mussels 
(I9.6°C).  Afterwards  the  mussels  were  fed  about  3.500  Rliodomo- 
nas  sp.  cells  mL"'  for  2  h.  The  following  day  (Day  1 )  Rhodomonas 
sp.  cells  were  repeatedly  added  to  the  aquarium  and  filtration  rate 
measurements  were  performed  under  simultaneous  monitoring  of 
the  valve  gape  of  the  mussels  during  the  opening  phase  (09f-  to 
80%  of  maximum  registered  valve  gape  during  the  whole  experi- 
ment). After  5  h  feeding,  the  mussels  were  separated  into  two 
groups  (Group  #2A  and  Group  #2B.  Table  I )  and  placed  in  two 
aerated  aquaria  with  filtered  seawater  and  constant  temperature 
(19.6°C).  For  the  next  4  days  (Day  2  to  Day  5)  filtration  rate 
measurements  were  performed  while  simultaneously  monitoring 
the  valve  gapes  of  mussels  in  Group  #2A.  which  were  fed 
Rhodomonas  sp.  cells  for  about  5  h  d~'.  Group  #28  was  starved  in 
the  same  period.  On  Day  6  the  valve-gape  opening  response  was 
recorded  in  both  Group  #2A  and  Group  #28.  Rhodomonas  sp.  cells 
were  repeatedly  added  to  the  two  aquaria  with  the  two  groups,  and 
the  valve  gapes  were  monitored  until  all  mussels  were  maximally 
open.  Then  the  algal  supply  was  subsequently  stopped  and  the 
valve-gape  closing  response  to  decreasing  algal  concentration 
(<1000  cells  mL~')  was  recorded.  When  the  mussels  had  reduced 
the  algal  concentration  below  the  detection  level  of  the  electronic 
particle  counter  (about  100  Rhodomonas  sp.  cells  niL"';  Riisgard 

TABLE  1. 

Mytihis  edulis.  Data  for  groups  of  mussels  at  the  end  of  experiments. 

Number  of  individuals  (;i).  shell  length  (Z.I.  body  wet-  and  dry 

weiRht  (H'„,  H,,). 


Group  # 

H 

L  (cm  ±  SD) 

H„,  (g  ±  SD) 

H'rf  (g  ±  SD) 

1 

1.^ 

3.997  ±0.106 

2A 

7 

3.990  +  0.080 

1.958  ±0.213 

0.334  ±  0.029 

2B 

6 

3.960  ±0.1 39 

2.036  ±  0.475 

0..142  + 0.104 

.^ 

11 

4.191  ±0.112 

2.671  ±0.500 

0.462  ±0.1 10 

4 

19 

2.702  ±(l.l9.'i 

0.414  ±0.071 

0.070  ±0.015 

et  al.  2003)  further  water  sampling  for  particle  analysis  was  ceased 
whereas  the  monitoring  of  valve  gape  continued  until  all  mussels 
had  closed  their  valves.  During  the  following  13-14  days  both 
groups  of  mussels  starved  whereupon,  on  Day  20  and  Day  21  for 
Group  #2A  and  Group  #28  respectively,  the  valve-gape  opening 
closing  response  was  again  registered. 

In  another  series  of  experiments,  the  valve  gape  opening- 
closing  response  of  mussels  caused  by  presence/absence  of  algal 
cells  was  also  recorded  during  periods  with  continuous  algal  sup- 
ply followed  by  starvation  periods  without  algal  supply.  The  ex- 
perimental period  lasted  for  68  and  50  days  for  Group  #3  and 
Group  #4  respectively  (Table  1 ).  Supply  of  algal  cells  was  estab- 
lished from  Day  1  to  Day  38  for  Group  #3.  and  from  Day  1  to  Day 
28  for  Group  #4.  whereas  long-term  starvation  was  established 
from  Day  38  to  Day  68  for  Group  #3.  and  from  Day  28  to  Day  50 
for  Group  #4. 

Filtered  seawater  was  continuously  flowing  through  a  strongly 
aerated  aquarium  with  mussels.  A  dosing  pump  ensured  constant 
addition  of  Rhodomonas  sp.  so  that  a  well-defined  steady-state 
level.  coiTesponding  to  a  natural  phytoplankton  concentration  of 
1.3-2.5  |jLg  chl  a  L"'  was  established  (cf.  Riisgard  &  RandMv 
1981.  Clausen  &  Riisgiird  1996).  The  valve  opening-closing  re- 
sponse to  presence/absence  of  algal  cells  was  studied  by  stopping 
the  dosing  pump  and  the  through-flow  of  seawater.  The  subsequent 
decrease  in  algal  concentration  caused  by  the  filtering  mussels  was 
measured  until  the  concentration  was  reduced  to  about  500  cells 
mL~'.  Then,  by  means  of  the  dosing  pump,  this  concentration  level 
was  maintained  until  all  mussels  had  noticeably  closed  or  reduced 
their  valves.  The  duration  of  this  closing  response  was  defined  as 
the  time  from  when  the  concentration  was  800  Rhodomonas  sp. 
cells  niL"'  (fully  open  mussels)  to  the  time  when  the  mean  valve 
gape  was  reduced  to  50%  of  the  maximum  registered  during  the 
preceding  steady-state  period.  Then  subsequently,  the  feeding  con- 
ditions were  resumed  by  switching  on  the  algal  dosing  pump  and 
the  through-flow  of  filtered  seawater  and  the  immediate  valve  gape 
opening  response  recorded.  The  duration  of  the  opening  respon.se 
was  defined  as  the  time  from  addition  of  algal  cells  after  a  short 
starvation  period  until  the  mean  valve  gape  of  the  mussels  reached 
807f  of  the  valve  gape  registered  during  the  preceding  steady-state. 
The  long-term  feeding  period  was  succeeded  by  a  starvation  period 
to  reveal  if  the  mussels  had  changed  the  duration  of  the  opening/ 
closing  response.  To  check  this,  the  algal  dosing  pump  was 
switched  on  for  some  hours  to  re-establish  steady-state  before  the 
valve  gape  opening/closing  response  was  recorded  as  previously 
described. 

The  experimental  periods  with  added  algal  cells  resulted  in 
some  growth  of  the  mussels  (increase  in  shell  length  of  0.2  and  0.7 
mm  in  Group  #3  and  Group  #4  respectively)  and  thus  in  an  in- 
creased filtration  rate,  but  a  constant  steady-state  algal  concentra- 
tion was  ensured  by  adjusting  the  dosing  pump.  Shell  length  and 
flesh  dry  weight  (24  h.  110°C)  were  determined  for  all  mussels 
after  the  experiments  (Table  1). 

Field  Studies 

The  mussels.  Mylilus  edulis.  studied  in  the  present  work  formed 
a  dense  bed  in  the  narrow  inlet  of  Kerteminde  Fjord,  where  a 
semidiurnal  tide  (amplitude  +  0.2  m)  forces  a  strong,  alternating 
in-  and  outgoing  current  (Fig.  1 ).  In  2002  the  mussel  bed  was 
overgrown  by  dense  macro  algae  (Fiitiis  sp.). 

During  the  summer  of  2002.  simultaneous  registrations  of  wa- 
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Figure  1.  Mussel  bed  and  the  2  study  sites  in  tlie  inlet  to  Kerteminde 
Fjord.  D  =  mean  density  (ind.  in  -|;  L  =  mean  shell  length  (mm);  /■',,„,, 
=  calculated  mean  area-specific  population  filtration  rate  (m'  m  "  d  ') 
of  the  mussels:  .V  =  number  of  sampling  sites.  ±SI)  is  indicated. 

ter  elevation,  current  speed,  chlorophsll  (/  (ehl  a)  concentration 
and  valve  gapes  of  mussels  were  canied  out  as  10  one-day  studies 
at  different  selected  locations  on  the  shallow  north-western  part 
(Site  1:  field-study  days  #1  to  #6.  and  #10).  and  in  the  somewhat 
deeper  middle  pail  (Site  2:  field-study  days  #7.  #8,  and  #9.  see  Fig. 
1 )  of  the  mussel  bed.  The  water  elevation  was  registered  in  the 
tjord-inlet  about  400  m  from  the  mussel  bed  by  means  of  a  CTD 
(Aquamat).  In  all  cases,  the  current  speed,  chl  a  and  valve  gapes 
were  registered  on  the  saiiie  spot  (with  half  a  square  meter)  on  the 
selected  locations.  The  current  speed  was  registered  by  means  of  a 
current  propeller  (Hydrobios)  fixed  at  20-cm  height  Site  I  and 
50-cm  height  above  the  mussel  bed  at  Site  2.  The  chl  a  (chl  a) 
concentration  was  registered  simultaneously  at  2  to  several  heights 
above  the  mussel  bed  with  sampling  intervals  from  10-60  min. 
The  lowest  sampling  height  always  equaled  1-cm  height  above  the 
mussel  bed.  Additional  heights  were  up  to  70  cm  above  the  bed. 
depending  on  the  study  location.  Sampling  heights  and  intervals 
have  been  specified  for  each  field-study  day  on  the  prepared  fig- 
ures of  chl  a  contours.  The  water  samples  (50  mL)  were  taken 
manually  by  means  of  syringes  attached  to  silicone  pipes  with 
endings  through  small  holes  in  a  rigid  plastic  pipe  fixed  in  the 
bottom.  Before  sampling,  the  tubes  were  emptied  of  the  "old" 
water  (water  from  the  prior  sampling)  to  prevent  mixing  of  new 
with  old  water.  The  water  samples  were  immediately  filtered  on  a 
GF/C  filter  (pore  size  =  1.2  ixm)  followed  by  20  h  of  chl  a 
extraction  in  10  niL  967f  ethanol.  The  fiuorescence  of  the  super- 
natant was  measured  on  a  fiuorometer  (Turner,  model  450)  and  the 
fiuorescence  values  were  converted  into  concentration  of  chl  a  by 
means  of  a  regression  function  determined  for  each  day  of  study. 
The  measured  chlorophyll  a  concentrations  represent  time- 
averages  over  5-6  min  (  =  the  water-sampling  time). 


In  each  field  study  a  group  of  undisturbed  mussels  (from  -t-10 
mdividuals)  was  photographed  every  5  min  by  means  of  a  time- 
lapse  video  camera  (Sony  TRV  25)  installed  in  a  housing  (Ikelite) 
fixed  on  a  heavy  tripod.  The  pictuies  (resolution:  480  x  640  pix- 
els") were  analyzed  for  the  valve  gapes  (i.e.,  the  distance  between 
the  valves)  of  the  mussels.  For  each  particular  mussel  the  valve 
gapes  were  standardized  to  the  observed  maximal  valve  gape  of 
the  mussel  during  the  particular  time-series.  Hence,  a  valve- 
opening  degree  of  100%  represents  the  maximal  valve  gape  of  the 
mussel.  An  uncertainty  test  making  repeated  measurements  of  the 
same  distance  revealed  a  measuring  uncertainty  for  the  valve  gape 
analysis  between  6%  and  28%  (the  larger  the  distance  measured, 
the  less  the  uncertainty).  Consequently,  the  results  from  the  deeper 
part  of  the  mussel  bed,  where  the  mussels  were  registered  with  less 
camera  zoom,  are  expected  to  be  more  uncertain.  Minor  uncer- 
tainties in  valve  gapes  are  caused  by  smaller  variations  in  the 
orientations  of  the  mussels  to  the  camera  during  recording. 

Prior  to  the  field  observations,  mussel  density  (D.  ind.  m""). 
mean  shell  length  (L,  mm),  and  area-specific  population-filtration 
late  of  the  mussel  bed  (F,,„,,,  nr''  m'"  d"')  were  determined  and  the 
patchy  distribution  of  mussels  was  mapped  using  Global  Position- 
ing System  (GPS).  F^,„,,  was  estimated  as:  f,,„,,  =  1.F„JA.  where 
f__^  (I  h"')  =  0.0012L-'^  (Ki0rboe  &  Mohlenberg  1981.  cor- 
rected by  Riisgard  2001a)  and  A  =  the  area  investigated  for  mus- 
sels. Knowing  the  water  depth  [H,  m)  and  assuming  complete 
mixing  of  the  water  column,  the  half-life  time  of  phytoplankton 
above  the  mussel  bed  was  calculated  as:  f,,-,  =  H  x.  In2/f,,„^,. 

The  test  statistics  (significance  level  a  =  0.05)  have  been 
calculated  in  Microsoft  Excel  200.3  and  compared  with  critical 
values  from  Zar  ( 1999). 

RESULTS 

Ijihoratory  Studies 

Figure  2  shows  an  example  of  valve  opening  response  (during 
the  first  15  min)  to  an  addition  of  algal  cells  to  a  group  of  starved 
mussels,  and  further,  after  a  period  with  a  maintained  algal  con- 
centration between  1000  and  5000  cells  niL  '  to  ensure  maximum 
valve  gape,  the  figure  shows  the  closing  response  to  a  decreasing 
algal  cell  concentration.  Figure  3  shows  similar  valve  closing  re- 
sponses caused  by  low  algal  concentrations  in  two  experiments.  In 
the  first  experiment  (Fig.  3A),  a  group  of  mussels  was  initially  fed 
for  6  days  before  i-ecording  of  the  valve-gape  closing  response  and 
then  subsequently  starved  during  the  following  20  days.  Initially 
the  mean  valve  gape  decreased  nearly  linearly,  but  the  closing 
response  was  faster  in  fed  than  in  starved  mussels.  In  the  second 
experiment  (Fig.  3B).  the  group  of  mussels  was  starving  during  the 
whole  experimental  period.  Both  after  6  and  21  days  of  starvation 
the  mean  valve  gape  initially  decreased  nearly  linearly,  but  the 
closing  response  was  slower  in  the  mussels  starved  for  21  days. 

Figure  4  shows  the  opening  response  of  mussels  to  addition  of 
algal  cells  at  time  zero.  It  is  seen  that  the  opening  time  depends  on 
the  preceding  feeding  conditions  in  such  a  way  that  starved  mus- 
sels seem  to  have  a  longer  opening  time  than  previously  fed  mus- 
sels. The  opening  response  time  for  mussels  fed  daily  with  algal 
cells  is  shown  in  Figure  5.  During  the  algal  exposure  period  of  6 
days,  the  duration  of  the  opening  response  is  decreasing,  whereas. 
after  a  subsequent  starvation  period  of  20  days,  the  opening  re- 
sponse time  had  increased.  The  observed  valve  gape  responses  to 
presence/absence  of  algal  cells  in  the  ambient  water  shows  that  the 
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Figure  2.  Mytilus  ediilis.  (A)  Exponential  decrease  in  algal  cell  concentration  after  repeated  additions  of  algal  suspension  to  a  well-mixed 
aquarium  with  actively  grazing  mussels  (Group  #2A|.  Slope  of  regression  lines  represent  tiltralion  rates.  (Bl  Mean  valve  gape  of  the  mussels. 
Opening  response  (0-16  min),  constant  filtration  rate  and  maximal  valve  gape  (lfr-178  niin),  closing  response  (178-315  min). 


valve  opening/closure  responses  are  strtmgly  influenced  by  the 
preceding  feeding  conditions. 

Valve-closing  response  were  also  studied  in  steady-state  feed- 
ing experiments  and  Figure  6  shows  that  the  duration  of  the  closing 
response  initially  declined  with  algal  exposure  time  to  become 
near  constant  in  the  remaining  period,  whereas  on  the  other  way 
round,  the  duration  of  the  closing  response  was  increasing  during 
the  subsequent  starvation  period.  Figure  7  shows  a  similar  closing 
response,  although  less  pronounced.  The  closing  response  is 
slowly  decreasing  with  the  algal  exposure  time  from  Day  1  to  Day 
18  to  be  constantly  low  (about  10  min)  during  the  rest  of  the 
feeding  period.  In  the  subsequent  starvation  period  (from  Day  29 
to  Day  50).  the  duration  of  the  closing  response  increased  appar- 
ently linearly  as  a  function  of  time  at  a  rate  of  about  10  min  d"'. 
The  duration  of  the  opening  response  (defined  as  the  time  from 
readdition  of  algal  cells  after  a  short  period  of  valve  closure  caused 
by  stoppage  of  the  dosing  pump  until  the  mean  valve  gape  had 
increased  to  maximum)  is  shown  on  Figure  8.  It  is  seen  that  during 
the  period  in  which  the  mussels  were  exposed  to  a  constant  steady- 
state  algal  cell  concentration  (from  Day  1  to  Day  38),  the  duration 
of  the  opening  response  was  about  90  min.  but  in  the  subsequent 
starvation  period  (from  Day  39  to  Day  68)  the  opening-response 
time  decreased  to  about  20  min.  The  previous  observations  indi- 
cate that  the  period  during  which  mussels  may  ■"leam"  or  "forget" 
to  respond  to  the  presence/absence  of  algal  cells  can  last  for  weeks. 

Mussels  that  were  maximally  open  and  actively  tillering  at  a 
low  steady-state  concentration  of  about  700  Rlwdomonas  sp.  cells 
mL~'  responded  to  a  slight  reduction  in  the  algal  concentration  by 
a  nearly  immediate  reduction  in  valve  gape  (Fig.  9).  From  this 
observation  it  can  be  concluded  that  the  critical  algal  concentration 
below  which  the  mussels  close  their  valves  is  only  slightly  lower 
than  700  Rhodomonas  sp.  cells  mL"'.  or  0.9  |xg  chl  a  L"'. 


Field  Studies 

The  density,  mean  shell  length  and  calculated  area-specific 
population-filtration  rate  (fp„,,)  of  the  mussel  bed  are  shown  in 
Figure  1.  F^,„,,  ranged  between  38  and  166  ni'  m~'  d"'.  with  a  local 
maximum  of  255  m'  ni'  d"'  (not  shown).  Assuming  a  maximal 
water  depth  of  I  m  and  complete  water  mixing,  the  calculated 
half-life  time  of  phytoplankton  above  the  mussel  bed  is  between  6 
and  26  min.  Because  complete  water  mixing  may  never  be  attained 
in  the  benthic  boundary  layer,  the  actual  half-life  of  phytoplankton 
in  the  near-bed  water  is  likely  to  be  even  shorter.  Hence,  a  con- 
siderable depletion  in  near-bed  chl  a  concentration  was  expected 
on  the  mussel  bed  around  tidal  slacks. 

The  time-series  of  water  depth,  current  speed  (averaged  over 
5-10  min).  chl  a  concentration,  and  valve-opening  degrees  of  the 
mussels  from  the  10  field-study  days  are  depicted  in  Figure  10. 
The  water  depth  and  current  speed  both  followed  the  semidiurnal 
tide.  The  tidal  range  was  up  to  about  0.4  m  and  the  current  speed 
ranged  between  tidal  maxima  of  up  to  0.4  m  s~'  at  20  cm  above  the 
mussel  bed  and  zero  when  the  tide  changed  between  in-  and  out- 
going flow.  In  general,  the  measured  variables  showed  tidal  varia- 
tion. The  transition  from  strong  to  zero  tidal  flow  was  recorded  on 
field-study  days  #1  to  #3  (Fig.  10).  It  is  seen  that  the  mussels  were 
wide  open  in  the  initial  phase  of  strong  tidal  flow  with  near-bed  chl 
a  concentrations  above  1  p-g  L''.  whereas  around  tidal  slack, 
where  the  near-bed  phytoplankton  biomass  was  grazed  below 
about  I  p-g  chl  a  L~',  the  mussels  reduced  their  valve  gapes.  A 
time  lag  in  the  response  to  low  phytoplankton  concentrations  may 
be  expected,  which  may  explain  why  (e.g.,  the  mussels  in  the  first 
15-30  min  of  field-study  day  #3)  are  fully  open  even  though  the 
chl  (/  concentration  is  extreniely  low.  Likewise,  maintained  maxi- 
mal valve-opening  degrees  are  observed  during  strong  tidal  flow 
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Figure  3.  Mytiliis  ediilis.  Valve-gape  closing  response  in  siuirt-term 
algal  exposure  experiments  in  which  0  min  is  the  lime  «hen  the  de- 
creasing algal  concentration  in  the  aquarium  with  filtering  mussels 
passed  I.IMMI  Rliodomoiias  sp.  cells  niL  '.  (A)  Reduction  of  the  mean 
valve  gape  (V  G,  "c  +  SD)  as  a  function  of  time  (f.  mini  in  (iroup  #2A 
on  Day  6  (  _  I  and  Day  20  (•).  The  initial  reduction  in  valve  gape  could 
be  expressed  by  the  inserted  regression  lines:  IG  =  -0.443(  -f  85.4  [r 
=  (1.9461  and  IG  =  -(I.179f  +  80.0  [r  =  0.880)  for  Day  6  and  Day  20 
respectively.  (Bl  The  initial  reduction  of  valve  gape  recorded  in  Group 
#2B  on  Dav  ft  ())  and  Day  21(  ♦  I  could  be  expressed  by  the  inserted 
regression  lines  as:  \  G  =  -0.5()5f  +  86.6  (r  =  0.'>4yi  and  \  G  =  -0.316( 
-1^  86.7  (r-  =  0.9.W)  for  Day  6  and  Day  21  respectively. 

on  field-study  day  #4  for  most  of  the  mussels.  During  field-study 
days  #5  and  #6  it  was  observed,  as  the  tidal  flow  reincreased  after 
tidal  slack,  that  the  near-bed  chl  a  concentration  increased  above  1 
p,g  L~'.  whereas  at  the  same  time  the  mussels  reincreased  their 
valve-opening  degrees  to  maximum.  The  same  pattern  with  tem- 
porary reductions  in  mussel  valve  gapes  during  tidal  slack  appears 
from  the  field-study  days  #7.  #8.  and  partly  field-study  day  #9. 
carried  out  on  the  deeper  part  of  the  mussel  bed  (Fig.  1.  Study  site 
2).  More  scatter  in  the  depicted  valve-opening  degrees  is  expected 
from  these  3  field-study  days  because  of  a  higher  uncertainty  in  the 
valve-gape  analysis.  However,  on  field-study  day  #9  the  high  de- 
gree of  scatter  in  valve  gapes  and  resultant  low  mean  vahe- 
opening  degree  seem  to  be  markedly  pronounced  (even  at  high 
tidal  flow  rates)  coincident  with  a  constant  exposure  to  extremely 
lov\'  near-bed  chl  a  concentrations  (below  1  |xg  L" ' ).  Hence,  short- 
term  individual  variability  in  valve  valve-gape  may  be  an  indicator 
of  shorter  starvation  periods.  The  extremely  low  chl  a  concentra- 
tions registered  on  field-study  day  #9  may  be  explained  partly  by 
incoming  low  chl  a  concentrations  from  the  seaside  and/or  partly 
by  limited  replenishment  of  phytoplankton  above  the  mussel  bed 
because  of  a  sinall  Udal  range  this  day.  To  this  end,  the  results  from 
field-study  day  #10  show  an  atypically  valve-gape  behavior.  In 


Figure  4.  Mytiliis  ediilis.  Opening  response  of  mussels  in  short-term 
experiments.  (A)  Mean  valve  gape  as  a  function  of  time  after  algal 
addition  to  aquarium  at  time  zero  for  mussels  in  Group  #1  and  Ciroup 
#2A  on  Day  1.  2, 3.  4,  5.  6,  and  Day  20.  (B)  Mean  valve  gape  for  mussels 
in  Group  #1  and  Group  #2B  on  Day  1,  6.  and  Day  21  after  addition  of 
algal  cells  at  time  zero. 

particular,  for  one  of  the  mussels  a  prolonged  (130  min)  valve- 
gape  reduction  phase  is  initiated  at  a  high  tidal  flow  rate  and  chl  a 
concentrations  well  above  1.5  ^JLg  L"'.  It  is  not  clear  whether  the 
chl  a  concentration  of  the  inhalant  water  of  the  particular  mussel 
has  been  lov\er  than  the  registered  one  at  I  cm  above  the  mussel 
bed. 

Figure  1 1  shows  the  ratio  of  near-bed  to  surface  chl  a  concen- 
tration {C,JCj  versus  current  speed  (pooled  raw  data  and  data-fit). 
An  analysis  of  variance  (F-test.  Zar  1999)  showed  a  significant  (P 
<  0.0005;  r-  =  0.25)  data-fit  to  the  following  asymptotic  regres- 
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Figure  5.  Mylilus  ediilis.  Opening  response  for  mussels  (Group  #2A)  in 
short-term  experiment.  The  duration  of  the  opening  response,  defined 
as  the  time  from  start  of  experiment  until  mean  valve  gape  was  80% 
of  the  maximum  registered.  \\  hen  the  mussels  were  exposed  to  algal 
cells  the  opening  response  {DO.  min)  was  linearly  decreasing  with  time 
((,  d).  The  inserted  regression  line  for  Day  1  to  Day  6  (+algae):  DO  = 
-27.8(  +  178.8  ir  =  0.91 1 ):  line  for  Day  6  to  Day  20  (-algae):  OP  =  4.141 
-  8.86. 


906 


RlISGARD  ET  AL. 


Figure  6.  Mytiliis  cdiilis.  \a\\e  gape  closing  response  for  mussels 
(Group  #3)  in  long-term  experiments.  The  closing  response  as  a  func- 
tion of  time  during  which  the  mussels  «ere  first  exposed  to  algae  (Day 
1  to  Day  38)  follow ed  by  a  period  without  algae  (Day  38  to  Day  681. 
Trends  have  been  expressed  by  inserted  regression  lines. 


sjon  model:  C„/Q  =  1 ,794^1 .  i47e-""'""-*'^"'^>"v,  where  U  (m  s"' ) 
=  the  current  speed  and  f,„,,,  (the  area-specific  population- 
filtration  rate  of  the  mussel  bed!  =  1.16  x  10^'^  m'  m~-  s"'.  Hence, 
the  vertical  chl  a  gradient  above  the  mussel  bed  became  steeper  as 
the  current  speed  decreased. 

Figure  12  (left)  shows  the  means  of  the  time-averaged  (1  h 
intervals  were  used  to  approach  independence  between  pooled 
valve-gape  data)  valve-opening  degrees  in  various  tidal  flow 
phases.  On  the  basis  of  a  nonparametric  analysis  of  variance  by 
ranks  (Kruskal-Wallis  test;  Zar  1999)  it  is  found  that  the  mean 
valve-opening  degrees  were  different  between  flow  phases  (P  < 
0.0005).  A  subsequent  nonparametric  multiple  comparison  test  us- 
ing rank  sums  (Dunn  test:  Zar.  1999)  shows  that  the  mean  valve- 
opening  degrees  observed  in  the  flow  phases  ;  =  -3.  -2.-1.  and 
2  were  not  significantly  different  from  each  other,  but  the  mean 
valve-opening  degrees  in  the  flow  phases  t  =  -3.-1.  and  2  were 
significantly  (0.00,')  <  P  <  0.01)  differeni  from  the  reduced  ones 
observed  around  tidal  slack  at  /  =  0  and  /  =  1.  The  mean  valve- 
opening  degrees  have  also  been  plotted  versus  the  corresponding 
mean  time-averaged  near-bed  chl  a  concentrations  in  Figure  12 
(right).  It  is  seen  that  the  mean  near-bed  chl  a  concentrations  were 
generally  low  (<1.6  p.g  L"')  and  that  reduced  valve-opening  de- 
grees associated  with  chl  a  concentrations  below  1 .0  |xg  L"'.  Table 
2  shows  a  calculated  "grazing  index."  chl  fl^^chl  a^.  where  the 
underscores  "b"  and  "a"  refer  to  the  time  just  before  and  right  after 
a  valve-gape  opening-closing  response,  respectively.  The  index  is 
significantly  lower  (0.005  <P  <  0.01)  for  the  valve-closing  phase 
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Figure  7.  Mytiliis  ediilis.  Valve  closing  response  for  mussels  (Group 
#4)  in  long-term  experiments.  The  closing  response  as  a  function  of 
time  during  which  the  mussels  were  first  exposed  to  algae  (Day  1  to 
Day  28)  followed  by  a  period  without  algae  (Day  28  to  Day  50).  Trends 
have  been  expressed  by  inserted  regression  lines. 
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Figure  8.  Myliliis  ediilis.  \alve  gape  opening  response  lor  nmssels 
(Group  #3)  in  long-term  experiment.  The  opening  response  (OO.  min) 
as  a  function  of  time  (/,  d)  during  which  the  mussels  were  first  exposed 
to  algae  (Day  1  to  Day  38)  followed  by  a  period  without  algae  (Day  38 
to  Day  68).  For  the  period  without  algae,  the  decreasing  opening  re- 
sponse can  be  described  by  the  equation:  DO  =  10" ;-"'''"'  (r  =  0.922). 

compared  with  the  valve-opening  phase,  which  shows  that  the 
closing  and  opening  phase  occurred  simultaneously  with  a  de- 
crease (grazing  index  <l )  and  increase  (grazing  index  >1)  in  near- 
bed  chl  a  concentration,  respectively.  The  proposed  causal  relation 
between  neai-bed  phytoplankton  biomass  (chl  a)  and  mussel  valve 
gape  was  investigated  further  in  a  shallow  tidal  lagoon  close  to 
Kerteminde  Fjord.  Heie.  4  mussels  settled  on  the  bottoii)  and  2 
mussels  settled  on  a  stone  16  cm  above  the  bottom,  respectively, 
were  video-registered  simultaneously.  The  current  speed  was  be- 
low the  detection  level  (  =  0.05  cm  s^' )  of  the  cuiTent  propeller,  but 
changes  in  the  tidal  flow  w  as  estimated  visually  by  following  small 
particles  in  the  flow.  The  results  have  been  shown  in  Figure  13.  It 
is  seen  that  the  benthic  concentjation-boundary  layer  increased  in 
thickness  during  the  recording  interval,  along  with  a  decrease  in 
tidal  flow  rate  (not  shown).  As  the  near-bottom  chl  ci  concentration 
became  below  0.8  pig  L"'.  the  4  mussels  on  the  bottom  reduced 
their  valve  gapes,  whereas  the  2  mussels  on  the  stone  higher  up  in 
the  concentration  boundary  layer  remained  fully  open. 

Finally,  the  distributions  of  the  valve-opening  and  closing  times 
(taken  from  reduction  of  the  valve-opening  degree  fro]n  100%  to 
509;-.  and  opening  from  509c  to  \009c.  respectively)  have  been 
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Figure  9.  Mytiliis  ediilis.  Identification  of  critical  algal  concentration 
for  stimulation  of  maximum  valve  gape  in  a  group  of  mussels.  .\t  the 
initial  steady  -state  algal  ccmcentration  of  about  700  Rluidomoiias  sp. 
cells  mL'  the  mussels  are  maximally  open,  but  reduction  in  algal 
concentration  caused  by  temporary  stoppage  of  algal  dosing  pump 
results  in  a  closing  response,  that  is  followed  by  an  opening  response 
when  the  algal  dosing  pump  is  reactivated  resulting  soon  after  in  a 
re-established  steady-slate  where  the  mussels  are  again  fully  open. 
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Figure  Id.  Fiild-sludv  days  #1  to  #!(•  in  KiTteniiiide  Fjord:  Top  to  bottom:  lime-series  of  water  depth  alio\e  mussels,  current  speed,  contours 
of  chl  a  concentration  (fjg  L  ')  above  the  mussel  bed  (sampling  lime  and  heights  abo\e  the  mussel  bed  marked  with  dots),  individual  percentage 
valve-opening  degree,  and  mean  percentage  valve-opening  degree  of  the  mussels.  Current  speeds  above  and  below  zero  indicate  in-  and  outgoing 
tidal  flow,  respectively.  Height  1  cm  in  the  chl  o  contours  represents  I  cm  above  the  mussels. 
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0,2 
Current  speed  (rrVs) 

Figure  11.  Pooled  data  of  the  depletion  index  {CJC^)  versus  tidal  cur- 
rent speed.  Least  squares  asymptotic  fit  of  data  (r'  =  (1.25:  P  <  0.0005): 
C^C,  =  1.794-1. 147e""""'^'"''"''.  where  T  (m  s"')  =  the  current  speed, 
and  Fp„p  (the  area-specific  population-filtration  rate  of  the  mussel  bed) 
=  1.16  X  10"'  m'  m-=  s"'  (=100  m'  m"  d  ') 


shown  in  Figure  14.  Table  2  shows  that  the  mean  duration  of  the 
mussel  closure  phase  were  almost  of  same  duration:  50  and  59 
min.  respectively. 

DISCUSSION 

Laboratory  Studies 

In  a  recent  work  Riisgard  et  al.  (2003)  studied  the  valve  open- 
ing-closing phenomenon  and  response  times  in  three  species  of 
filter-feeding  bivalves  (Cardium  edule.  Mytilus  edulis.  Mya 
arenaria)  in  the  presence  and  absence  of  algal  cells  in  controlled 
laboraton,'  experiments.  Opening  state  and  correlated  filtration  rate 
at  varying  or  maintained  levels  of  algal  concentration  was  studied 
in  filtration  rate  experiments  combined  with  video  obser\'ation. 
When  initially  unfed  bivalves  were  offered  algal  cells,  the  animals 
soon  opened  their  siphons/valves  simultaneously  with  a  pro- 
nounced increase  of  the  filtration  rate.  On  the  other  hand,  when 
open  and  actively  filtering  bivalves  experienced  decreasing  algal 


concentrations  below  a  certain  level,  this  lead  within  a  few  hours 
to  a  reduced  opening  state  and  cessation  of  filtration  activity.  How- 
ever, a  considerably  shorter  valve-closure  response  time  of  only  13 
min  was  recorded  by  Riisgard  &  Randl0v  (1981).  The  short  re- 
sponse time  may  be  caused  by  the  experimental  conditions  because 
the  valve-gape  observations  were  made  as  part  of  a  long  term  (47 
d)  feeding  experiment  imitating  realistic,  natural  food  concentra- 
tions. This  suggestion  is  in  agreement  with  the  present  observa- 
tions. 

This  study  shows  that  the  duration  of  the  well-known  valve- 
gape  response  of  mussels  to  the  presence  or  absence  of  algal  cells 
in  the  ambient  water  (Riisgard  et  al.  2003)  is  strongly  influenced 
both  by  the  preceding  feeding  conditions  and  the  length  of  star- 
vation. The  period  during  which  mussels  may  ■"learn"  or  "forget"" 
to  respond  to  the  presence  or  absence  of  algal  cells  has  been  found 
to  last  for  weeks  in  mussels  kept  in  the  laboratory.  This  knowledge 
is  relevant  for  a  correct  understanding  of  the  frequently  used  term 
■"acclimation"  (e.g..  acclimation  of  experimental  mussels  to  differ- 
ent laboratory  conditions)  such  as  changes  in  temperature,  salinity 
or  feeding  conditions  in  experimental  set-ups  or  storage  thanks 
with  or  without  through-flowing  seawater,  see  also  Kittner  & 
Riisgard  (20().'i).  Many  parameters  (e.g.,  oxygen  uptake  rate,  fil- 
tration rate,  elimination-  and  uptake  rates  of  pollutants)  measured 
in  different  studies  using  mussels  as  experimental  animals  are 
strongly  dependent  on  the  valve-opening  degree,  and  thus — 
although  indirectly — the  preceding  feeding  conditions  or  length  of 
starvation  after  being  collected  in  the  field.  Newly  collected  mus- 
sels may  react  very  differently  to  experimental  conditions  com- 
pared with  long-term  laboratory  ""acclimated"  mussels. 

Valve  closure  and  cessation  of  filter  feeding  in  mussels  at  algal 
concentrations  below  a  certain  trigger  level  has  been  designated 
""lower  trigger-level  cessation"  by  Riisgard  (2001b).  In  the  present 
work,  this  critical  algal  concentration  has  been  determined  to  be 
about  0.9  p-g  chl  a  L~'  in  quite  good  agreement  with  a  suggested 
lower  trigger-level  of  about  0.5  |j.g  chl  a  L"'  (Clausen  &  Riisgard 
1996.  Dolmer  2000a.  2000b).  The  valve-closing  phenomenon,  and 
subsequent  reduction  of  the  metabolism  (j0rgensen  et  al.  19S6). 
seems  to  represent  an  adaptation  to  filter  feeding  in  extremely 
meager  situations  as  discussed  by  Riisgard  (2001b).  From  the 
present  laboratory  findings  it  seems  likely  that  the  valve  opening/ 
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Figure  12.  Left:  Mean  time-averaged  ( 1  h)  valve-opening  degree  of  mussels  (+SD)  in  various  tidal  fiow  phases,  indicated  as  1-h  time  intervals 
up  to  (-)  and  after  (  +  )  zero  flow.  Right:  Mean  time-averaged  (1  h)  valve-opening  degree  of  mussels  (+  SD)  versus  corresponding  mean 
time-averaged  near-bed  chl  a  concentrations  (+SD). 
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TABLK  2. 

Mytiliis  edulis.  Mt'iin  duration  ±  SI)  of  \alvi'  fjapc  closin)"  phase 
Itaktn  as  Ihe  duration  from  valve-openinj;  degree  \VHWc  to  50'7f  | 
and  opening  phase  (taken  as  duration  from  valve  opening  degree 
50%  to  100%  ).  Mean  grazing  index:  (chl  a^cM  a„),„„,„.  where  chl 
III,  =  the  near-hed  chlorophvil  a  concentration  right  hefore  initiation 
of  the  \alve-gape  response  and  chl  n„  =  the  near-hed  concentration 
right  after  initiation  of  the  valve-gape  response.  N  =  sample  size. 


Closure  Phase 


Opening  Phase 


Mean  duration  ±  SD 

(min) 
Mean  (chl  <(,/chl  «_,) 

±  SD 


59  ±  22  (N„,„,,,.|  =  26)       50  ±  19  (N„,„,,„  =   U) 
().S±a2(N  „,  ,  =  6)  L2±(),l  (N  „,„  =  4) 


closing-response  times  in  the  tield  Jiiuy  be  eonsitlerably  faster  tlian 
usually  observed  in  the  laboratory,  a  suggestion  that  has  been 
confirmed  by  the  present  field  studies. 

Field  Studies 

Filter-feeding  mussels  are  important  sinks  for  phytoplankton  in 
shallow  fjords  and  coastal  waters.  In  such  places  dense  mussel 
beds  with  area-specific  population  filtration  rates  of  100-200  n\ 
m~-  d"'  may  exert  a  considerable  grazing  impact  (Jorgensen  1984. 
1990).  as  also  confirmed  by  the  present  work  (Fig.  1).  The  phy- 
toplankton biomass  in  areas  with  mussel  beds  may  be  significantly 
reduced,  and  a  pronounced  near-bottom  concentration-boundary 
layer  may  develop  (Frechette  et  al.  1989.  Prins  et  al.  1998.  Noren 
et  al.  1999.  Dolnier.  2000a.  Tweddle  et  al.  2005).  The  steepness  of 
horizontal  and  vertical  gradients  in  the  phytoplankton  biomass  in 
such  a  boundary  layer  is  determined  by  cunent  speed  and  turbulent 
mixing  of  the  ambient  water  (van  Duren  2005.  Lassen  et  al.  2006). 
Consecjuently.  mussels  in  doise  beds  may  experience  a  dynamic 
nutritional  environment  as  also  demonstrated  in  the  present  work. 
The  results  shown  in  Figure  1 1  agree  with  earlier  findings  that 
mussels  within  a  mussel  bed  become  increasingly  limited  in  their 
supply  of  phytoplankton  at  decreasing  cunent  speeds  caused  by 
steeper  horizontal  and  vertical  phytoplankton  gradients  above  the 
mussel  bed  (Frechette  et  al.  1989.  Dade  1993,  Butman  et  al.  1994, 
van  Duren  et  al.  2005,  Lassen  et  al.  2006.  Tweddle  et  al.  2005). 
The  tidal  flow  rate  clearly  had  an  effect  on  the  valve-gape  behavior 
of  the  mussels  (Fig.  1 1 ).  but  the  present  study  suggests  this  effect 
to  be  an  indirect  one,  because  the  mussels  (located  between  dense 
macro-algae.  Fticiis  sp.)  were  never  exposed  to  such  high  cunent 
speeds  reported  to  affect  the  valve  gape  of  mussels  (see  e.g..  New- 
ell et  al.  2001 ).  As  pointed  out  by  Yu  &  Culver  ( 1999).  local  zones 
of  depleted  water  may  be  found  inside  dense  mussel  beds  and  this 
phenomenon  is  likely  to  have  caused  the  observed  '"atypical"  be- 
havior of  the  mussels  on  field-study  day  #10  (Fig.  10). 

Prevailing  phytoplankton  concentrations  in  noneutrophicated 
waters  usually  lie  between  I  and  5  p.g  chl  a  L"'.  and  in  this 
concentration  interval  the  blue  mussel  is  wide  open  and  filtering  at 
maximum  rate  (Riisgard  2001a,  Riisgard  et  al.  2003).  However  the 
phytoplankton  biomass  in  the  near-bottom  concentration  boundary 
layer  is  often  substantially  lower.  Thus.  Dolmer  (2000a I  measuied 
the  vertical  distribution  of  phytoplankton  above  Mylilus  edulis 
beds  in  Limtjorden.  Denmark.  In  one  case,  the  chl  a  concentration 
measured  2  m  above  the  mussel  bed  (3.2  (xg  L~')  declined  towards 
the  bottom  to  about  0.3  |j.g  L^'.  which  is  less  than  the  threshold 
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Figure  13.  Field  study  in  shallow  lagoon  close  to  Kertcminde  Fjord. 
Time-series  of  water  depth,  contours  of  chl  a  concentration  (ng  I."') 
(sampling  lime  and  heights  above  the  mussel  bed  marked  with  dots), 
individual  percentage  valve-opening  degrees  of  mussel  #5  &  #6  placed 
on  a  stone  15  cm  above  the  bottom,  individual  percentage  valve- 
opening  degrees  of  mussel  #1  to  #4  placed  on  the  bottom.  Height  zero 
in  the  chl  a  contours  represents  1  cm  above  the  bottom. 


value  (0.7-1.0  (xg  L  ')  below  which  the  blue  jiiussel  closes  its 
valves  (Clausen  &  Riisgard  1996.  Dolmer  2000a;  b.  Newell  et  al. 
2001,  Kittner  &  Riisgard  2005).  As  stated  by  Riisgard  (2001b)  the 
valve-closing  phenomenon,  which  has  also  been  clearly  demon- 
strated in  the  present  v\ork.  represents  a  physiological  adaptation  to 
filter  feeding  in  extremely  meager  situations,  when  a  reduced  valve 
gape  reduces  the  metabolism  of  the  mussel  (Jorgensen  et  al.  1986). 
Tidally  induced  variation  in  bivalve  filtration  activity  (valve 
gape  and/or  siphon  opening  degree)  has  earlier  been  observed  in 
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situ  in  Myii  arcnaria  (Roegner  1998,  Thorin  et  al.  1998).  Mytiliis 
edidis  (Newell  el  al.  1998,  2005),  and  Veiwriipsis  cornigariis 
(Stenton-Dozey  &  Brown  1992).  Newell  et  al.  (1998)  registered 
coincidence  between  reduced  valve  gapes  in  M.  edidis  and  low 
particle  concentrations  in  during  the  tidal  period,  but  the  observed 
responses  in  valve  gape/siphon  opening  were  not  directly  corre- 
lated to  tidally  driven  variation  in  phytoplankton  biomass  in  the 
near-bottom  water.  Recently.  Newell  et  al.  (2005)  registered  two 
peaks  in  exhalent  opening  diameter  of  M.  edidis  in  a  dense  bed:  a 
peak  when  new  water  with  food  particles  was  brought  in  by  the 
tide,  and  a  peak  during  ebb.  coincident  with  a  high  settling  flu.x  of 
marine  snow.  In  the  remaining  tidal  period  the  mussels  had  re- 
duced valve  gapes.  The  present  study  shows  that  the  valve  gape  of 
mussels  is  maximum  during  tidal  phases  with  sufficiently  high 
flow  and  near-bed  chl  a  concentrations  above  roughly  1  |j.g  L"'. 
but  at  slower  flow  rates  and  chl  a  concentrations  <1  (xg  L"'  the 
mussels  reduce  their  valve  gape.  The  present  observations  indicate 


that  the  mussel  in  silii  valve  gape  opening-closing  response  to 
variation  in  phytoplankton  biomass  is  short  (50  niin)  compared 
with  the  response  times  in  unfed  mussels  in  the  laboratory  (up  to 
180  min)  (Riisgdrd  et  al.  2003).  but  compare  well  with  fed  mussels 
in  the  present  laboratory  studies  and  with  results  from  a  field-study 
conducted  by  Newell  et  al.  ( 1998).  It  can  be  read  from  Figure  6  in 
Newell  et  al.  ( 1998)  that  the  closure  response  of  M  edidis  in  Mud 
Cove  (Maine.  USA)  was  about  60  min,  whereas  the  subsequent 
opening  phase  was  slightly  shorter  (about  40  min). 

CONCLUSION 

Laboratory  studies  of  valve-gape  response  of  mussels  to  pres- 
ence or  absence  of  algal  cell  have  demonstrated  that  valve  opening 
and  closing  response  times  are  strongly  influenced  by  the  preced- 
ing feeding  conditions.  The  period  during  which  mussels  may 
"learn"  or  "forget"  to  respond  to  the  presence  or  absence  of  algal 
cells  can  last  for  weeks  in  the  laboratory.  Field  studies  have  re- 
vealed that  phytoplankton  concentrations  higher  than  about  1  (a,g 
chl  ((  L~'  stimulate  the  mussels  to  keep  their  valves  wide  open, 
whereas  lower  near-bed  concentrations  cause  valve  closure,  or 
reduced  valve  gape.  The  in  situ  valve  opening  and  closing  times  in 
response  to  variation  in  near-bed  chl  a  concentration  are  consid- 
erably faster  than  in  unfed  mussels  in  the  laboratory.  This  knowl- 
edge is  essential  for  making  allowance  for  deviation  from  natural 
response  times  in  mussels  kept  in  the  laboratory  previous  to  ex- 
perimental physiological  studies.  Further,  the  opening/closing  re- 
sponse times  to  presence/absence  of  phytoplankton  may  influence 
the  actual  grazing  impact  of  mussels,  and  therefore,  awareness  of 
response  times  may  be  of  importance  for  future  modeling  because 
of  hysteresis  that  can  mask  the  connection  between  filter-feeding 
activity  and  the  concentration  of  phytoplankton. 
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ABSTRACT  The  study  was  condiKtctl  Id  determine  the  feasibility  for  growing-oiit  of  the  spotted  babylon  juveniles  (Babylonia 
areolata)  to  marketable  sizes  with  the  large-scale  operation  of  20.0  x  20.0  x  1.5  m  earthen  ponds  at  Petchaburi  province,  Thailand. 
The  production  and  economic  analysis  for  monoculture  of  spotted  Babylon  were  compared  with  the  polyculture  with  sea  bass  (Lates 
calcarifer).  Each  pond  was  stocked  with  juveniles  of  0.3  g  initial  weight  at  a  density  of  200  snails  m"'.  This  study  provides  good  results 
in  growth  and  production  of  spotted  babylon  in  earthen  ponds.  The  average  growth  rates  in  body  weight  were  0.67  and  0.5 1  g  mo" 
for  snails  held  in  the  monoculture  and  polyculture  with  sea  bass,  respectively.  At  the  end  of  the  experiment,  total  yield  of  spotted 
babylon  held  in  the  monoculture  and  polyculture  with  sea  bass  was  10,520  and  10.450  kg  ha"',  respectively.  Based  on  farm  data, 
stocking  data  and  harvest  data  used  in  this  study,  total  cost  per  production  cycle  of  the  monoculture  and  polyculture  with  sea  bass  were 
$19,184  and  $23,245,  respectively.  The  cost  of  producing  spotted  babylon  marketable  sizes  in  this  grow-out  farm  design  was  $5.69 
per  kg  and  $6.95  per  kg  for  the  monoculture  and  polyculture  trials,  respectively.  At  a  farm  gate  price  in  2003  of  $9.00  per  kg  resulted 
in  a  net  return  of  $11,124  and  $14,691  for  the  monoculture  and  polyculture  with  sea  bass,  respectively.  The  present  study  indicated 
the  technically  feasible,  and  economically  attractive  for  monoculture  and  polyculture  of  B.  areolata  to  marketable  sizes  in  earthen 
ponds. 

KEY  WORDS:     Balnlouia  an'oiata.  Lates  calcarifcr.  monoculture,  polyculture.  earthen  ponds,  production,  economic  analysis 


INTRODUCTION 

Recently,  there  has  been  considerable  interest  in  the  conmier- 
cial  culture  of  spotted  habylon.  Babylonia  areolata.  in  Thailand 
resulting  from  a  growing  demand  and  an  expanding  domestic  mar- 
ket of  seafood,  and  a  catastrophic  decline  in  natural  spotted  bab- 
ylon populations  in  the  Gulf  of  Thailand.  From  an  aquaculture 
point  of  view,  the  spotted  babylon  had  many  biological  attributes, 
production  and  market  characteristics  necessary  for  a  profitable 
aquaculture  venture  and  it  was  considered  a  promising  new  can- 
didate of  aquaculture  species  for  the  land-based  aquaculture  in- 
dustry in  Thailand  iChaitanawisuti  &  Kritsanapuntu  1999).  At 
present,  the  successful  culture  of  spotted  babylon  juveniles  to  mar- 
ketable sizes  was  operated  in  large-scale  production  using  the 
flow-through  seawater  system  in  concrete/canvas  ponds.  However, 
this  culture  technique  had  many  considerations  in  disadvantages  of 
the  culture  purposes.  Basically,  it  needed  the  high  investment  of 
pond  consti-uction,  buildings  and  facilities,  large  area  for  pond 
construction,  and  operational  costs,  but  the  production  and  low 
economic  returns  is  not  high  enough  for  commercial  operations 
(Chaitanawisuti  et  al.  2002a.  2002b).  Because  many  marine  shrimp 
ponds  ( Penaeiis  monodou )  have  been  abandoned  or  rested  because 
of  diseases,  poor  management  and  enviionmental  degradation  for 
a  long  time  in  Thailand,  this  study  was  then  focused  on  the  po- 
tential and  feasibility  for  a  pilot  growing-out  of  the  spotted  baby- 
lon juveniles  to  marketable  sizes  in  earthen  ponds.  This  study  may 
provide  an  opportunity  to  develop  a  sustainable  aquaculture  sys- 
tem for  growing  out  of  spotted  babylon  juveniles  to  marketable 
sizes  in  earthen  ponds  and  may  result  in  the  best  use  of  many 
abandoned/rested  shrimp  ponds  in  coastal  areas  of  Thailand.  How- 
ever, lack  of  economic  data  can  be  an  important  constraint  to  the 
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successful  development  of  spotted  babylon  aquaculture  operations. 
A  financial  investment  analysis  which  tied  biological,  production, 
cost  and  market  price  variables  has  been  used  to  make  decisions 
about  culture  methods,  feasibility  and  potential  for  commercial 
operation  of  this  enterprise.  However,  polyculture  techniques  have 
been  used  to  increase  production  of  fish  and  shellfish  in  culture 
ponds.  Several  marine  shellfish  species  have  been  shown  in  poly- 
cultures,  augmenting  harvests  through  wider  use  of  available  food 
and  space,  whereas  minimizing  the  negative  effects  of  species — 
specific  competitions  and  exometabolites.  In  addition,  the  polycul- 
ture of  shellfish  with  fish  presented  some  possibility  that  could 
benefit  the  local  aquaculture  operation  (Hunt  et  al.  1995).  A  lack 
of  economic  data  can  be  an  important  constraint  to  the  successful 
development  of  spotted  babylon  aquaculture  operations.  A  finan- 
cial investment  analysis  which  tied  biological,  production,  cost  and 
market  price  variables  has  been  used  to  make  decisions  about 
culture  methods,  and  feasibility  and  potential  for  commercial  op- 
eration of  this  enterprise.  Thereafter,  the  land-based  aquaculture 
operation  for  growing-out  of  spotted  babylon  in  earthen  ponds  was 
developed  for  cominercial  purposes  in  Thailand.  The  objective  of 
this  study  is  to  present  the  growth,  production  and  economic  con- 
sideration for  monoculture  of  juvenile  B.  areolata.  and  their  poly- 
culture with  sea  bass,  L.  ealcarifer.  using  large-.scale  production  of 
earthen  ponds. 

METHODS 

Pond  Design  and  Construction 

This  study  was  conducted  at  the  Research  and  Development 
Unit  for  Aquaculture  of  the  spotted  babylon.  Aquatic  Resources 
Research  Institute.  Chulalongkorn  University,  Petchaburi  prov- 
ince, Thailand,  during  2()0.i  to  2004.  A  total  farm  area  of  0.8  ha 
was  comprised  of  0.32  ha  grow-out  eanhen  ponds,  0.4  ha  seawater 


913 


914 


Kritsanapuntu  et  al. 


reservoir  and  0.08  ha  accomiiiodation  and  office.  Eight  20.0  x  20.0 
m  earthen  ponds  and  1 .3  ni  in  depth  were  used  for  the  polyculture 
trials.  Ponds  were  arranged  in  a  4  x  4  array  with  common  walls  to 
reduce  construction  costs  and  pond  wall  was  1.5  m  in  height,  3.0 
m  in  width  at  the  base  and  2.5  m  in  width  at  the  top.  Ponds  bottom 
was  covered  with  coarse  sand  of  approximately  10-15  cm  in  thick- 
ness. Each  grow-out  pond  was  fenced  by  plastic  net  of  15.0  mm 
mesh  size  and  1 .2  m  in  width,  supported  w  ith  bamboo  frame  for 
strengthening.  The  plastic  net  must  be  buried  under  sand  about  6 
cm  in  depth  to  limit  movement  of  snails  along  pond  bottom  and 
pond  wall,  and  ease  for  harvesting.  Prior  to  the  start  of  the  grow- 
out,  all  ponds  were  dried  for  2  wk,  and  filled  with  ambient,  unfil- 
tered  natural  seawater  from  a  nearby  canal  to  a  depth  of  70  cm. 
Water  level  in  the  ponds  was  maintained  at  70  cm  by  adding 
seawater  to  replace  water  loss  caused  by  seepage  and  evaporation. 
The  grow-out  ponds  are  supplied  with  ambient  unfiltered.  natural 
seawater  from  seawater  intake  system.  The  seawater  system  was 
powered  by  one  5.5-hp  engine  equipped  with  water  pump  of 
1 2.5  cm  in  diameter  of  outlet  pipe.  The  seawater  intake  consisted 
of  a  12.5  cm  in  diameter  PVC  pipe  manifold  horizontally  into  the 
sea.  Seawater  is  delivered  to  each  pond  through  main  unlined  canal 
of  80-cni  width  and  30-cm  depth,  and  15.0-cm  diameter  PVC 
distribution  pipes  (inlet).  The  drainage  pipe  of  12.5  cm  in  diameter 
PVC  pipe  was  used  as  an  outlet.  Two  air  blowers  (2  Hp)  were  used 
to  supply  high  volume  of  air  for  all  grow-out  ponds.  PVC  pipes  of 
2.54  cm  in  diameter  were  connected  to  the  outlet  of  the  air  blower 
and  extended  to  the  pond  dike  of  each  pond.  Four  polyethylene 
pipes  of  18  m  long  and  1.6  cm  in  diameter  was  connected  to  the 
PVC  pipe  and  extended  to  the  bottom  of  each  pond.  On  the  PE 
pipe,  there  were  10  holes  of  1.5  mm  in  diameter,  and  the  distance 
between  adjacent  holes  was  2  m.  The  PE  pipes  were  sustained  at 
10  cm  off  the  pond  bottom  using  bamboo  sticks.  An  aerator  was 
operating  daily  for  16-20  h  except  during  feeding  and  resting  of 
blower. 

Monoculture  and  Polyculture  Trials 

Spotted  babylon  and  sea  bass  juveniles  were  purchased  from 
private  hatchery.  Indi\  iduals  from  the  same  cohort  were  sorted  by 
size  to  minimize  differences  in  shell  length  (maximum  anterior- 
posterior  distance)  and  prevent  possible  growth  retardation  of 
small  babylon  when  cultured  with  larger  indi\iduals.  The  spotted 
babylon  juveniles  had  an  average  shell  length  and  body  weight  of 
1.0  cm  and  0.3  g.  respectively,  and  12.7  cm  and  37.2  g  for  those 
of  sea  bass,  respectively.  Two  treatments  of  monoculture  and  poly- 
culture were  designed  as  following: 

TreatmenI  I:  Monoculture  of  Spotted  Babylon 

Initial  stocking  density  of  spotted  babylon  juseniles  was  200 
individuals  m""  (80,000  snails  per  pond). 

Treatment  2:  Polyculture  of  Spotted  Babylon  with  Sea  Bass 

Initial  stocking  density  of  spotted  Babylon  and  sea  bass  juve- 
niles were  200  individuals  m^~  (<S(),0()()  snails  per  pond),  and  5  fish 
m""  (2,000  fish  per  pond),  respectively. 

Grow-out  Operation 

The  feeding  schedule  was  as  follows:  sea  bass  were  fed  to 
satiation  with  fresh  trash  fish  twice  daily  in  morning  (09:00  h)  and 
evening  (17:00  h).  Spotted  babylon  were  fed  with  fresh  trash  fish 
at  15%  to  20%  of  body  weight  once  daily  in  morning  (09:00  h)  this 


was  done  after  stopping  feeding  of  the  sea  bass.  Feeding  was 
monitored  daily  by  means  of  baited  traps.  Food  amounts  were 
adjusted  every  30  d  after  body  weight  measurement.  Fifty  percent 
of  seawater  was  exchanged  at  15  d  interval  and  seawater  was 
sampled  before  water  exchange  at  25  cm  above  pond  bottom  for 
analyses  of  seawater  temperature,  salinity,  pH,  alkalinity,  nitrite- 
nitrogen  and  ammonia-nitrogen  following  standard  methods  as  de- 
scribed by  APHA  et  al.,  1985.  Dissolved  oxygen  was  measured 
daily.  No  chemical  or  antibiotic  agent  was  used  throughout  the 
entire  experimental  periods.  Grading  by  size  was  not  carried  out  in 
any  pond  throughout  the  growing  -out  period.  For  growth  estima- 
tion, 50  baited  traps  were  used  to  sample  the  spotted  babylon  in 
each  pond  at  30  d  interval  for  measurement  of  body  weight  indi- 
vidually and  counting  the  number  of  snails  per  kg.  The  spotted 
babylon  juveniles  were  cultured  until  they  reached  the  marketable 
size  of  120-150  snails  per  kg~'. 

Economic  Evaluation 

The  components  of  financial  analysis  were  categorized  accord- 
ing to  initial  investment,  annual  ownership  costs  and  annual  op- 
erating costs  as  follows: 

Initial  investment  requirements  for  farm  construction  on  mo- 
noculture of  juvenile  spotted  babylon  and  polyculture  with  sea 
bass  to  marketable  sizes  in  earthen  ponds  were  evaluated.  The 
investment  requirements  included  land,  construction  of  eight 
20.0  X  20.0  X  1.5  m  grow-out  earthen  ponds,  one  0.4  ha  seawater 
reservoir,  two  seawater  puinps  and  housing,  two  blowers  and  hous- 
ing, four  3.0  X  5.0  x  0.7  m  canvas  nursery  tanks  and  housing, 
accommodation  for  labor  and  office  and  operating  equipment  and 
facilities. 

Ownership  costs  per  production  cycle  consisted  of  land,  depre- 
ciation and  interest  on  investment.  These  costs  are  fixed  and  in- 
curred in  the  short  run  regardless  of  whether  the  facilities  are  in 
operation.  Annual  depreciation  was  estimated  by  the  straight-line 
method,  based  on  the  expected  useful  life  of  each  item  of  equip- 
ment. Assets  are  assumed  to  have  no  residual  value  for  all  items 
constituting  facilities  at  the  end  of  their  useful  life.  Eight  20.0  x 
20.0  X  1 .5  m  grow-out  earthen  ponds  and  one  0.4  ha  seawater 
reservoir  were  assumed  to  have  useful  life  of  5  and  2  y,  respec- 
tively. Housing  and  the  blowers  and  seawater  pumps  were  as- 
signed a  useful  life  of  2  y.  The  life  expectancies  of  equipment 
ranged  from  1-2  y.  Interest  rates  for  capital  cost  were  based  on 
2003  bank  loan  rates  (3.5%  per  year)  for  this  type  of  business 
enterprise. 

Operating  costs  per  production  cycle  are  incurred  upon  actual 
operation  of  the  grow-out  unit  and  include  repairs  and  mainte- 
nance, labor,  feed,  utilities  and  interest  on  operating  capital.  Costs 
for  purchasing  and  transportation  of  spotted  babylon  and  sea  bass 
juveniles  are  $0.02  and  0.11  per  juvenile,  respectively.  Spotted 
babylon  and  sea  bass  are  fed  fresh  meat  of  trash  fish  at  a  cost  of 
$0.13  per  O.lS/kg  and  feed  conversion  ratio  was  2.2.  The  repairs 
and  maintenance  is  estimated  on  the  actual  expenses  for  housing, 
earthen  ponds,  reservoirs,  and  operating  equipment  costs.  Electric- 
ity is  used  for  operating  the  various  pumps  and  lighting  units  in  the 
farm.  The  average  charge  was  $0.03  per  kilowatt  hour.  Labor 
requirements  were  based  on  the  particular  needs  for  production 
cycle  of  the  proposed  farm.  Two  operators  (full-time)  were  as- 
signed for  operation  of  the  farm;  the  cost  of  one  operator  was 
$125.0  per  month.  Operating  equipment  (fuel,  storage  containers, 
farm  equipment,  etc.).  chemicals  and  lime  was  estimated  based  on 
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actual  use  of  each  item.  Land  is  actual  lease  troin  private  sector  at 
a  rate  of  S625  per  ha  per  year.  Interest  charges  for  operating  capital 
are  based  on  200.^  bank  loan  rates  (3.5%  per  year)  for  this  type  of 
business. 

Kctiini  Analysis 

Net  return  and  return  on  investment  for  grow-out  production 
were  computed  at  the  selling  price  of  spotted  babylon  market  sizes 
at  farm  gate  in  2(103  ranging  from  SiS.8-y.3/kg.  Gross  return  was 
computed  from  total  yield  multiplied  by  selling  price.  Net  return 
was  calculated  from  the  gross  return  minus  to  the  total  amount  cost 
per  production  cycle.  (Rubino  1992.  Fuller  et  al.  1992). 

RESULTS 

Growth  and  I'ladnction 

Growth  expressed  as  body  weight  and  number  of  snail  per 
kilogram  of  juvenile  B.  arcolata  for  monoculture  and  polyculture 
with  sea  bass  over  a  period  of  7  mo  was  shown  in  Figure  I  and 
Figure  2.  Growth  of  spotted  babylon  was  not  significantly  higher 
in  monoculture,  compared  with  growth  in  polyculture  with  sea 
bass  (P  <  0.05).  The  average  growth  rates  in  body  weight  were 
0.67  and  0.51  g  mo~'  for  snails  held  in  the  monoculture  and 
polyculture  with  sea  bass.  respecti\el>.  Mean  (±SE)  final  body 
weights  of  spotted  babylon  held  in  the  monoculture  and  polycul- 
ture with  sea  bass  was  5.22  ±  0.63  g.  and  4.10  ±  0.57  g.  respec- 
tively. Mean  (±SE)  final  shell  lengths  of  snails  held  in  the  mono- 
culture and  polyculture  with  sea  bass  was  3.2  +  0.35  cm.  and  3.6 
±  0.75  cm.  respectively.  The  snails  can  reach  the  sizes  of  205  ± 
17.55  and  214  ±  43.90  individuals  kg"'  for  the  monoculture,  poly- 
culture with  sea  bass,  respectively.  Feed  conversion  ratio  (FCR) 
was  2.69  and  2.71  for  snails  held  in  the  monoculture  and  polycul- 
ture with  sea  bass,  respectively.  Final  survival  of  snails  held  in  the 
monoculture  was  84.94%.  and  84.30%  for  those  held  in  polycul- 
ture with  sea  bass,  respectively.  At  the  end  of  the  experiment,  the 
average  total  yield  of  spotted  babylon  in  monoculture  and  poly- 
culture with  sea  bass  were  10,525  and  10,450  kg  ha"',  respec- 
tively. Size  distribution  of  the  spotted  babylon  in  monoculture  was 
consisted  of  2  main  size  classes  of  100-250  and  <250  snails  /kg 
with  90.81%  and  9.19%,  respectively.  For  Polyculture  with  sea 
bass,  the  snails  consisted  of  2  main  size  classes  of  100-250  and 
<250  snails  kg"'  with  87.57%  and  12.43%.  respectively.  For  sea 
bass,  the  average  final  weight,  final  survival.  FCR  and  total  pro- 
duction were  300-1.200  g.  46.0%.  4.47  and  12.250  kg  ha"',  re- 
spectively. 

Economic  Evaluation 

Farm  data  (total  fami  area,  pond  sizes  and  total  pond  area), 
stocking  data  (average  initial  weight,  stocking  density)  and  harvest 
data  (duration  of  grow-out.  average  weight  at  harvest,  final  sur- 
vival, feed  conversion  ratio  and  yield)  are  based  on  the  actual  data 
of  pilot  farm.  Parameters  used  for  the  economic  analysis  for  mo- 
noculture and  polyculture  of  spotted  Babylon  with  sea  bass  in  a 
total  farm  area  of  0.8  ha  were  summarized  in  Tables  I,  2,  3,  4,  5. 
Total  investment  requirement  for  construction  of  a  total  farm  area 
of  0.8  ha  was  estimated  to  be  $4,837  for  the  monoculture  and 
polyculture  trials.  Construction  of  grow-out  ponds  and  seawater 
reservoirs  was  the  largest  cost  component  of  the  farm  (35.14%  of 
the  total  investment  cost),  followed  by  building  of  canvas  nursery 
ponds,  land,  seawater  pumps  and  blowers  representing  12.92%. 
10.34%.  10.34%  and  10.34%  of  the  total  investment  cost,  respec- 
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Figure  1.  I.\)  (irovvth  in  biidv  vvi-ijjht  of  Juvenile  B.  areolala  held  in 
moniK'uUure  and  polyculture  with  sea  hass  in  earthen  pond.  (B) 
Grovvlh  In  sizes  I  number  ot  snails  per  k};l  of  juvenile  fi.  areolala  held 
in  monoculture  and  polyculture  with  sea  hass  in  earthen  pond. 

tively  (Table  2).  Ownership  cost  per  production  cycle  was  esti- 
mated to  be  S2.24I  for  the  monocultine  and  polyculture  trials.  The 
major  ownership  cost  items  w  ere  depreciation,  land  and  interest  on 
investment  accounting  76.22%.  22.31%  and  1.47%  of  total  own- 
ership cost,  respectively  (Table  3).  Operating  costs  per  production 
cycle  was  estimated  to  be  $16,943  and  $21,004  for  the  monocul- 
ture and  polyculture  trials,  respectively  (Table  4).  Total  cost  per 
production  cycle  for  the  monoculture  of  spotted  babylon  in  a  total 
farin  area  of  0.8  ha  was  $19,184  and  $23,245  for  the  monoculture 
and  polyculture  trials,  respectively  (Table  5).  The  cost  of  produc- 
ing spotted  babylon  marketable  sizes  in  this  grow-out  farm  design 
was  $5.69  per  kg  and  S6.95  per  kg  for  the  monoculture  and  poly- 
culture trials,  respectively.  The  enterprise  budgets  based  on  the 
price  of  spotted  babylon  at  farm  gate  in  2003  of  $9.00  per  kg 
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TABLE  1. 

Parameters  used  for  the  economic  analysis  for  the  monoculture  and 

polyculture  trials  of  spotted  habylon  in  a  total  farm  area  of  0.8  ha 

of  earthen  ponds. 


TABLE  2. 

Estimated  investments  requirements  for  the  monoculture  and 

polyculture  trials  of  spotted  habylon  in  a  total  farm  area  of  (».8  ha 

of  earthen  ponds. 


Monoculture 


Polyculture 


Items 


Amount  ($) 


% 


Parameters 

Amount  ($) 

Amount  ($) 

A.  Farm  data 

Total  farm  area  (ha) 

0.8 

0.8 

Pond  size  (ha) 

fJ.(J4 

0.04 

Total  pond  area  (ha) 

0.3 

0.3 

Total  area  of  seawater 

reservoirs  (ha) 

0.4 

0.4 

B.  Stocking  data 

Average  initial  weight  of  spotted 

habylon  (g) 

0.3 

0.3 

Average  initial  weight  of  sea 

bass (g) 

2.3 

Stocking  density  of  spotted 

habylon  (no.  m"-) 

200 

200 

Stocking  density  of  sea  bass 

(no.  ni"") 

5 

C.  Harvest  data  (Spotted  Babylon) 

Duration  of  grow-out  (mo) 

7 

7 

Average  number  of  crops  per 

year  per  pond 

1.4 

1.4 

Average  final  weight  (g) 

.5.22 

4.10 

Average  final  survival  (%) 

S4.94 

84.30 

Feed  conversion  ratio  (FCR) 

2.69 

2.71 

Yield  per  production  cycle 

(kg/ha) 

I0..^20 

10,450 

Selling  price  at  farm  gate  ($/kg) 

8.75-9.25 

8.75-9.25 

D.   Harvest  data  (Sea  bass) 

Duration  of  grow-out  (mo) 

6 

Average  number  of  crops  per 

year  per  pond 

2 

Average  final  weight  (g) 

300-1,200 

Average  final  survival  (%) 

46.()() 

Feed  conversion  ratio  (FCR) 

4.47 

Yield  per  production  cycle 

(kg/ha) 

12.250 

Selling  price  at  farm  gate  (S/kg) 

1.89-2.25 

resulted  in  net  return  of  $11. 124  and  $14,691  for  the  monoculture 
and  polyculture  trials,  respectively  (Table  6). 

DISCUSSION 

In  this  study,  the  average  monthly  growth  rate,  FCR  and  final 
survival  of  spotted  babylon  for  monoculture  in  earthen  pond  were 
0,67  g  mo"'.  2.69.  and  84.94%.  respectively,  and  the  average 
monthly  growth  rate.  FCR  and  tuial  survival  of  spotted  babylon 
were  0.51  g  mo"'.  2.71.  and  84.30%  respectively  for  polyculture 
with  sea  bass.  The  snails  can  reach  a  marketable  size  with  an 
average  body  weight  of  9-10  g  in  a  7-mo  period  of  culture.  By 
contrast.  Chaitanawisuti  and  Kritsanapuntu  (1999)  reported  that 
average  monthly  growth  I'ates  of  spotted  babylon  in  flow  the 
through  culture  system  in  concrete/canvas  tanks  was  1.4  g  mo~'. 
FCR  and  final  survival  were  1.6%  and  95,8%.  respectively.  Chai- 
tanawisuti et  al.  (2001 )  reported  polyculture  of  B.  areolata  and  L. 
calcahfi'i-  in  3.0  x  4.5  x  0,5  m  concrete  ponds  supplied  with 
flow-through  seawater  system  that  the  average  growth,  survival. 
FCR  and  total  production  were  1.17  g  mo  ',  96.0%,  1,34  and  29,0 


Land  renting 

Construction  of  eight  20,0  x  20,0  x  1 .5  m 

grow-out  earthen  ponds  and  one  0.4  ha 

-seawater  reservoirs 
Construction  of  accommodation  and  storage 

house 
Construction  of  four  3.0  x  5.0  x  0.7  m 

canvass  nursery  ponds  and  housing 
Water  pumps  and  housing 
Blowers  and  housing 
Traps  for  sampling  and  harvesting 
Operating  equipment  (pvc  pipes,  lighting, 

salinometer,  thermometer,  ect) 
Miscellaneous 
Total  investment 


500 


10,34 


1,700 

35,14 

250 

5.17 

625 

12.92 

500 

10,34 

500 

10.34 

100 

2.06 

162 

3,35 

500 

10,34 

4,837 

100 

kg.  i-espectively.  Growth  of  spotted  babylon  in  earthen  ponds  was 
lower  than  those  in  concrete/canvas  tank.  The  most  concerned 
major  issues  for  slow  growth  of  spotted  babylon  in  earthen  ponds 
is  the  soil  sanitization  caused  by  pond  seepage,  salinity  increases 
caused  by  water  evaporation,  salinity  decrease  caused  by  heavy 
rain  falls,  fast  deterioration  of  total  alkalinity,  appropriate  feeding 
strategy  and  invasions  of  snails  (Cerithiiim  sp,)  as  follows:  (1) 
excessive  food  caused  the  degradation  of  water  quality  and  decay 
of  pond  bottom:  (2)  food  competition  from  various  predators  such 
as  the  tiger  prawn  naturally  occur  in  earthen  ponds  (Peneaiis  mon- 
odon).  swiiuming  crabs  (Portiiinis  pehii^iciis}.  mud  crab  (Scylla 
sp),  carp  iOrechonnis  mossambka):  (3)  deterioration  of  water 
quality,  particularly  total  alkalinity  which,  caused  slower  feeding 
of  spotted  Babylon;  (4)  salinity  decrease  during  rainy  sea.son. 
which  caused  slower  feeding  and  obvious  slow  growth  and  (5) 

TABLE  3. 

Estimated  ownership  costs  per  production  cycle  for  the  monoculture 

and  polyculture  trials  of  spotted  babylon  in  a  total  farm  area  of  l).8 

ha  of  earthen  ponds. 


Items 

Amount  ($) 

% 

Land 

500 

22,31 

Depreciation 

Construction  of  grow-out  earthen  ponds 

and  seawater  reservoirs 

340 

15.17 

Construction  of  accommodations  and 

facilities 

125 

5.58 

Construction  of  canvass  nursery  ponds  and 

housing 

312 

13.92 

Water  pumps  and  housing 

250 

11.16 

Blowers  and  housint; 

250 

11.16 

Traps  for  sampling  and  harvesting 

1 .000 

4.46 

Equipment  (pvc  pipes,  lighting. 

salinometer,  thermometer,  ect) 

81 

3.61 

Miscellaneous 

251 

11.16 

Interest  on  fi.xed  cost 

33 

1.47 

Total  ownership  cost 

2,241 

100 

Evaluation  of  B.  Areolma  Using  Earthen  Ponds 
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TABLE  4. 

Estimated  operatinjj;  costs  per  production  cycle  lor  the  iiioiiociilliire 

and  polyculture  trials  of  spotted  baby  Ion  in  a  total  farm  area  of  0.8 

ha  of  earthen  ponds. 


TABLE  6. 

Enterprise  budgets  of  a  total  farm  area  of  8,U(H)  m"  for  the 

monoculture  and  pohculture  trials  of  spotted  babylon  in  a  total 

farm  area  of  (I.S  ha  of  earthen  ponds. 


Monoculture 

Polycult 

ures 

Amount 

.\  mount 

Items 

($) 

% 

($» 

"^c 

Purchasing  for  juveniles 

spotted  Bahylon 

11.2011 

66,10 

11.200 

58.32 

Purchasing  for  juveniles 

sea  bass 

— 

— 

1.800 

8.57 

Fuels  and  luhricants 

586 

3.46 

586 

2.79 

Electricity 

378 

2.23 

378 

1.80 

Feed  for  spotted  babylon 

1.358 

8.02 

1.358 

6.47 

Feed  for  sea  bass 

— 

— 

1.920 

9.14 

Labor  (2  full  time) 

1.750 

10.33 

1,750 

8.33 

Repairs  and  maintenance 

375 

2.21 

375 

1.79 

Ice  for  feed  storage 

108 

0.64 

108 

0.51 

Interests  on  operating  capital 

1.188 

7.01 

1.529 

7.28 

Total  operating  cost 

16.943 

100 

21.003 

100 

mineral  competition  from  a  large  number  of  snails  (Cerithium  sp.) 
that  competed  for  minerals  in  the  seawater,  particularly  calcium  tor 
shell  formation,  which  resulted  in  shell  abnormality  and  slow 
growth.  In  this  study,  production  and  economic  analysis  was  per- 
formed for  monoculture  of  juvenile  B.  areoktta  to  marketable  sizes 
using  a  large-scale  production  of  earthen  ponds  in  Thailand.  The 
analysis  was  based  on  actual  cost  and  production  data  from  a  pilot 
commercial-scale  farm.  A  total  faim  area  of  0.8  ha  was  comprised 
of  0.3  ha  grow-out  eailhen  ponds.  0.4  ha  seawater  reservoir  and 
0.08  ha  accommodation  and  office. 

The  enterprise  budgets  of  monoculture  based  on  the  price  ot 
spotted  babylon  at  farm  gate  in  2003  of  $9.00/kg,  net  return  of  the 
monoculture  and  polyculture  were  $11,124  and  $14,691.  respec- 

TABLE  5. 

Estimated  total  cost  {'7< )  per  production  cycle  for  the  monoculture 

and  polyculture  trials  of  spotted  babylon  in  a  total  farm  area  of 

O.S  ha  of  earthen  ponds. 


Monoculture 

Polyculture 

Amount 

.\mount 

Items 

1$) 

"Ji- 

($) 

'7c 

Ownership  costs 

2.241 

ll. 68 

2.241 

9.64 

Land 

500 

2.61 

500 

2.15 

Depreciation 

1.708 

8.90 

1.708 

7..35 

Interest  on  investment 

33 

0.17 

33 

0.14 

Operating  costs 

16.943 

88.32 

21,004 

90.36 

Spotted  Babylon  juveniles 

11.200 

58.38 

1 1 .200 

48.18 

Sea  bass  juveniles 

— 

— 

1. 800 

7.74 

Fuel  and  lubricants 

586 

3.05 

586 

2.52 

Electricity 

378 

1.97 

378 

1.63 

Feed  for  spotted  babylon 

1.358 

7.08 

1.3.58 

5.84 

Feed  for  sea  bass 

— 

— 

1.920 

8.26 

Hired  labor 

1.750 

9.12 

1.750 

7.53 

Repairs  and  maintenance 

375 

1.95 

375 

1.61 

Ice  for  storage  of  feed 

108 

0.56 

108 

0.47 

Interests  on  investment 

1.188 

6.19 

1 ,529 

6.58 

Total  cost  per  production  cycle 

1 9. 1 84 

100 

23.245 

100 

Parameters 

Monoculture 

Polyculture 

Production 

Spotted  Babylon  (kg) 

3,368 

3,344 

Sea  bass  (kg) 

— 

3,920 

Costs  per  production  cycle 

Initial  investment  requirements 

4,837 

4,837 

Ownership  costs  (S) 

2,241 

2,241 

Operating  costs  ($) 

16,943 

21,004 

Total  cost  (S) 

19,184 

23,245 

Returns 

Gross  return  ($) 

.30,312 

37,936 

Net  returns  ($) 

11,124 

14,691 

*  Total  vield  of  spotted  Babylon  and  sea  bass  per  production  cycle  at 
0.4  ha 

—  Price  at  farm  gate  for  spotted  Babylon  and  sea  bass  of  $9.00  and  2.25/ 
kg,  respecitvely 

lively.  This  study  presented  a  positive  net  return  and  a  payback 
period  of  less  than  five  years  are  often  used  as  business  investment 
criteria.  In  Thailand,  living  spotted  babylon  fetched  the  selling 
prices  ranging  from  $1  l.25-l5.00/kg  at  seafood  restaurants  and 
$8.75-9.25  per  kg  at  a  farm  outlets.  The  basic  consumption  in  this 
study  (juvenile  price  of  $0.02  per  juvenile,  production  feed  price  of 
S0.2  per  kg.  stocking  density  of  200  snails  m"-,  and  selling  price 
of  $9.0  per  kg)  indicated  that  the  proposed  eight  20.0  x  20.0  x  1 .5 
m  grow-out  earthen  ponds  operation  is  economically  feasible  un- 
der these  conditions.  The  feasibility  of  producing  spotted  babylon 
marketable  sizes  in  pilot  commercial  grow-out  earthen  pond  op- 
eration should  be  continued  to  be  examined.  Although  returns  are 
small,  production  with  80%  survival  and  selling  price  of  $9.0  per 
kg  is  economically  feasible  under  the  assumptions  used.  The  re- 
sults showed  that  total  yield  of  monoculture  (10.520  kg/ha)  and 
poly  culture  with  sea  bass  ( 10.450  kg/ha)  was  gradually  different. 
For  cost  and  returns  analysis,  total  cost  per  production  cycle  of 
polyculture  with  sea  bass  ($23,245)  was  17.47%  higher  than  that 
of  monoculture  ($19,184)  because  of  increasing  costs  of  sea  bass 
juveniles  and  feed,  and  the  net  return  per  production  cycle  of 
polyculture  with  sea  bass  ($14,691)  was  24.28%  higher  than  the 
monoculture  ($1 1.124).  Results  of  this  work  showed  that  juvenile 
spotted  Babylon  could  be  successfully  grown  to  marketable  size  in 
earthen  ponds  for  monoculture  and  polyculture  systems. 

This  study  has  basically  demonstrated  that  it  is  possible  to 
culture  the  spotted  Babylon  in  earthen  ponds  such  as  the  aban- 
doned/rested shrimp  ponds  by  stocking  acclimated  spotted  babylon 
juveniles  to  marketable  sizes.  Thus,  monoculture  and  polyculture 
of  spotted  babylon  is  environmentally  friendly  and  economically 
attractive  with  appropriate  abandoned/rested  shrimp  farms,  result- 
ing in  effective  reuse  of  abandoned  shrimp  ponds,  better  economic 
returns  and  less  environmental  pollution.  Furthermore,  the  poly- 
culture of  spotted  babylon  with  sea  bass  or  inilkfish  at  relatively 
low  stocking  density  may  provide  an  opportunity  to  develop  a 
sustainable  aquaculture  system  to  best  use  many  abandoned/rested 
shrimp  ponds  in  various  coastal  areas  of  Thailand.  The  results  of 
this  study  provide  preliminary  evidence  for  the  biological  feasi- 
bility of  culturing  the  spotted  Babylon.  B.  weolata.  in  earthen 
ponds  for  monoculture  and  polyculture.  However,  application  of 
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these  results  to  commercial  levels  of  production  should  be  pre- 
ceded by  careful  examination  of  other  parameters  that  might  be 
important,  such  as  deterioration  of  water  quality  at  high  stocking 
densities.  Further  study  should  concentrate  on  pond  design,  man- 
agement of  seawater  and  pond  bottom  quality,  feeding  strategy  and 
competition  for  food  and  habitat  caused  by  natural  occurrence  of 
organisms,  for  the  success  of  commercial  grow-out  operation  of 
spotted  babylon  in  earthen  ponds. 
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ABSTRACT  Reuent  range  extensions  of  the  invasive  rapa  whelk  Rupana  venosa.  biological  data  of  the  population  and  possible 
ecological  impacts  on  the  food  webs  of  the  Rio  de  la  Plata  estuary  are  presented.  A  total  of  41  rapa  whelks  and  21  egg  capsules  were 
collec-ted  between  February  2004  and  March  2006.  Specimens  were  found  all  over  the  mixohaline  waters  of  the  estuary,  with  records 
off  Montevideo.  Samborombon  Bay  and  off  Punta  Rasa.  Specimens  ranged  between  28  and  120  mm  shell  length.  Almost  all  R.  venosa 
presented  epibionts  all  over  the  shell,  suggesting  an  exposed  lifestyle.  Egg-masses  were  attached  to  specimens  of/?,  venosa.  debris  and 
plastic  garbage.  The  spatial  distribution  of  R.  venosa  within  the  estuary  was  coupled  with  the  spatial  distribution  of  M act ra  isahelleana. 
a  typical  suhtidal  bivalve  of  mixohaline  waters.  The  implications  for  the  food  webs  of  the  estuary,  including  possible  predators,  are 
discussed.  The  presence  of  R.  venosa  in  muddy  sediments  together  with  the  finding  of  egg-capsules  over  the  specimens,  and  the  low 
salinity  values  at  which  it  is  found  in  the  Ri'o  de  la  Plata  estuary,  confirmed  the  high  plasticity  of  R.  venosa  and  the  potential  capability 
of  successfullv  invadine  novel  environments. 
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INTRODUCTION 

The  large  Asian  gastropod  Rapunii  venosa  Valenciennes  1 S46 
(Neogastropoda.  Muricidae)  is  a  predatory  molkisc  native  to  the 
Sea  of  Japan.  Yellow  Sea.  Bohai  Sea  and  the  East  China  Sea  to 
Taiwan  (ICES.  2004).  This  species  was  discovered  out  of  its  native 
biogeographic  range  in  the  Black  Sea.  and  it  has  subsequently 
spread  throughout  the  Sea  of  Azov,  and  the  Aegean.  Adriatic  and 
North  Seas  (for  complete  lists  of  localities  see  ICES.  2004).  The 
first  collection  of  R.  venosa  in  North  America  was  inade  in  the 
Chesapeake  Bay  on  the  East  Coast  of  the  United  States  in  1998 
(Harding  &  Mann  1999).  The  first  report  of  rapa  whelks  in  South 
America  was  made  by  Scarabino  et  al.  (1999)  and  Pastorino  et  al. 
(2000)  from  collections  in  the  Rio  de  la  Plata  estuary.  Argentina- 
Uruguay. 

This  generalist  predator  of  subtidal  mollusks  usually  feeds  on 
bivalves  of  economic  interest  like  oysters,  mussels  and  clams  (Har- 
ding &  Mann  1999.  Savini  et  al.  2004).  and  has  been  identified  as 
the  prime  reason  for  the  collapse  of  several  banks  of  mussels  and 
oysters  in  the  Black  Sea  (Drapkin  1963.  Zolotarev  1996).  Adult 
Rapana  venosa  are  found  in  water  temperatures  between  4°C  and 
27°C  (Chung  et  al.  1993)  and  salinities  ranging  from  28-33  in 
Korean  waters  (Korea  Oceanographic  Data  Center,  http:// 
kodc2.nfrdi.re.kr:8001/home/eng/main/index.php).  Furthermore, 
in  nonnative  localities  R.  venosa  is  found  in  estuarine  salinities 
(Scarabino  et  al.  1999.  Pastorino  et  al.  2000.  Mann  &  Harding 
2000.  2003;  ICES  2004).  Their  high  fecundity  (Chung  et  al.  1993). 
dispersal  assisted  by  a  planktonic  larvae  that  is  capable  of  reinain- 
ing  planktonic  between  14  and  80  days  in  estuarine  and  marine 
waters  (Mann  &  Harding  2003),  and  fast  growth  (Harding  &  Mann 
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2005)  make  R.  venosa  a  potentially  successful  invader  worldwide 
(Savini  et  al.  2004). 

A  recent  general  review  of  exotic  species  in  the  Southwestern 
Atlantic  (34"S  to  34°S)  revealed  that  most  of  the  exotic  species  of 
the  region  are  concentrated  in  Buenos  Aires  Province  (northern 
Argentina),  where  major  commercial  harbors  are  located  (Oren- 
sanz  et  al.  2002).  At  this  region,  the  Ri'o  de  la  Plata  (34°  to 
36°30'S.  55°  to  58°30"W)  forms  one  of  the  largest  estuarine  sys- 
tems of  South  America  (cr;.  38.000  km"  of  mixohaline  area).  This 
river  is  one  of  the  large  waterways  of  South  America.  Two  of  the 
major  ports  in  the  region.  Buenos  Aires  (Argentina)  and  Monte- 
video (Uruguay),  lie  along  its  shores  generating  an  intense  nautical 
traffic.  The  estuary  is  also  the  maritime  access  to  the  highly  com- 
plex fluvial  system  named  "Hidrovia,"  communicating  with  the 
Amazon  Basin  (Bisbal  1995,  Mianzan  et  al.  2001). 

Although  it  is  known  that  ships  are  one  of  the  main  sources  of 
introduction  of  exotic  species  via  fouling  or  ballast  water.  legula- 
tions  regarding  the  later  in  Argentina  are  not  strictly  enforced 
(Orensanz  et  al.  2002).  In  agreement,  this  was  the  mechanism 
suggested  for  the  introduction  of  Rapana  venosa  in  the  Rio  de  la 
Plata  estuary  (Pastorino  et  al.  2000).  Early  collections  of  Rapana 
venosa  in  the  estuary  corresponded  to  adult  specimens  found  in  the 
Rouen  and  English  Banks  in  May  1998.  several  egg  masses  along 
the  Uruguayan  coast,  between  Montevideo  and  Punta  del  Este  in 
December  1998  to  February  1999  (Scarabino  et  al.  1999),  one 
specimen  (95  mm  shell  length)  in  November  1999  off  Samborom- 
bon Bay  (Pastorino  ct  al.  2000).  another  specimen  (89  min  shell 
length)  collected  in  November  2001  off  Montevideo  (Rodrigues 
Capitulo  et  al.  2002).  and  recently  (spring  2002),  several  speci- 
mens caught  in  a  fisheries  research  survey  along  the  outer  part  of 
the  estuaiy  (Carranza  et  al.  in  press)  (see  Fig.  1).  However,  studies 
about  the  potential  extent  of  establishment  of  this  gastropod  over 
time  or  possible  ecological  impacts  on  the  food  webs  of  the  estuary 
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Figure  1.  The  Rio  de  la  Plata  estuary  and  adjacent  marine  /ones,  «itli 
indication  of  collection  sites  n(  tiapenm  veiiosa  in  1998  (•)  and  1999  (•) 
(from  Scarabino  et  al.  1999  and  Pastorino  et  al.  ilKH)).  2(MI1  (•!  (from 
Rodrigues  Capitulo  et  al.  20(121  and  2(102  (  ♦  )  (from  Carran/a  et  al.  in 
press!  (see  text  for  detailsi. 

are  lacking.  Therefore,  the  main  goals  of  this  study  are  to  provide 
data  describing  the  status  of  R.  veiiosa  in  the  Rio  de  la  Plata  estuary 
and  discuss  the  potential  ecological  impact  of  this  species  in  the 
region. 

MATERIALS  AND  METHODS 

Study  Area 

The  Rfo  de  la  Plata  estuary  is  an  extensive  and  shallow  coastal 
plain  estuary.  Its  bottom  shows  a  gentle  slope  with  depths  lesser 
than  25  m  (10  m  mean  depth).  Fine  sediments  of  fluvial  origin 
occupy  most  of  the  estuary,  but  the  outer  region  is  covered  by 
deposits  of  marine  sands  (Urien  1972).  This  estuary  is  character- 
ized by  a  quasi-permanent  salt  wedge  regimen.  Fresher,  and  there- 
fore lighter,  water  flows  out  of  the  estuary  in  the  surface  layer  and 
a  deeper  flow  brings  v.'ater  from  the  sea  into  the  estuary.  Salinities 
(hereafter  salinity  is  reported  following  the  Practical  Salinity 
Scale)  at  the  bottom  of  the  estuary  range  from  0  to  >.^,^  (Guen-ero 
et  al.  1997).  The  estuary  therefore  becomes  a  typically  two-layer 
system  characterized  by  strong  vertical  stratification,  which  gradu- 
ally weakens  seaward.  The  maximum  upriver  penetration  of  the 
salt  wedge  is  associated  to  a  submersed  bar  across  the  river  (Barra 
del  Indio  shoal).  A  well-developed  turbidity  front  characterizes  the 
innermost  part  of  the  estuary.  This  turbidity  maximum  is  caused  by 
the  flocculation  of  suspended  matter  at  the  tip  of  the  salt  wedge, 
and  resuspension  of  sediment  caused  by  tidal  stining  (Framiiian  & 
Brown   1996).  A  wind  driven,  two-way  discharging  pattern  has 


been  described  for  the  estuary  (Guerrero  et  al.  1997).  During 
spring  and  summer  months  the  river  plume  moves  southward,  to 
the  Argentine  coast.  During  fall-winter,  the  plume  manifest  mostly 
towards  NNE.  along  the  Uruguayan  coast,  and  can  be  traced  reach- 
ing southern  Brazil  (Piola  et  al.  2000). 

Benthic  fauna  is  characterized  by  2  major  groups:  a  low  diver- 
sity estuarine  assemblage  (muddy  bottoms,  salinities  between  0.5 
and  3?!).  dominated  by  infaunal  bivalves  and  a  marine  assemblage 
(sandy  bottoms,  salinities  >3.^),  with  higher  values  of  diversity  and 
the  occuiTence  of  oysters  and  mussels  banks  (Giberto  et  al.  2004, 
Giberto  &  Bremec  In  prep.).  Bottom  type,  salinity  and  the  presence 
of  the  turbidity  front  are  considered  the  main  physical  variables  in 
structuring  benthic  communities  of  the  Rio  de  la  Plata  estuary 
(Giberto  et  al.  2004). 

Sampling  and  Data  Analysis 

Rapa  whelks  and  environmental  data  came  from  stations 
sampled  during  February  2004,  December  2005,  February  and 
March  2006,  in  routine  fisheries  research  ci-uises  carried  out  in  the 
Rio  de  la  Plata  estuary  and  adjacent  area  by  the  R/V  "Capitan 
Canepa"  (INIDEP)  (Table  1).  Faunal  samples  were  taken  with  a 
bottom  trawl  designed  to  capture  juvenile  fishes  (lO-mm  mesh 
si/e).  Collected  specimens  of  Rapana  venosa  were  fro/en  on  hoard 
and  exammed  later  at  laboratory.  For  each  specimen  total  weight 
(shell  +  body  wet  weight)  (TW),  shell  length  (SL).  aperture  height 
(AH),  aperture  width  (AW)  and  shell  thickness  (ST)  were  mea- 
sured, following  Savini  et  al.  (2004).  Dimensions  were  taken  using 
a  digital  caliper  (0.1  mm).  The  epibiotic  invertebrates  on  the  stud- 
ied material  were  identified.  The  number  of  eggs  and  capsules  of 
the  egg  masses  were  counted  and  measured  under  binocular  mi- 
croscope. Fecundity  was  estimated  as  total  number  of  eggs  in  total 
eggs  capsules  (see  Chung  et  al.  1993). 

The  allometric  relationship  between  SL  and  TW  was  analyzed 
with  simple  linear  regression  (Sokal  &  Rohlf  1999). 

Oceanographic  sampling  was  performed  with  a  Sea  Bird-19 
CTD  (Conductivity  Temperature  Depth  profiler),  at  the  beginning 
of  each  sampling  tow.  Salinity  is  reported  following  the  Practical 
Salinity  Scale.  Sediment  type  was  characterized  using  data  avail- 
able from  the  literature  (Urien  1972)  and  from  Giberto  &  Bremec 
(In  prep.). 

To  assess  potential  ecological  impacts  on  the  food  webs  of  the 
area,  we  analyzed  the  occuixence  of  typical  subtidal  bivalve  spe- 
cies, which  reach  high  densities  in  estuarine  and  marine  adjacent 
waters  (Mactra  isabelleami,  Ostrea  puelchana  and  Mytilus  edulis 
platensis).  In  doing  .so,  we  used  macrofauna  data  (1975-2005) 
compiled  in  Giberto  &  Bremec  (2003.  In  prep.)  and  Giberto  et  al. 
(2004). 

RESULTS 

A  total  of  41  rapa  whelks  and  21  egg  masses  were  collected  in 
summer  research  cruises  between  February  2004  and  March  2006 
(Fig.  2  and  Table  2).  Rapana  veiiosa  was  found  all  over  the  mixo- 


Sampling  Date 


Fehruary  2004 
December  2()0.S 
Fch-March  2006 


TABLE  I. 
Summary  of  sampling  data  from  the  Rio  de  la  Plata  estuary. 


Gear 


Depth  (m) 


Salinity 


Temperature  (°C) 


Bdllcini  trawl 
Bottom  trawl 
Bottom  trawl 


4-9 
S-11 

4-1.^ 


1.1.5-26.7 
14.8-30.8 
12.7-20.3 


21.8-23.2 
17.5-20.4 
21.4-22.6 


Sediment 


Mud 
Mud 
Mud-Sand 


Ra/'ana  venosa  in  the  Rio  df,  i.a  Plata  Estuary 
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haline  waters  of  the  estuary,  with  constant  records  off  Montevideo 
and  in  Samboronibon  Bay.  In  2005  and  2006  R.  vciiosa  was  found 
in  .southern  locations,  at  hiyher  salinities  off  Punta  Rasa  (see  Fig. 
2  and  Tahle  2).  Specimens  ranged  between  28  and  120  mm  SL. 
SL-frequency  and  distribution  of  Rapcma  vcnosa  in  the  estuary  for 
each  cruise  is  shown  in  Figure  2.  Total  weight  ranged  between  2.8 
g  and  35 1 .5  g.  Figure  3  shows  the  result  of  the  regression  analysis 
between  SL  (independent  variable)  and  TW  (dependent  variable). 

Rapa  whelks  were  collected  in  shallow  muddy  (36  specimens) 
and  sandy  (5  specimens)  bottoms.  The  associated  fauna  in  muddy 
bottoms  were  the  bivalve  Mactra  isahcllciiua  (see  Fig.  2d),  the 
shrimp  Ariciiiesia  loiiginaiis.  the  gastropods  Biiccinanopx  sp.  and 
Hi'leohia  ausiralis.  the  polychaete  Alilta  siiccinea  and  the  cu- 
macean  Diastylis  sp.  In  sandy  bottoms  R.  veiwsa  was  found  to- 
gether with  the  oyster  O.  piielchiinn  in  three  sampling  stations  (see 
Fig.  2d  for  the  distribution  of  possible  preys). 

Undetermined  bryo/oans  (63'7r)  and  barnacles  (Baliiiius  sp., 
78%)  were  the  most  frequent  epibionts  colonizing  all  over  the  shell 
of  Rapana  veiwsa  (n  =  36).  Hydrozoan  branches  (30%)  were  also 


found.  Undetermined  sinall  sea  anemones,  undetermined  chitons 
and  polychaete  tubes  (Serpuiidae)  were  found  occasionally.  Five 
rapa  whelks  lack  epibionts  completely.  Palydara  sp.  (Pnlychaeta) 
infestations  were  found  in  6  specimens. 

A  total  of  21  egg  masses  were  found.  Eight  of  them  were 
attached  to  debris  and  plastic  garbage,  whereas  13  were  found 
attached  to  larger  whelks.  Capsules  {n  =  30)  per  whole  egg  mass 
varied  between  10<S  and  700.  and  eggs  per  capsules  varied  from 
434-S90.  Fecmidity  estimations  were  in  the  range  76,156-85,323 
eggs  per  individual.  The  egg  capsules  contained  shelled  larvae 
having  the  operculum  and  larval  shell  (-0.4  x  0.3  mm).  Larvae 
with  "coned""  shells  were  found  with  a  frequency  of -10%  (Fig.  4). 
Egg  capsules  from  December  were  pale  black  color  (average  of 
717  eggs  per  capsule),  whereas  several  capsules  from  February 
were  empty  with  the  e.xit  hole  bored,  or  dead  with  a  violet  color 
(average  of  568  eggs  per  capsule),  and  capsules  from  March  were 
all  empty.  Collected  capsules,  including  the  curved  tip,  measured 
18.5-29.5  mm  in  length,  and  1.7-2.5  mm  in  width  at  the  smaller 
diameter  at  the  base. 
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Figure  2.  .Shell  lenjjth-freqiiencv  and  dlstrlhiitkin  ol  Rapaitii  veiiosa  (*)  in  the  study  area  during  each  cruise  (a  to  c).  Complete  known  range 
distribution  of  R.  veiiosa  (*l  and  potential  bi\al>e  preys  (banks  of  Mactra  isahelleana.  Ostrca  puclchana  and  Myliliis  cdulis  platcnsis)  (d).  PP, 
Punta  piedras;  PR,  Punta  Rasa:  VAV..  Punta  del  Este. 
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TABLE  2. 
Collection  of  Rapana  veiiosa  and  bionietric  variables  in  the  Rio  de  la  Plata  estuary. 


Sainpling  Date 


Shell  Length 
I  mm  I 


Aperture 
Height 

{ mm ) 


Aperture 
Width 
(mm  I 


Thickness 
(mm) 


February  2U04 
December  2005 
Feb-Maich  2006 


16 
13 


36.82-111.92 
68.8-106.8 

28.6-119.3 


28.4-94.9 

56-89.2 

21. 5-99.1 


11.3-+4.8 
24.3^1.7 

9.04-52.5 


0.6-4.9 
1.6-3.3 
0.5-3.4 


DISCUSSION 

The  rapa  whelk  Rapami  vcnosa  successfully  spread  over  the 
muddy  bottoms  of  the  estuary  since  their  early  records  off  Sam- 
borombon  Bay  and  along  the  Uruguayan  coast  (Pastorino  et  al. 
2000,  Scarabino  et  al.  1999,  Rodrigues  Capitulo  et  al.  2002).  Their 
range  extension  is  now  at  Argentinean  and  Uruguayan  coastal 
lines.  The  finding  of  invasive  marine  species  in  coastal  and  estua- 
rine  waters  is  an  already  widespread  phenomenon.  The  impacts  of 
such  introductions  are  unpredictable,  and  not  all  of  them  become 
a  successful  resident  in  the  new  environments.  However,  the  pres- 
ence of  small  specimens  of  rapa  whelk  (between  28  and  48  mm 
SL),  and  egg  capsules  with  operculated  and  shelled  larvae,  con- 
firmed that  the  population  of  R.  vciiasa  is  .sexually  mature  and 
actively  breeding  in  the  region,  as  was  suggested  in  previous  works 
(Scarabino  et  al.  1999.  Pastorino  et  al.  2000). 

Biometric  variables  measured  were  in  the  range  reported  by 
Savini  et  al.  (2004)  for  the  Northern  Adriatic  Sea  for  similar  shell 
length  ranges.  Besides  their  smaller  size,  the  allometric  growth  of 
the  snails  collected  in  this  study  presented  similar  slope  values 
than  larger  Adriatic  species  (3.21  and  3.37  for  rock  and  sand 
samples.  Savini  et  al.  2004).  The  record  of  small  specimens  in 
other  localities  where  R.  venosti  was  introduced  is  a  rare  event, 
because  most  of  the  data  usually  come  from  commercial  fisheries 
that  selectively  catch  larcer  snails  (Hardine  &  Mann  1999,  ICES 


en 


j^ 


J  I 


f> 


S 


0-h- 
1.25 


1.50 


1.75 
Log  10  SL 


2.00 


Logio  TW  =  3.39  Logio  SL  -  4.52 


2.25 


R-  =  0.985 


Figure  3.  Linear  relationship  (data  log,,,  Iransformtdl  between  shell 
length  (mm)  (independent  variablel  and  total  weight  (g)  (dependent 
variable)  for  samples  of  Rapana  vvitosa  collected  in  the  Rio  de  la  Plata 
estuary  between  20(14  and  2006,  Kquation  and  regression  coefficient 
(R-)  are  indicated,  SL.  shell  length;  TW,  total  weight. 


2004)  or  because  of  possible  distinct  habitat  preferences  of  juve- 
niles (Savini  et  al.  2004).  However,  our  data  from  the  Ri'o  de  la 
Plata  estuary  do  not  show  segregation  by  size  classes. 

Almost  all  Rapana  venosa  specimens  presented  epibionts  all 
over  the  shell,  which  suggests  an  exposed  lifestyle.  Similar  results 
were  found  by  Savini  et  al.  (2004)  for  specimens  living  on  hard 
rock.  On  the  contrary,  other  studies  under  field  and  laboratory 
conditions  found  that  rapa  whelks  are  nocturnal  and  I'emain  bur- 
rowed most  of  the  day,  avoiding  settlement  by  epifaunal  biota 
(Harding  &  Mann  1999,  2(J05).  Environmental  conditions  in  the 
Ri'o  de  la  Plata  estuary  may  conduct  to  a  different  behavior.  The 
light  penetration  in  mixohaline  waters  is  really  poor,  with  approxi- 
mately 99%  of  the  incident  radiation  lost  at  around  2  m  depth 
(Acha  et  al.  submitted),  and  the  sedimentation  rate  is  high  (Urien 
1972),  which  means  that  adult  rapa  whelks  may  be  exposed  during 
longer  periods  of  time  than  in  other  habitats.  It  is  also  remarkable 
that  the  organisms  that  encrust  the  shells  of  this  gastropod  are  not 
usually  found  in  the  muddy  bottoms  of  the  estuary  (Giberto  et  al. 
2004),  with  the  exception  of  barnacles  colonizing  small  specimens 
of  Mactni  isabelleana  (Giberto,  pers.  obs.).  This  reflects  the  lack 
of  hard  bottoms  in  the  estuary  and  the  importance  of  R.  venosa 
shells  as  suitable  settlement  substrates  for  epibionts  larvae.  More- 
over, R.  venosa  egg-masses  were  attached  to  debris  and  plastic 
garbage,  which  are  concentrated  over  the  BaiTa  del  Indio  shoal  by 
the  frontal  dynamics  (Acha  et  al.  2003). 

Habitat  quality  is  very  iinpoilunt  for  the  successful  colonization 
of  novel  environments.  Salinity  ranges  of  the  estuary  are  within  the 
limits  at  which  the  species  has  been  found  in  other  locations  (ICES 
2004),  although  in  this  area  Rapana  venosa  was  always  found  at 
low  salinity  waters  (see  Table  1  and  Carranza  et  al.  in  press). 
Thermal  seasonal  range  of  the  estuary  ( 10°C  to  23°C,  GueiTcro  et 
al.  1997)  is  in  coincidence  with  breeding  tolerances  for  R.  venosa 
(13°C  to  26°C)  recorded  by  Chung  et  al.  (1993).  These  authors 
also  reported  a  17-day  incubation  period  at  18°C  to  20°C  in  labo- 
ratory conditions,  with  females  laying  egg-masses  during  all  the 
reproductive  period  in  summer.  Specimens  of  this  estuary  seem  to 
follow  this  pattern,  because  the  egg-capsules  found  in  November 
contained  embryos  at  a  morula-gastrula  stage  (Pa.storino  et  al. 
2000).  whereas  the  capsules  found  in  this  study  (December- 
February)  were  with  normal  and  "coned"  shelled  larvae  or  empty. 
"Coned"  shells  could  be  malformations  leading  to  nonviable  lar- 
vae. Egg-masses  were  attached  to  specimens  of  R.  venosa  and 
debris  and  plastic  garbage,  which  seems  to  be  an  alternative  re- 
productive strategy  to  deal  with  the  absence  of  any  other  primary 
settlement  substi'ate.  These  findings  are  in  coincidence  with  data 
from  the  outer  estuary  by  Carranza  et  al.  (in  press),  which  alst) 
found  egg  masses  attached  to  plastic  debris  and  garbage. 

The  spatial  distribution  of  Rapana  venosa  within  the  estuary 
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Hsiurt'  4.  Adults  of  Rapaiiii  yviinsii  cdlkited  in  Ihi'  Kio  df  la  I'latii  estuan  omt  Miiclra  iuihilleaiia  banks  (a,  scale  bar:  5(1  mm).  Egg  cases  were 
attached  to  the  specimens  (b.  scale  bar:  11)  mm)  and  contained  "coned"  shells  forms  and  normal  shelled  larva  of  -0.4  x  0.3  mm  (c). 


was  coupled  with  the  spatial  distribution  of  Mactni  isahelleana. 
This  is  in  coincidence  with  the  salinity  range  of  12-30  and  the 
presence  of  muddy  bottoms  at  which  M.  isubelleana  is  usually 
found  at  high  densities  (Giberto  et  al.  2004).  It  has  been  proposed 
that  the  high  abundances  of  this  deposit-feeder  bivalve  are  related 
to  the  concentration  of  organic  matter  by  frontal  dynamics,  and/or 
to  the  i-etentive  properties  of  the  front  that  could  maintain  bivalve 
larvae  in  this  area  (Mianzan  et  al.  2001,  Giberto  et  al.  2004).  At  the 
adjacent  subtidal  marine  zones,  R.  venosa  was  found  near  oyster 
(Ostrea  puelchaua)  banks.  The  coexi.stence  of/?,  venosa  with  these 
bivalves  led  to  conjecture  that  it  is  preying  over  M.  isahelleana  and 
O.  puelchana.  Preliminary  results  on  the  trophic  food  webs  in  the 
estuary,  using  stable  S'^N  and  S'^'C  isotope  signatures  (Botto  et  al. 
In  prep.),  supported  this  hypothesis:  R.  venosa  (n  =  4)  .showed 
8''^N  isotopic  values  in  an  upper  trophic  level,  over  both  bivalves 
signals.  Other  potential  preys  could  be  the  bivalves  Emdoiia  iinic- 
troides.  Corhiila  palagonica  and  Nucula  pnelcha.  which  usually 
inhabit  the  mixohaline  environment  (Giberto  &  Bremec  2003.  In 
prep.,  Giberto  et  al.  2004). 

Regarding  possible  predators,  it  has  been  suggested  that  Calli- 
necles  sapidits  could  be  a  control  for  R.  venosa  in  the  Chesapeake 
Bay  (Harding  2003).  but  Cesar  et  al.  (2003)  has  shown  that  this 
crab  (which  is  another  exotic  species  in  this  estuary)  has  a  diet 
mainly  ba.sed  on  Limnoperna  forutnei.  This  is  an  introduced  bi- 
valve typical  of  low  salinity  to  freshwaters  of  the  Rio  de  la  Plata. 
Other  possible  natural  controls  are  demersal  fishes  that  prey  on  the 
infauna.  The  whitemouth  croaker,  Miciopogonias  furnieri,  is  the 
dominant  species  in  terms  of  bioma.ss  and  sustains  the  coastal  and 
artisanal  fisheries  in  Argentina  and  Uruguay  (Carozza  et  al.  2004). 
M.  furnieri  usually  preys  on  benthic  infauna  including  soft-bodied 
polychaetes  and  hard-bodied  crustaceans,  gastropods  and  bivalves 


like  M.  isahelleana  (?mg  1986.  Giberto  2001 .  Giberto  unpublished 
data),  using  their  pharyngeal  teeth  to  crush  the  hard  stiuctures  of 
these  invertebrates.  Therefore.  M.  furnieri  is  potentially  capable  of 
preying  on  R.  venosa  juveniles  or  at  least  on  the  egg-masses,  the 
later  confirmed  recently  in  diets  studies  of  this  croaker  (Giberto. 
unpublished  data). 

Considering  the  prolonged  larval  phase  of  ^.  venosa  (up  to  80 
days),  the  lack  of  potential  competitors  in  the  estuary  such  as  stable 
populations  of  large  gastropods  (Giberto  et  al.  2004.  Cananza  et  al. 
in  press.  Giberto  &  Bremec  In  prep.),  and  the  impact  of  the  Rio  de 
la  Plata  discharge  along  the  Uruguayan  and  Argentine  coasts,  the 
species  is  capable  of  maintaining  a  source  population  in  the  estu- 
ary. The  vicinity  of  several  other  commercial  harbors,  in  combi- 
nation with  favorable  oceanographic  conditions  and  food  avail- 
ability leads  to  the  conclusion  that  viable  populations  of/?,  venosa 
are  potentially  expected  in  surtoundings  areas  in  a  short  term.  The 
presence  of  R.  venosa  in  inuddy  sediments  together  with  the  find- 
ing of  egg-capsules  over  the  specimens,  and  the  low  salinity  values 
at  which  it  is  found  in  the  Ri'o  de  la  Plata  estuary,  confirmed  the 
high  plasticity  of  R.  venosa  and  the  potential  capability  of  suc- 
cessfully invading  novel  environments. 
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REPRODUCTIVE  CYCLE  OF  THE  PURPLE  SNAIL  PUCOPURPURA  PANSA  (GOULD  1853) 
FROM  TWO  LOCATIONS  AT  BAJA  CALIFORNIA  SUR,  MEXICO 


LIIDWIC.  C.  A.  NAEGEL*  AND  FEDERICO  A.  GARCIA-DOMINGUEZ 

Centra  Inlcrdiscipliiuuio  dc  Ciencias  Marinas.  Instituto  Palltecnico  Nacional  Apdo.  Postal  592, 
La  Paz.  B.C.S.  23000 Mexico 

ABSTRACT  The  reproductive  cycle  of  purple  snail,  Plicopiiipiira  pansa  (Gould  I S33),  sampled  randomly  monthly  over  a  period  of 
20  mo  at  Playa  Cerritos  at  the  Pacific,  and  Punta  Perico  at  the  Gulf  of  California,  Baja  California  Sur.  Mexico,  was  examined  by 
histological  observations  of  the  gonadal  development.  At  both  sites  year-round  copulations  were  observed,  whereas  egg  capsules  could 
be  found  only  during  February  to  May.  During  nearly  the  whole  period,  male  and  female  gonads  were  foimd  in  the  developing  stage. 
From  January  to  July  and  August  most  female  gonads  were  found  in  the  ripe,  and  from  January  to  June  and  August  in  the  spawning 
stage.  Male  gonads  in  the  spawnitig  stage  were  observed  from  December  to  September.  The  recovering  stage  was  found  in  male  and 
fetnale  gonads  between  September  and  October.  Synchronism  of  gonadal  development  between  both  sexes  was  evident.  Spawning 
could  be  observed  in  females  with  a  total  shell  length  of  more  than  1 8  mm.  whereas  smaller  animals  had  gonads  in  the  developing  stage. 
In  gonads  of  males  signs  of  spawning  could  be  observed  in  animals  larger  than  18  mm.  No  relationship  was  found  between  the  water 
temperature  and  the  spawning  period.  The  .sex  ratio  was  1:1  at  Playa  Cerritos.  whereas  at  Punta  Perico  more  males  than  females  were 
counted. 

KFA'  WORDS:     reproductive  cycle,  purple  snail.  Pliidpurpiira  puma.  Muricidae 


INTRODUCTION 

Most  marine  snails  of  the  family  Muricidae.  if  not  all.  produce 
in  the  hypobranchial  gland  a  colorless  secretion  that  turns  on  ex- 
posure to  air  and  light  to  "Tyrian  Purple"  (Fretter  &  Grahatn 
1994),  For  its  dye  the  carnivorous,  gonochoristic  muricid  Pli- 
copurpiira  pansa  (Gould  1853),  which  inhabits  intertidal  rocky 
shores  exposed  to  high  impact  waves  of  the  open  sea,  has  been 
exploited  on  the  Pacific  coast  frotn  Central  Atnerica  to  Mexico  for 
hundreds  i)f  years  by  indigenous  cotnmunities  for  dyeing  threads 
of  cotton  to  be  woven  afterwards  into  traditional  dresses.  However, 
in  recent  years  in  Mexico  the  comtnercial  exploitation  of  the 
purple  snail  for  dyeing  kimonos  with  "Tyrian  Purple"  had  reached 
such  levels  as  to  threaten  the  survival  of  the  species,  and  in  1988 
the  Mexican  government  declared  P.  pansa  a  protected  species 
(Anonymous  1988.  1994), 

Despite  the  recent  concerns  about  the  state  and  recovery  of 
P.  pansa.  little  is  known  about  the  principal  life-history  features. 
The  impeded  accessibility,  only  during  extreme  low  tides,  is  the 
main  reason  for  the  difficulties  of  P.  pansa  field  research.  Detailed 
information  on  the  reproductive  strategy  however,  is  a  prerequisite 
for  the  development  of  techniques  for  restocking  natural  popula- 
tions and  to  facilitate  effective  management. 

In  Mexico,  some  information  about  the  gonad  reproductive 
cycle  of  the  purple  snail  P.  pansa  is  available  from  Oaxaca 
(Hernandez-Cortes  &  Acevedo-Garcia  1987.  Acevedo-Garcfa  et 
al.  199.3),  a  histological  study  from  Nayarit  (Quiroz-Rocha  1992). 
and  a  detailed  study  about  the  reproductive  cycle  from  Sinaloa 
(Gonzalez-Flores  1997),  Especially,  the  understanding  of  the  re- 
productive cycle  and  the  spaw  ning  period  of  P.  pansa  will  provide 
the  necessary  information  needed  for  the  determination  of  the  re- 
cruitment period  of  natural  populations.  Up  until  now  data  are 
missing  about  the  reproductive  cycle  of  P.  pansa  from  Baja  Cali- 
fornia Sur,  the  most  nonhern  area  of  its  distribution.  The  objec- 
tives of  this  study  were  to  determine  over  a  period  of  20  mo  the 
reproductive  cycle  of  P.  pansa  at  two  locations  in  Baja  California 


Sur,  Additional  information  on  minimum  size  at  sexual  tiiaturity 
and  sex  ratio  is  needed  to  facilitate  efficient  managetiient  of  this 
natural  resource. 


MATERULS  AND  METHODS 


Sampling 


*Corresponding  author.  E-mail:  InaegeKs'ipn.mx 


Preliminary  trials  were  started  from  January  to  May  2000  to 
determine  the  best  location  and  period  for  the  collection  of  P. 
pansa.  whether  egg  capsules  can  be  found,  and  to  assess  the 
method  of  sampling  to  obtain  statistically  valid  data.  From  inter- 
tidal rocks  at  days  during  extreme  low-water  spring  tides  at  Playa 
Cerritos  at  the  Pacific  coast  (23°I9'54"N  and  1  IO°10'38"W)  and  at 
Punta  Perico  at  the  Gulf  of  California  (24°0r54"N  and 
109°48'2I"W;  Fig,  I).  20-30  specimens  from  100-300  animals  of 
unexploited  populations  of  P.  pansa  were  randomly  selected  from 
June  2000  to  January  2002.  monthly,  with  the  help  of  a  table  of 
random  numbers.  At  Playa  Cerritos  a  total  of  392  were  randomly 
selected  during  20  mo  and  at  Punta  Perico  a  total  of  .S96  speci- 
mens. 

During  sampling  the  water  temperature  was  recorded,  whether 
egg-capsules  could  be  found  and  whether  copulas  were  observed. 
Injecting  a  10%  neutral  buffered  formalin  solution  into  the  snails 
preserved  the  tissue  of  the  animals.  Subsequently  about  24  h  later 
in  the  laboratory  the  total  SL  of  the  animals  was  determined  from 
the  apex  to  the  end  of  the  siphon  channel  with  the  help  of  a  digital 
caliper  with  a  precision  of  0,01  mm,  the  shell  was  broken  and  the 
gonads  and  the  digestive  gland  were  removed.  Table  1  shows  the 
number  of  gonads  examined,  the  average  total  SL  with  standard 
deviation,  and  the  size  range.  Sex  determination  was  accomplished 
by  visual  inspection  for  a  penis,  and  verified  by  histological  ex- 
aminations of  the  gonads. 

Observations  hy  Light  Microscopy 

The  gonads  were  dehydrated  in  the  alcohol  series,  cleared  with 
butylated  hydroxanisole.  and  embedded  in  paraftm.  The  sections 
(7-9-|jim  thick)  were  prepared  from  the  thickest  part  of  the  gonads. 
and  subsequently,  according  to  the  methodology  described  by 
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Figure  1.  Map  showing  the  study  sites. 

Luna  (1968),  stained  with  Harris  hematoxylin  and  contrasted  with 
eosin.  This  method  was  adopted  after  verifying  in  four  specimens, 
that  gonadal  maturity  was  uniform  in  different  pans  of  the  gonad. 
Both  sexes  were  confirmed  by  light  microscopic  examination  of 
histological  preparations  of  the  gonads.  Light  micrographs  were 
taken  with  a  digital  camera  (Olympus  Camedia  C-5060)  mounted 
on  a  light  microscope  (Olympus  BX  41 ). 

Reproductive  Cycle  Willi  Gonad  Developmental  Phases 

To  determine  the  seasonality  and  duration  of  the  reproductive 
cycle  from  the  histological  preparations  the  development  of  the 
gonads  is  classified  arbitrarily;  in  females  it  is  divided  into  four 
successive  stages  (developing,  ripe,  spawning,  recovering),  in 
males  only  into  3  (developing,  spawning,  and  recovering)  stages. 

Developing  Stage 

In  female  gonads  in  the  developing  stage  can  be  found  oogonia 
and  developing  oocytes  {Photo  I  a). The  size  of  the  gonads  is  in- 
creasing through  the  accumulation  of  growing  ovocites  accumu- 
lating yolk.  The  oocytes  are  predominantly  previttelogenic.  In 
male  gonads  can  be  observed  the  spermatogenic  follicles,  sper- 
matogonia, spermatocytes,  and  spermatozoa  airanged  in  charac- 
teristic bands  (Photo  2a). 

Ripe  Stage 

In  females,  all  follicles  are  filled  with  ripe  vitellogenic  oocytes 
of  polygonal  shape  containing  mature  yolk  granules  (Photo  lb). 
No  empty  space  was  observed  between  the  follicles.  In  males,  the 
ripe  stage  cannot  be  distinguished  from  the  developing  stage,  and 
is  therefore  omitted. 


Spawning  Stage 

In  females,  because  most  oocytes  in  the  follicles  are  discharged 
into  the  environment,  the  lumen  of  the  follicles  becomes  essen- 
tially empty.  Spawned  ovaries  are  characterized  by  the  presence  of 
spaces  between  the  free  oocytes  in  the  lumen  (Photo  Ic).  In  males, 
the  lumen  of  the  follicles  is  partially  empty  with  spaces  inside,  and 
a  decrease  in  the  quantity  of  spermatozoa  can  be  noticed.  The 
spermatocytes  remain  at  the  follicular  walls  (Photo  2b).  In  this 
stage  the  spermatic  ducts  are  filled  with  spermatozoa  (Photo  2b 
and  2c). 

Recovery  Stage 

In  males  and  females,  after  spawning  the  gonads  are  collapsed, 
and  each  follicle  is  empty.  In  females  few  residual  oocytes  are 
present,  being  phagocytized  by  amoebocytes.  The  gonads  are  re- 
duced to  a  thin  layer  of  tissue  adjoining  the  hepatopancreas  (Photo 
Id).  No  active  oogenesis  is  evident.  In  males  phagocytosis  occurs 
of  the  residual  spermatozoa  by  amoebocytes.  and  no  active  sper- 
matogenesis are  evident.  However,  not  in  all  samples  in  the  re- 
covery stage  are  the  gonads  visible  because  they  have  been  com- 
pletely absorbed  and  therefore  it  is  only  possible  to  determine 
anatomically  the  sex  of  the  animals  by  the  presence  or  absence  of 
a  penis 

Mean  Maturity  Index 

Grant  and  Tyler  (1983)  proposed  using  the  term  "maturity  in- 
dex" for  examinations  of  gonad  histological  sections  and  restrict- 
ing the  use  of  "gonad  index"  to  the  quantitative  analysis  of  relative 
gonad  weight  or  size.  We  obtained  the  mean  maturity  index  for 
each  monthly  sample,  according  to  the  method  described  by  Seed 
(1976)  and  Kautsky  (1982)  for  the  bivalve  Mylihts  edidis  (Linne 
1758).  The  number  of  animals  in  each  stages  of  maturity  was 
multiplied  by  the  numerical  ranking  of  the  stage  (recovering  =  I; 
developing  =  2;  ripe  =  3;  spawning  =  4)  and  by  dividing  the 
sum  of  these  products  by  the  number  of  individuals  in  the  sample. 
The  index  varies  from  one,  if  the  female  gonads  of  the  entire 
population  are  recovering  and  4  if  the  whole  female  population  is 
spawning.  In  the  male  population,  because  the  ripe  stage  is  miss- 
ing, the  index  will  be  3  if  all  animals  are  in  the  spawning  stage,  and 
1  if  all  animals  are  recovering. 

Biological  Minimum  Size  at  Sexual  Maturity 

To  delemiine  the  minimum  size  at  sexual  maturity  we  selected 
from  all  collected  animals  the  10  smallest  females  and  males  from 
each  location  and  determined  their  stage  of  gonadal  maturity. 

Sex  Ratio  of  the  Histologically  Examined  Specimens 

The  total  number  of  males  and  females  collected  at  Punta 
Perico  and  Playa  Cerritos  was  subjected  to  the  x'  test  to  examine 
whether  statistically  significant  differences  exist  between  the  num- 
bers of  the  different  sexes  examined  histologically. 

RESULTS 

Copulation,  Egg  Capsule  Deposition,  and  Water  Temperature 

During  the  collection  of  the  snails  we  observed  at  Playa  Cer- 
ritos and  at  Punta  Perico  year-round  copulations,  whereas  egg 
capsules  could  be  found  on  both  sites  only  during  February  to 
May.  During  this  period  at  Punta  Perico  water  temperatures  of 
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Males 

F 

cmales 

A^!;.  lotal 

Stand.  l)e\iat. 

A>g.  Total 

Stand.  I)e\iat. 

I'unta  IVrico 

Number 

Length  (mm) 

±  Imm) 

Range  (mm) 

Number 

Length  (mm) 

±  (mm) 

Range  (mm) 

June  2000 

11 

30.28 

3.92 

23.9-10.7 

7 

37.03 

10.62 

23-58.7 

July 

14 

35.35 

4..% 

26.1-45.0 

14 

35.71 

4.26 

26.0-44.2 

August 

14 

30.2 

5.71 

19.6-t5.02 

12 

33.33 

7.21 

23.16-47.46 

September 

16 

3 1 .04 

4.24 

26.82-38.33 

3 

36.9 

4.31 

32.75-42.55 

October 

19 

32.17 

6.49 

20.88-48.93 

10 

34.19 

6.32 

23.3-45.68 

November 

12 

32.18 

5.31 

24.23-43.6 

8 

34. 1 8 

4.73 

24.75^1.55 

December 

11 

33.09 

5.41 

25.62-47.83 

16 

35.45 

4.18 

25.08^7.14 

January  2001 

19 

30.84 

4.48 

17,63-41 

9 

31.25 

4.4 

19.2^0.03 

February 

19 

31.73 

4.56 

25.11-41.01 

11 

38.11 

2.86 

21.95-44.59 

Marcli 

20 

30.35 

5.75 

22.67-43.68 

10 

33.57 

4.36 

21.99-42.37 

April 

18 

29.17 

5.56 

20.82-+7.42 

12 

33.62 

7.96 

21.17-50.33 

May 

20 

3 1 .59 

5.87 

22.8-45.82 

9 

34.87 

6.58 

23.36-49.22 

June 

20 

27.51 

7.37 

18.76-44.03 

15 

36.22 

8.91 

18.44-50.38 

July 

15 

27.42 

3.7 

21.84-34.63 

10 

33.48 

5.29 

16.37-45.11 

August 

11 

29.64 

6.05 

22.48-J5.21 

15 

.30.19 

3.27 

24.51-37.17 

September 

15 

29.58 

4.95 

19.95-39.02 

9 

32.88 

4.77 

25.9-40.53 

October 

12 

30. 1 2 

5.57 

20.83-40.36 

19 

32.29 

5.18 

22.45^6.31 

November 

18 

29.36 

5.27 

17.49-39.46 

13 

27.75 

4.64 

19.09-36.88 

December 

19 

30.01 

4.9 

20.49-40.05 

9 

33.92 

4 

23.13-40.37 

January  2002 

19 

27.83 

3.47 

I4.8-.34.67 

10 

32.24 

5.72 

23.06-42. 1 1 

Total 

322 

30.38 

5.43 

221 

33.64 

6.00 

Avg.  Total 

Stand.  Deviat. 

Avg.  Total 

Stand.  Deviat. 

Playa  Cerritos 

Number 

Length  (mm) 

±  (mm) 

Range  (mm) 

Number 

Length  (mm) 

±  (mm) 

Range  (mm) 

June  2000 

11 

27.53 

3.39 

22. .3-3 1.1 

12 

31.17 

3.72 

24.2-36.3 

July 

16 

26.76 

3.58 

21.0-43.5 

8 

27.16 

5.68 

20.5-40.6 

August 

12 

29.75 

2.51 

25.06-32.55 

17 

34.39 

5.86 

24.81-48.38 

September 

10 

28.42 

2.96 

23.46-31.59 

9 

31.37 

6.78 

23.89^6.55 

October 

17 

28.54 

4.25 

21.62-35.66 

12 

29.08 

6.16 

23.07-41.12 

November 

11 

27.89 

2.93 

17.18-27.64 

10 

29.85 

5.81 

24.41^2.93 

December 

12 

23.31 

3.18 

17.18-27.64 

17 

29.85 

5.38 

2441^2.93 

January  2001 

15 

25.28 

2.8 

19.01-29.05 

15 

29.71 

5.83 

21.97-44.96 

February 

11 

26.17 

4.82 

19.01-29.05 

7 

29.12 

6.2 

21.1-41.77 

March 

16 

24.86 

4.36 

18.31-34.73 

14 

27.51 

6.69 

18.84-41.71 

April 

14 

28.05 

3.91 

21.25-35.38 

15 

2843 

4.68 

23.08^247 

May 

12 

29.25 

4.33 

23.53^0.81 

16 

29.36 

2.69 

23.97-33.78 

June 

19 

26.48 

3.81 

20.74-32.76 

11 

29.64 

4.58 

20.28-36.45 

July 

17 

23.4 

3.07 

18.56-294 

12 

26.54 

3.57 

21.7-34.17 

August 

14 

25.58 

4.7 

18.34-36.44 

17 

27.32 

5.53 

20.65-38.31 

September 

14 

21.5 

3.28 

15.87-35.82 

13 

25.14 

5.39 

13-33.42 

October 

19 

23 

3.8 

14.86-284 

1  -} 

25.83 

4.33 

16.71-31.52 

November 

15 

24.52 

2.33 

19.84-28.57 

14 

28.81 

7.14 

15.94-41 

December 

14 

24.63 

2.69 

18.98-29.95 

17 

28.28 

5.71 

15.88-38.61 

January  2002 

15 

26.79 

3.54 

20.21-33.43 

12 

28.78 

5.04 

17.74-36.89 

Total 

284 

25.93 

4.11 

260 

28.92 

5.62 

24°C  to  26°C  were  measured.  The  water  temperature  in  summer 
reached  up  to  32°C.  At  Playa  Ceiritos  slightly  lower  water  tem- 
peratures were  measured:  January  up  to  May  of  19°C  to  20°C.  and 
during  summer  up  to  28°C  (Fig.  2).  No  relation  could  be  deter- 
mined between  the  water  temperature  and  the  copulation  and  cap- 
sule deposition. 

Color  of  llie  Gonads 

Marked  variations  in  the  color  of  the  gonads  could  be  observed 
during  different  sampling  dates.  During  September  to  October  the 


gonads  were  dark  brown,  and  no  sexual  differences  could  be  ob- 
served. In  contrast  from  November  until  April  the  female  gonads 
were  yellow,  whereas  the  male  gonads  were  brown.  The  histologi- 
cal observation  that  the  gonadal  maturity  is  uniform  in  different 
parts  of  the  gonad  confirmed  the  uniform  coloration  of  the  formol- 
fixed  gonads. 

Sex  Ratio 

In  this  20-mo  study  we  examined  histologically  544  gonads 
from  snails  collected  at  Playa  Cerritos  (260  females.  284  males) 
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Photo  1.  Light  micrographs  from  histological  sections  of  gonads  from 
female  Plicopurpura  paiisa  snails.  Scale  bars  =  10(1  jim.  (a)  Developing 
stage:  Volk  (V),  Proltellogenic  oocytes  (Po(,  (;ro\ving  oocytes  (Go). 

(b)  Ripe  stage:  Vitellogeiiic  oocytes  ready  to  be  released  (Vo) 

(c)  Spawning  stage:  Knipty  spaces  and  remains  from  broken  can  be 
observed,  (d)  Recovering  stage:  Residual  oocytes  (Ro),  Hepatopan- 
creas  (Hp). 


Gonad  Reproductive  Cycle 

Punta  Perico 

In  gonads  from  female  snails  collected  at  Punta  Perico  the 
developing  stage  was  found  nearly  during  the  whole  sampling 
period,  with  the  exception  of  September  to  October  2000.  and 
October  2001.  In  December  2001.  90%  of  the  nine  examined  fe- 
male gonads  were  in  the  developing  stage.  Female  gonads  were 
found  in  the  ripe  stage  from  June  to  August  and  November  2000, 
and  from  February  to  June  2001  and  in  January  2002.  with  the 
highest  percentage  in  June  2000  (40%  from  7  animals)  and  in 
February  2001  (36%  from  11  animals). 

Female  gonads  in  the  spawning  stage  were  observed  from  June 
to  August  2000.  January  to  September  2001  and  in  January  2002. 
The  highest  frequency  of  spawning  occurred  in  August  2000  and 
March  2001  (41%  from  12.  and  60%  from  10  animals,  respec- 
tively). Female  gonads  in  the  recovery  stage  were  observed  during 
nearly  the  whole  sampling  period,  with  the  exception  of  June  2000 
when  no  gonad  was  found  in  the  recovery  stage.  In  September  to 
October  2000  and  in  October  2001.  100%  of  the  32  samples  stud- 
ied were  in  the  recovery  stage  (Fig.  3a). 

Male  gonads  from  snails  collected  at  Punta  Perico  were  in  the 
developing  stage  during  the  whole  observation  period,  with  two 


and  at  Punta  Perico  543  specimens  (221  females.  322  males). 
Applying  the  x"  test  we  examined  the  hypothesis  that  the  sex  ratio 
is  1:1.  For  the  animals  from  Playa  Cerritos  the  calculated  P  value 
was  0.3  showing  that  no  statistically  significant  differences  existed 
between  the  number  of  males  and  females.  In  contrast  at  Punta 
Perico  were  found  statistically  significant  differences  in  the  sex 
ratio  (P  <  0.001).  More  males  than  females  were  found. 


Males 


32 


Photo  2.  Light  micrographs  Ironi  histological  sections  of  testis  from 
male  Plicopuipiiia  paiisa  snails.  .Scale  bars  =  10(1  pni.  (a)  Developing 
stage:  Testis  with  different  stages  of  spermatogenesis  within  the  sper- 
matic tubule.  In  the  lumen  of  the  spermatic  tubule  (Lst)  can  be  ob- 
served spermatozoa  iSp)  arranged  in  hands,  (h)  Spawning  stage:  In  the 
lumen  of  the  spermatic  tubule  (Lst)  are  few  spermatozoa  (Sp)  visible. 
(c)  Spawning  stage:  The  lumen  of  the  spermatic  duct  (Lsd)  is  filled 
with  spermatozoa  (Sp).  (d)  Recovering  stage:  Residual  gonad  tissue 
(Rgt),  Hepatopancreas  (Hpl. 
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Male  and  female  reproductive  cycle  from  I'licopiirpiiia  pansa  collected  during  the  period  from  June  2(»00  to  January  2002  at  Punta 
=  females.  B  =  males)  and  Plava  Ctrritos  (C  =  females,  D  =  males).  D.  Developing;  ■,  Spawning;  D,  Ripe;  D,  Recovering. 


peaks  of  100%:  one  in  November  2000  (12  gonuds  sludied)  and 
another  in  December  2001  (19  gonads  examined). 

Individuals  in  the  spawning  stage  were  found  during  two 
clearly  defined  periods,  one  from  June  to  September  2000.  and 
another  one  from  December  2000  until  June  2001 .  Also  in  January 
2002  the  beginning  of  another  spawning  stage  was  seen.  One 
spawning  peak  was  found  in  February  to  March  2001  with  95% 
from  a  total  of  39  male  gonads  studied.  In  September  2000.  87% 
of  the  1 6  male  gonads  were  examined  in  the  recovery  stage,  and  in 
September  2001  S0%  from  a  total  of  \5  gonads  (Fig.  3b). 

Playa  Cerritos 

Female  gonads  in  the  developing  stage  could  be  observed  dur- 
ing the  whole  sampling  period,  with  the  exception  of  October  2000 
and  October  to  November  2001 .  Two  peaks  occurred,  one  in  Janu- 


ary and  another  in  June  to  July  2001.  In  January  2001  all  15.  and 
in  June  to  July  82%  from  the  23  examined  female  gonads  were  in 
the  developing  stage. 

The  ripe  stage  of  the  female  gonads  showed  two  peaks  of 
activity:  one  in  June  2000  with  50%  (12  gonads  exainined)  and 
another  in  April  2001  with  40%  from  12  examined  gonads. 

The  spawning  stage  was  observed  between  June  up  until  Au- 
gust 2000  and  March  up  until  September  2001.  In  August  2000 
from  17  examined  gonads.  47%-  were  in  the  spawning  stage:  in 
March  2001  from  14  examined  gonads  .71%-  were  in  the  spawning 
stage,  and  in  August  2001  from  17  observed  gonads.  24%  were  in 
the  developing  stage. 

The  recovery  stage  was  observed  during  the  periods:  from  Au- 
gust to  December  2000  with  a  peak  in  October  (100%  from  12 
examined  gonads),  and  June  2001  Ui  January  2002  with  a  peak  in 
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October  to  November  2001  (100'^  from  26  examined  gonads) 
(Fig.  3c)  . 

The  male  gonads  in  the  developing  stage  were  observed  for  the 
whole  sampling  period,  with  the  exception  of  September  2000  and 
during  October  2001.  Two  peaks  of  activity  were  observed:  in 
November,  December  2000.  and  January  from  38  examined  male 
gonads  were  all  100%.  and  in  December  2001  from  14  gonads 
86%.  in  the  developing  stage. 

Spawning  took  place  from  June  to  August  2000,  with  a  peak  in 
February  2001  (100%  from  15  examined  gonads),  and  from  Feb- 
ruary to  September  2001,  with  a  peak  in  April  2001(85%  from  14 
examined  gonads). 

The  recovering  stage  was  mainly  observed  from  August  to 
October  2000,  with  a  peak  in  September  2000  when  all  ( 100%)  of 
the  10  examined  gonads  was  in  the  recovering  stage.  In  2001  the 
recovering  stage  was  observed  from  July  to  November  with  peaks 
in  September  (64%  from  14  examined  gonads)  and  October  ( 100% 
from  19  examined  gonads;  Fig.  3d). 

Mean  Maturity  Index 

Insight  into  the  reproductive  cycle  of  P.  pansa  was  obtained 
from  the  combination  of  the  monthly  assessments  of  the  gonad 
reproductive  cycle  and  the  monthly  mean  maturity  index. 

The  mean  maturity  index  for  female  gonads  collected  at  Playa 
Cerritos  had  values  above  2  during  January  to  August,  with  peaks 
in  February  and  March,  demonstrating  that  the  majority  of  the  snail 
population  was  in  the  ripe  and  spawning  stage.  In  September  to 
October  the  majority  of  the  gonads  are  found  in  the  recovering 
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Figure  4.  The  mean  maturity  index  for  male  and  female  gonads  from 
Plkupiirpiira pansa  collected  at  I'unta  I'erico  {.\)  and  Playa  Cerritos  (B). 


stage  (Fig.  4b).  The  situation  of  the  mean  maturity  index  of  the 
male  gonads  is  very  similar.  From  December  to  August  the  ma- 
jority of  the  population  is  in  the  spawning  stage,  and  from  Sep- 
tember to  October  the  gonads  are  recovering. 

The  majority  of  the  female  gonads  from  snails  collected  at 
Punta  Perico  had  during  January  to  August  a  mean  maturity  index 
>2.0.  demonstrating  that  they  were,  like  at  Playa  Cerritos,  in  the 
ripe  and  spawning  stage.  An  index  value  below  2.0,  as  observed 
from  September  to  December,  showed  that  they  were  in  the  recu- 
perating stage  (Fig.  4a).  The  same  situation  can  be  found  in  male 
gonads:  the  majority  of  the  population  was  in  the  spawning  stage 
during  November  to  July,  and  only  during  August  to  October  in  the 
recovering  stage.  The  data  on  the  mean  maturation  index  agreed 
well  with  the  histological  results  described  previously. 

Size  at  Sexual  Maturity 

The  10  smallest  female  snails  from  the  260  females  collected  at 
Playa  Cerritos  had  a  total  SL  between  13.0-19.08  mm,  and  the  size 
of  the  10  smallest  males  from  284  animals  SL  ranged  from  14.86- 
18.56  mm.  In  the  females  the  gonad  development  stage  was  up  to 
1 8.77  mm  SL.  either  recovering  or  developing.  Spawning  could  be 
observed  in  females  larger  than  18.84  mm.  In  males,  spawning 
could  only  be  observed  in  animals  larger  than  18.00  mm.  A  similar 
situation  could  be  ob.served  from  the  snails  collected  at  Punta 
Perico.  The  size  of  the  10  smallest  females  from  221  animals 
collected  ranged  from  16.37-21.00  mm  and  the  size  of  the  10 
smallest  males  from  322  animals  ranged  from  14.8-19.6  mm.  Only 
one  female  of  a  size  of  17.3  mm  showed  gonad  development, 
larger  animals  were  in  the  developing,  ripe,  spawning,  or  recov- 
ering stage.  The  gonads  of  the  males  were  either  in  the  developing 
(7)  or  in  the  recovering  (2)  stage.  One  male  snail  with  a  size  of 
18.^^4  mm  had  a  gonad  with  signs  of  having  spawned. 

DISCUSSION 

Rcpriiduclive  Cycle  (if  P.  pansa 

The  timing  and  duration  of  the  reproductive  cycle  of  P.  pansa 
from  gonad  development  through  developing,  ripe,  spawning,  and 
recovering  is  controlled  by  an  interaction  of  environmental  and 
endogenous  factors.  Activation  of  the  gonads  is  probably  con- 
trolled by  endocrine  hormonal  factors  being  initiated  in  connection 
with  lowered  water  temperature.  With  increasing  air  and  water 
temperatures  gonad  development  is  starting  and  rapidly  leading  to 
maturation.  Such  effects  were  noticed  by  Chung  el  al.  (2002)  dur- 
ing studies  of  the  reproductive  cycle  of  the  Korean  muricid  Ra- 
paiui  venosa  (Valenciennes  1846).  Kautsky  (1982)  made  similar 
observations  with  the  bivalve  Mytilus  edidis.  Detailed  information 
about  the  reproductive  cycle  of  P.  pansa  is  only  sparingly  avail- 
able, mainly  as  thesis  work,  and  it  is  difficult  to  compare  one  study 
with  the  other.  Hernandez-Cortes  and  Acevedo-Garcfa  (1987) 
mention  that  copulation  of  P.  pansa  occurs  at  the  Pacific  coast  of 
Oaxaca  during  the  hot  season  from  March  until  July,  with  the  peak 
of  occuiTence  in  May.  and  from  June  to  July  the  females  are  laying 
their  egg  capsules.  Similar  observations  from  Oaxaca  are  reported 
by  Turok  et  al.  (1988),  who  additionally  mention  that  the  peak  of 
capsule  deposition  is  in  June,  and  that  this  continuous  activity 
leads  to  a  constant  production  of  young  animals  during  July,  up 
until  September. 

In  a  histological  study  about  the  gonad  development  of  P. 
pansa  collected   in   Nayarit,   Quiroz-Rocha  (1992)   reported 
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llial  during  December  lo  Jaiiuar>  the  gonads  are  ni  the  resting 
(iiiiniature)  stage  and  that  spermatozoids  can  be  scarcely  found  in 
male  gonads.  During  May  to  July  the  gonads  are  in  the  developing 
stage,  and  reaching  the  ripe  stage  during  August  to  September.  In 
a  more  detailed  histological  study  about  the  gonad  development 
cycle  of  P.  pansa  further  north  from  Sinaloa.  Gonzalez-Flores 
( 1997)  reported  that  the  recovering  period  occurs  from  September 
to  October,  but  can  be  extended  up  until  November  to  December. 
The  developing  stage  can  be  observed  in  January  to  February  but 
possibly  can  be  extended  during  the  whole  year. 

Copulation  and  the  ripe  stage  of  the  gonads  can  be  observed 
from  March  until  July.  Spawning  starts  in  May  and  lasts  until  July. 
Acevedo-Garci'a  et  al.  ( 1993)  report,  that  females  larger  than  2  cm 
lay  egg  capsules  during  December  up  mitil  September.  In  our  study 
however,  we  could  show  that  P.  pciiisa  can  reproduce  during  the 
whole  year  with  the  highest  frequency  of  spawning  occuiring  in 
March  and  August.  For  adequate  natural  resources  management  of 
P.  pansa  in  Baja  California  Sur.  strict  prohibitory  measures  should 
be  enforced  for  exploiting  animals  during  the  developing,  ripe,  and 
spawning  stages  of  the  gonads,  and  only  after  special  consider- 
ations should  collections  be  permitted  from  September  to  October, 
when  the  animals  are  in  the  recoverina  staae. 


Influence  nf  the  Water  Temperature  nn  the  Reproductive  Cycle 

In  most  prosobranchs  the  reproductive  cycle  is  in  synchrony 
throughout  a  population,  controlled  by  some  kind  of  exogenous 
and/or  endogenous  controlling  mechanisms  (Webber  1977).  Im- 
portant exogenous  factors  for  the  gonad  development  of  marine 
gastropods  are  considered  to  be  temperature,  nutrition,  and  photo- 
period  (Webber  1977.  Martel  et  al.  1986).  In  tempeiate  climates 
the  seasonal  changes  of  the  temperature  together  with  changes  in 
the  photoperiod  are  considered  impoitant  factors  controlling  the 
gonad  development,  however  in  tropical  zones  where  seasonal 
temperature  fluctuations  are  less  pronounced,  temperature  does  not 
ha\e  such  a  marked  impact.  Many  species  have  a  seasonal  spawn- 
ing cycle  spawn  during  springtime,  and  some  even  in  winter  (Web- 
ber 1977).  In  Argentine,  in  the  southwestern  Atlantic  Ocean  (Mar 
del  Plata).  Zidonia  cliifresnei  (Donovan  1823)  spawns  during 
spring  and  summer  (Gimenez  &  Penchaszadeh  2002).  In  Co- 
quimbo.  North  Chile,  the  subtidal  gastropods  Priene  scahrum 
(King  1832)  spawn  in  winter,  and  Siniiiii  cviiiha  (Menke  1828) 
during  almost  the  whole  year  (Romero  et  al.  2003).  At  the  Pacific 
coast  of  Bahi'a  Tortugas.  Baja  California  Sur.  Mexico,  the  wavy 
turban  snail  Astrca  uiuhtsa  (Wood  1828)  spawns  during  the  whole 
year,  with  spring  and  autumn  as  the  major  intensive  spawning 
seasons  (Belmar-Perez  et  al.  1991).  In  Oaxaca  Hernandez-Cortes 
and  Acevedo-Garci'a  (1987),  as  well  as  Gonzalez-Flores  (1997) 
observed  in  Sinaloa  the  main  spawning  season  of  P.  pansa  is 
during  the  summer  months  of  May  to  July.  In  Baja  California  Sur 
P.  pansa  has  a  spawning  season  from  January  to  July  until  .August, 
however,  mainly  in  February  to  April  during  relative  cold,  and  Julv 
to  August  during  warm  water  and  air  temperatures.  The  gonad 
reproductive  cycle  of  P.  pansa  seems  therefore  to  be  correlated 
with  the  temperature.  The  time  of  spawning  of  P.  pansa  might  also 
be  correlated  with  periods  of  decreasing  differences  between  low 
and  high  tides.  A  decrease  in  the  tidal  range  is  observed  in  January 
to  March  and  June  to  July  up  until  September.  During  these  peri- 
ods the  laid  egg  capsules  are  located  either  a  short  distance  under 
the  water  surface  or  in  water-splashed  areas. 


•SV'.v  Ratio 

Differences  in  the  sex  ratio  of  a  mature  population  of  gono- 
choristic  species  can  be  used  to  check  whether  there  is  differential 
growth  or  mortality  rate  between  the  two  sexes  (Gimin  &  Lee 
1997).  In  this  study  we  examined  the  gonads  from  284  males  and 
260  females  collected  at  Playa  Cerritos  and  no  statistically  signifi- 
cant difference  was  detected  in  the  ratio  between  males  and  fe- 
males. Also  in  Jalisco  no  difference  in  the  male  to  female  ratio 
could  be  found  (Leon-Alvarez  1989).  However,  at  Punta  Perico  a 
significant  statistical  difference  in  the  male/female  ratio  (1:0.74) 
was  observed.  At  this  location  we  examined  the  gonads  from  322 
males  and  221  females.  The  difference  in  the  male/female  ratio 
could  be  explained  by  the  different  conditions  of  the  rocky  shore 
at  Playa  CeiTitos  and  Punta  Perico.  At  Playa  Cerritos,  even  at  high 
tides,  all  the  rocks  are  never  completely  submerged  the  water.  In 
contrast,  at  Punta  Perico,  during  high  tides  a  great  part  of  the  shore 
is  totally  submerged  and  offering  only  limited  hiding  places  to  the 
snails,  which  need  protection  against  displacement  by  the  strong 
impact  of  the  waves.  To  avoid  the  displacement  by  strong  wave 
actions  the  snails  prefer  protective  areas  where  they  can  hold  fast 
onto  the  substrate  (Hernandez-Cortes  &  Acevedo-Garcia  1987). 
Because  females  reach  larger  sizes,  they  are  more  endangered  to  be 
displaced  by  wave  actions  and  currents  than  males  (Denny  et  al. 
1985).  Although  the  reason  is  not  mentioned,  both  Hernandez- 
Cortes  &  Acevedo-Garcia  (1987)  and  Alvarez-Diaz  (1989)  re- 
ported that  on  the  Pacific  coast  of  Michoacan,  males  can  be  found 
in  greater  numbers  than  females  (1:  0.83)  and  (1:0.75),  respec- 
tively. Similar  results  were  obtained  by  Turok  et  al.  (1988) 
(1:0.78),  Hernandez-Cortes,  and  Acevedo-Garcia  (1987)  in  Oax- 
aca; and  in  Jalisco  by  Reyes-Aguilera  (1993)  (1:0.84),  Fonseca- 
Madrigal  (1998)  ( 1 :0.72),  and  by  Michel-Morfm  et  al.  (2000)  ( 1 : 
0.75).  Another  explanation  for  the  occurrence  of  more  anatomical 
males  than  females  in  a  sample  could  be  imposex,  caused  by  the 
organic  metal  compound,  tributyltin.  which  is  used  as  a  antifouling 
paint  in  shipyards,  and  which  is  leading  to  erroneous  classification 
of  males  and  females,  resulting  in  a  higher  number  of  males 
(Gooding  et  al.  1999,  Penchaszadeh  et  al.  2001).  The  comparison 
of  our  visual  anatomical  inspection  of  the  animals  with  the  histo- 
logical examinations  of  the  gonads  show  that  the  differences  in  the 
dominance  of  males  at  Punta  Perico  cannot  be  explained 
by  imposex.  The  collection  of  the  purple  snail  by  fishermen  as  a 
bait  and  even  as  a  specialty  food  could  also  be  a  reason  for  an 
unequal  sex  ratio.  Fishermen  prefer  larger  animals,  and  for  this 
reason  female  snails  are  more  sought  after.  In  Punta  Perico  the 
population  of  P.  pansa  is  not  exploited  by  fishermen,  and  only 
environinental  conditions  could  explain  the  unequal  sex  ratio  ob- 
served there. 

Minimum  Size  at  Sexual  Molarity 

The  determination  of  the  minimum  size  al  sexual  maturity  of 
any  species  of  commercial  interest  is  an  important  parameter  for 
considerations  of  management  and  exploitation.  Only  fragmented 
results  are  available  about  the  life  history  of  P.  pansa.  After 
spawning,  intracapsular  development  until  hatching  takes  six  to 
eight  weeks  at  22°C  (Naegel  et  al.  2003,  Naegel  2004,  Naegel  & 
Gomez  del  Prado-Rosas  2004).  The  duration  for  settling  and  meta- 
morphosis of  the  veliger  larvae  after  spawning  takes  at  least  the 
same  length  of  time  (Naegel  et  al.  2003).  The  growth,  environ- 
mental optimal  range,  and  food  requirements  of  the  settled  juve- 
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niles  smaller  than  (i  nun  are  as  yet  unknown.  Certainly,  for  a  snail 
to  reach  this  size  after  spawning  more  than  one  year  is  needed.  In 
this  study  we  show  that  juveniles  of  P.  pansa  do  not  reach  sexual 
maturity  until  they  reached  a  size  of  more  than  18  mm.  It  can  be 
concluded  that  the  purple  snails  begin  to  spawn  when  they  reach  a 
size  of  at  least  18  mm.  At  this  size  they  are  at  least  two  or  three 
years  old  (Ramirez-Rodriguez  &  Naegel  2003).  This  extremely 
slow  growth  and  long  period  before  reaching  se,\ual  maturity  could 
be  caused  by  the  harsh  intertidal  environmental  conditions,  such  as 
the  risk  of  desiccation  and  overheating  through  several  hours  of 
daily  exposure  to  air.  sun.  and  current  reversal  during  the  tidal 
cycle.  Similar  observations  were  made  with  the  mangrove  snail 
Thais  kiosquiformis  (Duclos  1832),  which  showed  a  growth  of 
only  -1  mm/year,  and  reaches  the  onset  of  sexual  maturity  at  a  SL 
of -24  mm  (Koch  &  Wolff  1996). 


In  view  that  P.  pansa  is  in  Mexico,  because  of  over- 
exploitation  in  the  past,  today  a  species  under  special  protection, 
and  in  view  of  the  extremely  slow  growth  rate,  collecting  snails 
<18  mm  can  potentially  cause  a  drastic  reduction  in  recruitment, 
and  for  this  reason  should  not  be  permitted. 
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EFFECTS  OF  WATER  TEMPERATURE  ON  THE  LYSOSOMAL  MEMBRANE  STABILITY  IN 
HEMOCYTES  OF  BLACKLIP  ABALONE,  HALIOTIS  RUBRA  (LEACH) 
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.ABSTR.ACT  Neutral  red  retentiim  (NRR)  assay  was  used  to  evaluate  the  effect  of  changes  in  water  temperature  on  lysosomal 
nieiiihrane  integrity  in  the  hemolvniph  of  hiacklip  abalone.  Haliolix  rubra.  Results  from  gradual  temperature  changes  between  7"C  and 
16"C  and  between  I6°C  and  25°C  showed  that  water  temperatures  within  the  range  of  15^C  to  17°C  were  optimal  for  maintaining 
lysosomal  membrane  integrity  in  this  species.  The  rapid  temperature  changes  between  the  ranges  used  in  the  gradual  temperature 
change  experiments  indicated  that  when  abalone  were  transferred  directly  between  these  temperatures  their  NRR  time  gradually 
increased  or  decreased  to  the  level  corresponding  with  the  new  temperature.  However,  when  abalone  were  transferred  directly  between 
7°C  and  25°C  or  between  1 1.5°C  and  20.5°C  their  NRR  times  initially  decreased  significantly,  and  then  gradually  increased  to  the 
levels  corresponding  with  the  new  temperatures,  indicating  that  different  ranges  of  water  temperature  change  can  affect  the  lysosomal 
membrane  integrity  differently.  The  NRR  times  of  blacklip  abalone  at  7°C,  16°C  and  25°C  were  40.0  ±  2.89  min.  1 13.33  ±  3.85  min 
and  35.0  ±  2.89  min.  respectively. 

KEY  WORDS:     neutral  red  retention  assay,  lysosomal  membrane  stability,  temperature,  blacklip  abalone.  Hcilimis  rubra 


INTRODUCTION 

The  blacklip  abalone.  Hiilintis  rubra,  is  a  marine  mollusc  found 
in  the  southern  waters  of  Australia  (Shepherd  1975).  This  temper- 
ate species  predominantly  inhabits  rocky  inshore  waters  between  3 
and  30  m  in  depth  (Shepherd  1975),  where  the  water  temperatures 
range  from  8°C  to  12°C  (Gilroy  &  Edwards  1998.  Shepherd  & 
Hearn  1983).  This  species  is  also  economically  itiiporlant,  worth 
millions  of  export  dollars  a  year  to  Australia  (Drew  et  al.  2001 ). 
During  the  last  decade  blacklip  abalone  aquaculture  has  developed 
substantially  and  has  become  one  of  the  main  abalone  species 
farmed  in  Tasmania  and  Victoria.  Most  commercial  operations  in 
Australia  use  land-based  raceway  systems  in  the  grow-out  phase, 
where  the  water  teinperatures  can  dixip  to  7°C  in  winter  and  in- 
crease to  as  high  as  IS'-'C  in  summer  (A.  Butterworth  pers.  comm.). 

The  published  data  showed  that  some  abalone  species  had  little 
tendency  to  adapt  to  chronically  altered  thermal  environments  and 
little  ability  to  withstand  acute  thermal  shock  (Gilchrist  1995).  For 
e.xample.  Prince  et  al.  (1987)  found  that  the  presence  of  warmer 
water  in  the  north  and  northeast  of  Tasmania  was  the  main  reason 
for  the  stunted  growth  of  the  wild  blacklip  abalone  in  the  region. 
Unusual  high  water  temperatures  in  suinmer  were  suggested  by 
Winstanley  (1972)  as  one  of  the  major  factors  causing  high  aba- 
lone mortality  in  some  regions  of  Australia.  Correlations  between 
high  seawater  temperature  and  increased  mortality  were  also  es- 
tablished in  the  experiments  with  the  Californian  black  abalone  H. 
craclwroclii  (Steinbeck  et  al.  1992).  Cheng  et  al.  (2004)  noted  that 
when  the  Taiwanese  abalone  (//.  diversicolor  supertexta)  was  sub- 
jected to  elevated  water  temperatures  they  were  more  susceptible 
to  Vibrio  parahaemohticus. 

Lysosomes  are  polymorphic,  hydrolylic  en/\me-containing  or- 
ganelles with  inany  intracellular  and  extracellular  roles  (De  Duve 
&  Wattiaux  1966).  In  molluscs,  one  of  the  main  functions  of 
lysosomes  is  to  digest  macromolecules  and  break  dowti  damaged 
or  old  cell  parts  as  well  as  destroy  foreign  invaders  such  as  bacteria 
and  viruses  (Hauton  et  al.  2001).  Neutral  red  retention  (NRR) 
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assay  measures  the  retention  time  of  (he  neutral  red  dye  in  the 
lysosomes.  In  unstressed  cells  lysosomes  will  accumulate  and  re- 
tain the  neutral  red  dye  for  an  extended  period  of  time.  Once 
destabilized  by  a  stress  response  the  neutral  red  dye  will  leak  into 
the  cytosol  of  the  cell  through  the  damaged  lysosomal  membrane 
(Moore  1980,  Pipe  1987,  Lowe  et  al.  1995a,  1995b).  As  stressed 
cells  lose  their  dye  at  a  faster  rate  than  nonstressed  cells  the  rate  of 
NRR  in  the  lysosome  can  therefore  be  correlated  to  the  overall 
stress  of  the  animal  (Harding  et  al.  2004a).  Compared  with  other 
methods  of  measuring  stress  in  molluscs  NRR  assay  is  convenient 
and  inexpensive,  thus  this  methodology  is  increasingly  being  ap- 
plied as  an  inde.x  to  evaluate  environmental,  physiological  and 
mechanical  stresses  (Hauton  et  al.  1998,  2001).  NRR  assay  has 
been  used  in  assessing  responses  to  various  contaminants  in  tnus- 
sels  and  freshwater  snails  (Lowe  &  Pipe  1994,  Lowe  et  al.  1995a, 
b,  Mamaca  et  al.  2005,  Svendsen  &  Weeks  1994),  to  seasonal  and 
environmental  changes  associated  with  the  reproductive  cycle, 
temperature,  air  exposure  and  food  availability  in  mussels  and 
oysters  (Harding  et  al.  2004b,  Zhang  et  al.  2006)  and  to  mechanical 
disturbances  related  to  grading,  postharvest  processing  activities 
and  storage  conditions  in  mussels  and  oysters  (Harding  et  al. 
2004a,  Zhang  &  Li  2006). 

The  main  objective  of  this  study  is  to  investigate  if  NRR  assay 
could  be  used  to  evaluate  the  effects  of  water  temperature  change 
on  blacklip  abalone  H.  rubra  and  their  responding  patterns  in 
controlled  experiments. 

MATERIALS  AND  METHODS 

Experimenlal  A  niinals 

The  abalone  used  in  this  study  were  obtained  from  a  commer- 
cial farm  located  in  Victoria  and  were  approximately  four  years  of 
age.  Their  height,  length  and  width  (mean  ±  SE,  n  =  100)  were 
29.15  ±  0.60  mm,  93.71  ±1.16  mm  and  71.94  ±  0.89  mm,  respec- 
tively. During  the  experimental  period  the  abalone  were  held  in 
500  L  tanks  and  fed  on  a  standard  artificial  abalone  diet  provided 
by  .^dani  &  Amos  Abalone  Diets  (Mt  Barker,  Adelaide.  South 
Australia). 


935 


936 


Wang  et  al. 


Neutral  Red  Retention  Assay 

The  Neutral  red  retention  (NRR)  assay  used  in  this  study  was 
modified  from  the  methods  used  by  Lowe  et  al.  (1995a,  1995b), 
Hauton  et  al.  (1998,  2001 )  and  Zhang  et  al.  (2006).  The  neutral  red 
stock  solution  was  made  by  dissolving  2.28  mg  of  neutral  red 
powder  in  1  niL  of  dimethyl  sulphoxidc  (DMSO).  The  working 
solution  (0.01  mg  niL^')  was  prepared  by  diluting  17  (jlL  of  the 
stock  solution  with  4  niL  of  artificial  saline  solution  consisting  of 
0.48  g  L-'  CaCU,  1.45  g  L"'  MgS04,  2.18  g  L"'  MgCU  x  6H.0, 
0.31  g  L"'  KCl,  11.61  g  L^'  NaCl.  and  0.35  g  L"'  NaHCO, 
(Buchanan  et  al.  2001). 

Abalone  hemolymph  (0.2  mL)  was  drawn  from  the  cephalic 
arterial  sinus  at  the  anterior  end  of  the  foot  using  a  29  G  x  1  -niL 
syringe.  The  hemolymph  was  then  placed  into  a  2  mL  siliconized 
Eppendorf  tube  containing  0.2  niL  of  artificial  saline  solution  and 
gently  mixed.  Each  abalone  hemolymph  sample  was  collected 
within  1  min  to  minimize  the  potential  effects  from  handling.  A 
40-tJLL  mixture  of  the  hemolymph  sample  and  artificial  saline  so- 
lution was  then  placed  onto  a  microscope  slide  treated  with  a 
poly-L-lysine  solution  (20  (J.L  poly-L-  lysine  in  100  p.L  distilled 
water).  The  slide  was  then  placed  into  a  10°C  lightproof  humidity 
chamber  for  15  min  to  allow  the  cells  to  adhere  to  the  slide.  After 
15  min  the  slide  was  removed  from  the  chamber  and  the  excess 
hemolymph  was  removed,  20  |jlL  of  neutral  red  working  solution 
( 10°C)  was  then  added  to  the  cell  layer  and  incubated  in  the  cham- 
ber for  another  15  min.  A  cover  slide  (22  x  22  mm)  was  then 
placed  onto  the  slide  and  the  hemocytes  were  examined  using  a 
compound  microscope  (x40()  magnification).  The  slide  was  exam- 
ined at  15  min  intervals  for  the  first  60  min  and  then  every  20  min. 
A  total  of  50  granulocytes  per  individual  were  examined  at  each 
time  interval.  Once  50"^  of  the  hemocytes  had  started  to  lose  dye 
from  their  lysosomes  the  assay  was  stopped  and  the  time  for  the 
previous  examination  was  recorded  as  the  NRR  time.  The  observer 
was  not  informed  of  the  origin  of  the  sample  under  examination  to 
minimize  the  possibility  of  biased  assessment. 

The  Effect  of  Water  Temperature  Change  on  Lysosomal 
Membrane  Stability 

In  this  study  each  temperature  treatment  group  was  replicated 
three  times  by  using  three  500-L  flow  through  tanks.  Prior  to  each 
treatment  60  tagged  abalone  per  replicate  were  acclimated  at  the 
required  starting  temperatures  for  seven  days.  At  each  sampling 
time  hemolymph  was  taken  from  three  randomly  selected  abalone 
in  each  replicate,  with  each  of  these  abalone  sampled  once  only. 

Gradual  Water  Temperature  Change 

The  gradual  water  temperature  change  experiment  consisted  of 
two  treatments.  In  the  first  treatment,  abalone  acclimated  at  16°C 
were  split  into  three  groups.  The  tlrst  two  groups  were  respectively 
subjected  to  a  gradual  increase  or  decrease  in  water  temperatures, 
whereas  the  third  group  was  maintained  at  16°C  as  a  control.  A 
temperature  change  rate  of  1°C  every  two  days  was  applied  in  the 
first  two  days  and  was  changed  to  2°C  every  two  days  thereafter 
until  the  final  temperature  of  7°C  or  25°C  was  reached.  In  the 
second  treatment  abalone  were  also  separated  into  three  groups.  In 
the  first  group  abalone  acclimated  at  1°C  were  subjected  to  a 
gradual  increase,  whereas  in  the  second  group  abalone  acclimated 
at  25°C  were  subjected  to  a  gradual  decrease  in  water  temperature 
until  the  final  temperature  of  16°C  was  reached  in  both  groups.  A 
temperature  change  rate  of  2°C  every  two  days  was  used  until 


1 5' 'C  or  1 7°C  was  reached  and  then  changed  to  1  °C  every  two  days 
to  the  final  temperature  of  16°C.  The  third  group  was  maintained 
at  16"C  as  a  control.  Hemolymph  was  sampled  48  h  after  the 
required  temperature  change.  Once  the  final  temperatures  were 
reached  the  abalone  were  maintained  for  a  further  6  days  with 
hemolymph  samples  taken  every  48  h  during  this  period.  The 
control  samples  were  collected  at  each  sampling  time  from  the 
16°C  tanks. 

Rapid  Water  Temperature  Change 

The  rapid  temperature  change  experiment  consisted  of  four 
treatments.  In  the  t"irst  treatment,  abalone  acclimated  in  16°C  water 
were  split  into  two  groups  and  transferred  into  7°C  and  25°C  water 
respectively.  In  the  second  treatment  two  groups  of  abalone  were 
acclimated  at  7''C  and  25-C  respectively  and  then  transferred  di- 
rectly into  16°C  water.  In  the  third  treatment  the  first  group  was 
acclimated  at  7°C  and  placed  directly  into  25^C  water,  whereas  the 
second  was  acclimated  at  25°C  and  placed  into  7  C  water.  In  the 
fourth  treatment  the  abalone  acclimated  at  1 1 .5"C  were  placed 
directly  into  20.5  C  water,  whereas  those  acclimated  at  20.5°C 
were  placed  directly  into  11.5°C  water.  In  each  treatment  the 
hemolymph  was  sampled  at  times  0,  0.5  h,  1.5  h,  3  h.  6  h,  12  h.  24 
h.  48  h  and  72  h  and  on  days  5  and  7,  respectively. 

Statistical  A  ualysis 

All  statistics  were  run  with  SPSS  13.0  software.  The  normality 
test  was  conducted  first  and  showed  normal  distribution  on  all  the 
data  used  in  this  study.  ANOVA  and  Tukey  h  multiple  compari- 
sons were  then  applied.  A  probability  level  of  P  <  0.05  was  con- 
sidered statisticallN'  significant. 

RESULTS 

Gradual  Water  Temperature  Change 

The  results  from  the  first  treatment  indicated  that  a  gradual 
decrease  or  increase  in  water  temperature  from  16°C  produced  a 
declining  trend  in  NRR  time.  When  the  water  temperature  was 
decreased  from  16'C  to  7°C  (Fig.  lA)  the  NRR  time  did  not 
change  significantly  (P  >  0.05)  between  16°C  and  15°C.  The  NRR 
tiine  then  dropped  significantly  {P  <  0.05)  to  77.78  ±  8.01  min  at 
13°C,  and  further  decreased  to  33.33  ±  33?^  min  on  day  10  at  7°C. 
The  NRR  time  then  fluctuated  at  this  level  until  the  end  of  the 
experiment.  When  the  water  temperature  was  gradually  raised 
from  16°C  to  25°C  (Fig.  IB)  the  NRR  time  did  not  change  sig- 
nificantly (F  >  0.05)  between  I6°C  and  I7°C.  Further  water  tem- 
perature increase  from  17°C  to  I9°C  produced  a  significant  de- 
crease in  NRR  lime  iP  <  0.05),  dropping  from  108.89  ±  5.88  min 
to  76.1 1  ±  5.47  min.  The  NRR  time  declined  to  31.67  ±  1.67  min 
on  day  10  at  25°C  and  then  remained  at  this  level  until  the  end  of 
the  experiment. 

In  the  second  treatment  the  gradual  water  temperature  change 
from  7^^C  or  25°C  to  16' C  produced  an  increasing  trend  in  NRR 
time.  When  water  temperature  was  increased  from  7°C  to  16°C 
(Fig.  2A)  the  lowest  NRR  time  of  40.0  ±  2.89  min  was  observed 
on  Day  0  at  7°C.  The  NRR  time  then  increased  gradually  as  the 
temperature  was  increased  over  time.  At  the  temperature  of  15°C 
on  day  8  the  NRR  time  reached  a  level  that  was  not  significantly 
different  from  the  control  {P  =  0.352).  The  NRR  time  increased 
slightly  on  day  10  once  the  temperature  was  changed  to  I6°C  and 
remained  at  this  level  until  the  end  of  the  experiment.  When  water 
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Figure  1.  Comparison  of  NRR  times  in  lysosonies  of  H.  rubra  with 
gradual  change  in  temperature:  (.A)  decreasing  from  16'C  to  7°C,  (Bl 
increa.sing  from  16"C  to  25  C.  Bars  e.xpress  the  mean  +  SE,  h  =  9 
abalone.  Figures  in  bracliets  denote  temperature  (-C). 

temperature  wa.s  decreased  from  25°C  to  16°C  (Fig.  2B)  the  lowest 
NRR  time  of  35.0  ±  2.89  min  was  observed  on  day  0  at  the 
temperature  of  25°C.  The  NRR  time  then  increased  gradually  as 
the  temperature  was  decreased  over  time.  On  day  8  the  NRR  time 
was  similar  to  the  control  (P  =  0.848)  when  17°C  was  reached. 
The  NRR  time  further  increased  slightly  at  16  C  and  remained  at 
this  level  until  the  end  of  the  experiment. 

During  the  experimental  periods  no  significant  difference  in 
NRR  times  occurred  in  the  controls  in  the  two  treatments  (P  > 
0.05). 

Rapid  Water  Temperalure  Change 

In  the  first  treatment  when  blacklip  abalone  were  transferred 
directly  from  16°C  to  7°C  or  25°C  water  a  rapid  decline  in  NRR 
time  was  produced  (Fig.  3).  The  NRR  time  dropped  significantly 
(P  <  0.05)  at  each  sampling  time  point  within  the  first  three  to  si.x 
hours  from  the  initial  level  of  1 13.33  ±  3.85  min  at  0  h  to  50.0  ± 
2.89  min  at  3  h  in  the  16°C  to  7°C  group  and  to  41 .67  ±  1 .67  min 
at  6  h  in  the  16°C  to  25°C  group.  The  NRR  time  then  decreased 
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Figure  2.  Comparison  of  NRR  times  in  lysosonies  of  H.  rubra  with 
gradual  change  in  temperature:  (A)  increasing  from  7°C  to  16°C,  (B) 
decreasing  from  25  C  to  16  C.  Bars  express  the  mean  +  SE,  h  =  9 
abalone.  Figures  in  brackets  denote  temperature  (  C). 

slightly  to  36.67  ±  3.33  min  and  31.67  ±  1.67  at  12  h  in  these  two 
groups  respectively.  Statistical  analysis  showed  that  from  6  h  to  the 
end  of  the  experiment  the  NRR  times  in  each  group  did  not  differ 
significantly  (P  >  0.05). 

In  the  second  treatment  when  abalone  were  transferred  from 
7°C  or  25'C  to  16°C  the  NRR  times  dropped  from  the  initial  levels 
of  40.0  ±  2.89  min  and  35.0  ±  2.89  min  at  0  h  H)  30.0  ±  2.89  min 
and  31.67  ±  1.67  min  at  0.5  h,  respectively  (Fig.  4).  From  0.5  h 
onwards  the  NRR  time  gradually  increased  over  time.  By  12  h  the 
NRR  times  for  the  7X  to  16°C  and  25X  to  16°C  groups  were 
93.33  ±  3.85  min  and  93.33  ±  3.85  min.  respectively,  which  was 
not  significantly  different  (P  >  0.05)  from  the  controls. 

During  the  experimental  periods  no  significant  differences  in 
NRR  time  occurred  in  the  controls  for  the  first  two  treatments 
respectively  (P  >  0.05). 

In  the  third  treatment,  when  the  abalone  were  transferred  di- 
rectly from  7°C  to  25' C  the  NRR  time  dropped  significantly  (P  = 
0.014)  within  the  first  3  h  from  the  initial  level  of  40.0  ±  2.89  min 
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Figure  3.  Comparison  of  NRR  times  in  ivsosomes  of  H.  rubra  with 
rapid  change  in  temperature  from  16°C  to  7  C  and  25  C.  respectively. 
Bars  express  the  mean  +  SE,  h  =  9  abalone. 

at  0  h  to  20.0  ±  2.88  min  at  3  h  and  decreased  further  to  16.67  ± 
1.67  min  at  12  h.  From  12  h  onwards  the  NRR  time  gradually 
increased  to  31.67  ±  1.67  min  on  day  7  (Fig.  5).  When  abalone 
were  transferred  directly  from  25°C  to  7°C  the  NRR  time  also 
dropped  significantly  (P  =  0.022)  within  the  first  6  h  from  the 
initial  level  of  35.0  ±  2.88  min  at  0  h  to  the  lowest  level  of  18.33 
±  1.67  min  at  6  h.  From  6  h  onwards  the  NRR  time  gradually 
increased  to  31.67  ±  4.41  min  at  48  h  and  then  fluctuated  around 
this  level  until  the  end  of  the  experiment.  The  mortality  levels  of 
the  direct  temperature  changes  from  7°C  to  25''C  and  25°C  to  7°C 
were  24.6%  and  17.5%  respectively. 

In  the  fourth  treatment  it  was  observed  that  the  11.5°C  to 
20.5-C  temperature  change  group  produced  a  significant  drop  (P  < 
0.05 1  in  NRR  time  from  the  initial  level  of  77.78  ±  5.88  min  at  0 
h  to  38.33  ±  4.41  min  at  1.5  h.  The  NRR  time  then  increased 
gradually  o\er  the  remaining  sampling  times,  reaching  73.33  ± 
3.85  min  on  day  7  (Fig.  6).  In  the  20.5°C  to  11.5°C  temperature 
change  group  the  NRR  time  dropped  significantly  (P  <  0.05) 
within  the  first  0.5  h  from  the  initial  level  of  73.33  ±  3.85  min  at 
0  h  to  38.33  ±  1 .67  min  at  0.5  h.  From  1 .5  h  onwards  the  NRR  time 
increased  gradually  and  reached  66.67  ±  3.85  min  on  day  7  (Fig. 
6).  No  mortalities  were  recorded  in  this  treatment. 

— ♦— from7°Cto  16°C  — B— from25°C  to  16°C 
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Figure  5.  Comparison  of  NRR  times  in  Ijsosomes  of  H.  rubra  with 
rapid  change  in  temperature  from  7'C  to  25  C  and  25'C  to  7  C, 
respectively.  Bars  express  the  mean  +  SE,  n  =  9  abalone. 

The  Effect  of  Rapid  Versus  Gradual  Temperature  CViOHtfc  on 
Lysosomal  Stability  at  Final  Temperature 

Analysis  of  NRR  tunes  at  7T.  16'C  and  25X  indicated  that 
the  lysosomal  membrane  stabilities  at  these  temperatures  were  not 
significantly  affected  by  the  speed  (gradual  or  rapid)  of  change  of 
water  temperature  {P  >  0.05). 

DISCUSSION 

When  water  temperature  was  changed  by  IX  from  16°C  in  the 
gradual  temperature  change  experiments  the  NRR  times  changed 
slightly  iP  >  0.05).  As  water  temperature  was  further  changed  to 
lower  than  1  S'C  or  higher  than  1 7"C  a  significant  drop  in  the  NRR 
times  was  produced.  These  results  indicate  that  temperatures  be- 
tween 15°C  and  17°C  are  optimal  for  maintaining  lysosomal  mem- 
brane stability  in  blacklip  abalone  H.  rubra.  These  results  are  also 
consistent  with  the  findings  in  the  published  studies  on  this  species 
by  using  performance  and  growth  rate  as  indicators.  Gilroy  and 
Edwards  ( 1998)  found  that  the  preferred  temperature  for  H.  rubra 
was  16.9°C  and  the  optimum  temperature  for  their  growth  was 
17°C,  which  was  supported  by  the  finding  of  Harris  et  al.,  in 
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Figure  4.  Comparison  of  NRR  times  in  Ivsosomes  of  H.  rubra  with 
rapid  change  in  temperature  from  7°C  and  25  "C  to  16  C,  respectively. 
Bars  express  the  mean  +  SE,  ;i  =  9  abalone. 
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Figure  6.  Comparison  of  NRR  times  in  Ivsosomes  of  H.  rubra  with 
rapid  change  in  temperature  from  ll.5"C  to  20.5  C  and  2I).5  C  to 
11.5  C,  respectively.  Bars  express  the  mean  +  SE,  li  =  9  abalone. 
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2005  tliat  the  highest  recorded  growth  for  H.  nihni  was  al  the 
temperature  of  17°C.  Harris  et  al.  (2005)  also  noted  that  at  the 
temperature  of  ]9'C  the  growth  rale  of  H.  nilva  was  reduced 
considerably. 

The  rapid  temperature  change  experiment  showed  that  when 
abalone  were  transferred  directly  from  16°C  to  7°C  or  25°C  water 
the  NRR  times  dropped  to  the  levels  that  were  not  significantly 
different  from  those  corresponding  with  1"C  or  25°C  temperature 
within  3-6  h.  When  abalone  were  transferred  from  7"C  or  25"C  to 
I6°C  water  their  NRR  times  increased  to  the  optimal  level  within 
12  h.  These  results  indicate  that  when  H.  rubra  is  subjected  to 
rapid  water  temperature  changes  the  lysosomal  membrane  desta- 
bilizalion  is  quicker  than  its  stabilization.  .Similar  results  were  also 
found  by  Zhang  et  al.  (2006)  with  the  Pacific  oyster.  Crassoslrea 
gigas.  In  their  experiments,  when  oysters  were  transfened  from 
I5°C  to  5°C  or  25°C  water,  the  NRR  time  decreased  to  the  levels 
corresponding  with  5°C  or  25^0  water  within  3  h,  which  was 
substantially  less  than  the  five  days  required  in  the  reverse  experi- 
ment in  which  C.  gigas  was  transferred  from  5°C  or  25°C  to  1 5°C. 

In  the  gradual  and  rapid  temperature  changes  between  T'C  and 
I6°C  and  between  16°C  and  25°C  the  lowest  NRR  times  were 
recorded  at  7°C  and  25'^C.  suggesting  that  these  temperatures  pro- 
duced the  greatest  impact  on  lysosomal  stability.  However,  no 
mortalities  were  recorded  in  these  treatments,  indicating  that  H. 
rubra  could  tolerate  temperature  changes  in  these  ranges. 

When  blacklip  abalone  were  subjected  to  the  direct  water  tem- 
perature changes  between  7"C  and  25°C  or  I  l.5°C  and  20.5''C  the 
NRR  time  decreased  to  the  levels  significantly  lower  than  those 
previously  recorded  for  these  temperatures  at  the  acclimation 
stages.  It  was  also  noted  that  after  an  initial  decrease  the  NRR  time 
increased  to  the  levels  conesponding  with  1°C.  I  l.5''C,  20.5"C  or 
25^C  water  gradually,  indicating  that  the  lysosomal  membrane  had 
the  ability  to  recover  from  this  extra  stress.  In  the  between  7°C  and 
25°C  treatments,  a  mortality  level  of  more  than  17.5%  and  a 
slower  recovery  in  NRR  times  were  recorded,  suggesting  that  these 
temperature  changes  had  produced  the  strongest  physiological  im- 
pact on  the  abalone  in  this  study. 

The  differences  between  the  start  and  the  end  temperatures 
were  all  9°C  in  the  rapid  temperature  changes  between  7"C  and 
I6°C,  16°C  and  25=C  and  1 1.5  C  and  20.5  C.  However,  only  the 


between  I  l.5°C  and  20.5°C  treatments  produced  the  extra  stress 
response,  suggesting  that  different  ranges  of  water  temperature 
change  could  affect  the  lysosomal  membrane  integrity  differ- 
ently. 

The  results  from  gradual  and  rapid  water  temperature  changes 
between  7°C  and  16°C  and  between  16°C  and  25°C  showed  that  in 
H.  rubra  the  ly.sosomal  membrane  stability  at  the  final  tempera- 
tures of  7°C.  16"C.  and  25"C  were  not  significantly  affected  (P  > 
0.05)  by  the  rate  (gradual  or  rapid)  the  water  temperature  was 
changed.  A  similar  phenomenon  was  found  by  Zhang  et  al.  (2006) 
in  C  gigas  at  the  final  temperatures  of  5°C,  15°C  and  25°C. 

In  this  study  a  logical  correlation  between  water  temperature 
changes  and  NRR  levels  has  been  established  in  blacklip  abalone, 
H.  rubra.  In  other  publications  high  water  temperature  has  been 
documented  to  affect  the  growth,  health  and  survival  in  various 
abalone  species  (Prince  et  al.  1987,  Winstanley  1972,  Steinbeck  et 
al.  1992,  Cheng  et  al.  2004).  It  is,  therefore,  rea.sonable  to  expect 
that  by  using  NRR  assay  as  an  indicator,  the  stress  induced  by 
temperature  changes  in  some  farming  practices  could  be  mini- 
mized. 

Previous  studies  also  showed  that  the  performances  such  as 
growth  rate  of  wild  abalone  were  mainly  influenced  by  tempera- 
ture, food  supply  and  channeling  of  energy  into  gonad  production 
(Ino  1952.  Sakai  1962.  Poore  1972,  Shepherd  &  Heam  1983). 
However,  these  factors  are  often  highly  correlated  and  it  is  seldom 
possible  to  isolate  causal  effects  between  the  seasonally  changing 
components  (Shepherd  &  Heam  1983).  It  is  anticipated  that  if  the 
impacts  of  these  factors  could  be  quantified  by  a  standard  method 
such  as  the  NRR  assay  used  in  this  study  their  relative  influences 
on  the  performances  of  wild  abalone  could  then  be  evaluated. 
Comparison  and  prediction  of  abalone  performances  at  different 
localities  and/or  seasons  would  then  become  possible.  The  re- 
sponse of  NRR  times  to  temperature  changes  in  blacklip  abalone 
has  been  characterized  in  this  study.  Further  work  is  needed  to 
determine  the  effects  from  other  factors.  Investigations  with  NRR 
assay  on  Pacific  oysters  have  showed  that  starvation,  gonad  de- 
velopment and  spawning  could  all  individually  significantly  im- 
pair the  lysosomal  membrane  stabilities  in  blood  cells,  thus  im- 
posing stresses  on  animals  (Cho  &  Jeong  2005.  Zhang  &  Li  2006, 
Sons  et  al.  submitted). 
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ABSTRACT  Planktonic  larvae  of  benthic  t'aiinu  that  can  grow  quickly  in  the  plankton  and  reduce  their  larval  period  duration  lessen 
their  e.\posure  to  pelagic  predators  and  reduce  the  potential  for  advection  away  from  suitable  habitats.  Veined  rapa  whelks  (Rapana 
veiiosa,  Muricidae)  lay  egg  masses  that  release  planktonic  veliger  larvae  from  May  through  August  in  Chesapeake  Bay,  USA.  Two 
groups  of  veliger  larvae  hatched  from  egg  masses  during  June  and  August  2000  were  cultured  in  the  laboratory.  Egg  mass  incubation 
time  (time  from  deposition  to  hatch)  ranged  from  18-26  d  at  water  temperatures  between  22°C  and  27°C.  Four  stages  of  rapa  whelk 
veliger  development  along  a  time  series  from  hatch  to  settlement  were  described  using  external  morphological  features.  Rapa  whelk 
veligers  were  measured  at  three-day  intervals  from  hatching  through  the  onset  of  spontaneous  settlement.  A  four-parameter  Gompert/ 
growth  mode!  was  used  with  length  at  age  data  from  cultures  of  rapa  whelk  veligers  to  estimate  ma.vimum  growth  rates  for  June  and 
August  hatched  groups.  Lai\  al  rapa  whelks  settled  at  shell  lengths  of  1 .  18-1.24  mm  after  planktonic  larval  periods  ranging  from  24-^2 
d.  Maximum  larval  growth  rates  ob.served  in  August  (0.03  mm  d"')  are  50%  lower  than  maximum  larval  growth  rates  observed  for  June 
hatched  rapa  whelk  veligers  (0.071  mm  d"').  Daily  larval  growth  rates  from  hatch  to  first  spontaneous  settlement  for  rapa  whelk 
veligers  ranged  from  0.002-0.099  mm  d''  with  maximum  growth  rates  occurring  between  12-18  d  post  hatch  in  June.  Larval  period 
duration,  or  the  time  from  hatch  to  first  spontaneous  settlement,  was  12  days  shorter  for  June  hatched  larvae  than  for  August  hatched 
larvae.  Water  temperature  was  not  significantly  correlated  with  larval  growth  rates  (mm  d"')  in  either  June  or  August.  Plasticity  in 
larval  period  duration  may  enhance  survival  and  dispersal  opportunities  for  planktonic  rapa  whelk  veligers. 
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INTRODUCTION 

Many  benthic  invertebrates  rely  on  planktotrophic  developinent 
of  larval  form.s  as  part  of  their  life  history  strategies.  Although 
planktonic  larvae  arc  \  uhierable  to  pelagic  predators  and  ad\'ection 
away  from  suitable  habitats  (Crisp  1974),  planktonic  development 
is  a  means  to  avoid  benthic  predators  immediately  after  emerging 
from  egg  capsules  and  provides  a  mechanism  for  genetic  exchange 
and  dispersal  (Scheltema  1971).  Larvae  with  faster  growth  rates 
reduce  their  exposure  to  planktonic  predators  and  dispersal  vectors 
and  potentially  increase  the  number  of  larvae  that  survive  to  settle- 
ment. At  the  end  of  planktonic  development,  larvae  settle  to  the 
benthos  and  spontaneously  metamorphose  losing  specialized 
swimming  structures  in  the  piocess.  The  transition  from  pelagic  to 
benthic  lifestyle  may  be  delayed  in  marine  gastropods  and  the 
length  of  this  delay  may  be  related  to  the  rate  of  larval  develop- 
ment in  the  plankton  (Pechenik  1980,  Pechenik  &  Lima  1984),  the 
presence  of  suitable  settlement  habitat  (Crisp  1974,  Pechenik 
1980),  and,  in  the  case  of  larvae  that  use  particular  benthic  prey, 
the  presence  of  suitable  prey  items  at  settlement  sites  (Crisp  1974, 
Pawlik  1992,  Davis  &  Stoner  1994). 

Veined  rapa  whelks  {Rapana  venosa)  are  a  recent  addition  to 
Chesapeake  Bay's  gastropod  fauna.  Native  to  Japanese  and  Korean 
waters,  rapa  whelk  adults  and  egg  masses  were  collected  from 
Chesapeake  Bay,  USA  in  1998  (Harding  &  Mann  1999).  Native 
channeled  whelks  {Busycotypiis  canalieidatus).  knobbed  whelks 
(Busycon  carica),  Atlantic  oyster  drills  [Urosalpinx  cinerea)  and 
Thick-lipped  oyster  drills  {Eupleiira  catidala)  all  lay  egg  masses, 
which  release  fully  developed  juvenile  snails  that  walk  out  of  egg 
cases  and  begin  benthic  residence.  In  contrast,  adult  rapa  whelks 
lay  egg  masses  that  release  swimming  veliger  larvae,  which  de- 
velop in  the  plankton  for  3-4  wk  (Hatding  &  Mann  2001 )  before 
eventually  settling  onto  hard  substrates,  undergoing  metamorpho- 
sis and  taking  up  residence  in  the  benthos.  The  period  of  plank- 


E-mail:  jharding@vims.edu 


tonic  larval  development  may  facilitate  rapa  whelk  genetic  ex- 
change and  dispersal  into  new  habitats  while  reducing  exposure  to 
benthic  predators  prior  to  metamorphosis.  The  presence  of  a  plank- 
tonic larval  stage  has  enabled  rapa  whelk  larvae  to  be  moved 
across  natural  zoogeographic  boundaries  in  ballast  water  of  com- 
mercial ships  and,  within  an  estuary,  may  enhance  dispersal  and 
survival  to  recruitment  with  the  end  product  being  a  net  increase  in 
propagule  pressure,  the  rate  at  which  breeding  individuals  are  re- 
cruited to  the  population  (Williamson  1996),  and  increased  colo- 
nization success.  The  objectives  of  this  study  are  to  qualitatively 
describe  rapa  whelk  veligers  throughout  their  period  of  planktonic 
development  and  quantitatively  describe  growth  rates  of  cultured 
rapa  whelk  larvae. 

MATERULS  AND  METHODS 

Egg  Mass  Sources  and  Culture 

Adult  rapa  whelk  hroodstock  were  held  in  tlow-ihrough  sys- 
tems at  ambient  temperature  and  salinity  conditions  in  the  lower 
York  River,  Gloucester  Point,  Virginia  with  food  (hard  clams 
(Mercenaria  mercenaria)  and  oysters  (Crassostrea  virginica), 
Harding  &  Mann  1999)  available  in  excess. 

During  2000,  a  subset  of  the  egg  masses  produced  by  the 
broodstock  populations  in  June  and  July  were  set  aside  for  larval 
culture  and  description  of  larval  development.  Iminediately  after 
removal  from  the  broodstock  tanks,  each  egg  mass  destined  for 
larval  culture  was  placed  in  an  individual  container  with  1  L  of 
5-p.m  filtered  seawater.  The  water  in  egg  mass  culture  beakers  was 
changed  every  other  day.  Egg  mass  incubation  time  (time  from 
deposition  to  hatch  or  release  of  swimming  veliger  larvae)  at  am- 
bient York  River,  Virginia  conditions  was  recorded  for  each  egg 
mass. 

Veliger  Culture 

Egg  masses  that  hatched  on  June  21  and  23  and  August  1,  2000 
provided  rapa  whelk  veligers  for  descriptions  of  larval  develop- 
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ment  and  growth.  After  hatching  or  release  of  swimming  \eliger 
larvae  from  an  egg  mass,  rapa  whelk  veligers  were  filtered  from 
egg  mass  culture  water  using  80  |jim  Nyte.x  sieves  and  cultured  in 
aerated  filtered  (5  |j.m)  seawater  (13-22  ppt)  at  temperatures  of 
25°C  to  29°C  and  densities  of  <700  veligers  L"'.  Veligers  were  fed 
a  mixed  algal  diet  (.Pseudoisoch)ysis  sp.,  Chaetocerous  sp.,  Tet- 
rasalmis  sp.)  every  other  day  and  were  maintained  at  10  h  dark/14 
h  light  conditions. 

Observations  on  Larval  Development  and  Measurements  of  larval 
Growth 

A  minimum  of  nine  individual  veliger  larvae  were  removed 
from  cultures  and  narcotized  with  a  7.5%  magnesium  chloride/ 
seawater  solution  every  three  days  from  hatch  (day  0)  through  the 
date  of  first  natural  spontaneous  settlement  of  veligers  within  cul- 
tures. When  veligers  were  sufficiently  narcotized  to  stop  swim- 
ming and  rest  on  the  bottom  of  the  dish  with  vela  extended  and 
filtering,  individual  veligers  were  examined  under  a  dissecting 
microscope  to  verify  that  they  were  alive  and  photographed  with 
an  image  analysis  system.  After  image  capture,  veligers  were 
placed  in  100%  filtered  seawater  (equivalent  to  larval  culture  wa- 
ter), examined  to  verify  that  the  effects  of  magnesium  chloride  had 
worn  off  and  returned  to  their  original  larval  culture.  Measine- 
ments  of  veliger  shell  length  (SL.  distance  from  the  tip  of  the  spire 
to  the  end  of  the  siphonal  canal  to  the  nearest  0.001  mm)  were 
made  from  the  digital  images  using  an  image  analysis  system. 

Data  Analyses 

Significance  levels  for  all  analyses  were  established  a  priori  at 
P  =  0.05.  Assumptions  of  homogeneity  of  variance  were  tested 
with  Bartlett  tests  and  assumptions  of  normality  were  tested  using 
the  Ryan-Joiner  test  for  normality. 

Larval  culture  water  temperatures  from  day  of  hatch  to  day  of 
first  spontaneous  settlement  for  June  and  August  hatched  cultures 
were  compared  using  a  1-way  ANOVA  with  month  of  hatch  as  a 
factor.  Temperature  data  satisfied  assumptions  of  normality  and 
homogeneity  of  variance  without  transformation. 

Four  parameter  Gompeilz  models  were  used  to  describe  rapa 
whelk  larval  growth  in  terms  of  shell  length  (mm)  at  age  (d)  data 
for  presettlement  and  settlement  stage  rapa  whelk  veligers  hatched 
in  June  and  August  using  the  equation: 

L  =  Lo  +  ae"'  ^  "  / 

where  L^  is  the  veliger  shell  length  (mm)  at  hatch  or  f  =  0,  ?  is 
time  posthatch  or  age  in  days.  /„  is  the  time  coiresponding  to  the 
midpoint  of  the  rise,  a  is  the  maximum  attainable  larval  size,  and 
/b  is  a  rate  constant  .  Maximum  grovs  th  rate  during  the  larval  period 
was  calculated  using  the  equation: 


growth  rate  (mm  d 


Average  shell  length  (mm)|^,j 
-  Average  shell  length  (mm), 

^  Td 


Maximum  growth  rate  (mm  d    )  =  0.368  (  - 


The  Gompertz  model  has  previously  been  used  to  describe 
molluscan  growth  on  a  length  at  age  basis  (Devillers  et  al.  1998. 
Chicharo  &  Chicharo  2000.  Rodriguez  et  al.  2001).  The  four- 
parameter  model  was  used  because  it  incorporates  larval  size  at 
hatching  from  the  egg  cases. 

Larval  growth  rates  at  intervals  during  larval  development  were 
estimated  for  three-day  intervals  between  measurements  using  the 
formula: 


where  I  is  the  time  post  hatch  or  age  in  days.  Average  shell  lengths 
were  used  because  veliger  growth  rates  were  measured  sequen- 
tially as  groups  randomly  chosen  from  cultures  instead  of  follow- 
ing individual  veliger  larvae  for  the  duration  of  planktonic  devel- 
opment. Linear  regression  analyses  were  used  to  evaluate  the  re- 
lationship between  daily  larval  growth  rate  (mm)  and  water 
temperature  ("C). 

RESULTS 

In  2000.  egg  mass  deposition  in  rapa  whelk  broodstock  tanks 
began  on  May  15  and  continued  through  August  15.  Egg  masses 
hatched  June  21  through  23  were  deposited  between  May  15  and 
June  6  with  an  average  incubation  time  of  26.3  ±  2.3  d  (standard 
eiTor)  at  average  water  temperatures  of  22.6°C  ±  0.3 1°C.  Egg 
masses  hatched  August  1  were  deposited  on  July  14  with  an  in- 
cubation time  of  18  d  at  average  water  temperatures  of  27.2°C  ± 
0.18°C.  Chung  et  al.  (1993)  describe  an  incubation  period  of  17  d 
from  deposition  to  hatch  for  rapa  whelk  egg  cases  from  Korean 
waters  in  the  laboratory  at  water  temperatures  of  18.3°C  to  20.4°C. 

For  descriptive  purposes,  rapa  whelk  veligers  along  the  con- 
tinuum of  development  were  assigned  to  one  of  four  groups  on  the 
basis  of  visible  morphological  features.  Davis  et  al.  ( 1993)  used  a 
similar  development  scheme  for  three  species  of  Slromhas  larvae. 
All  references  to  age  in  days  use  the  hatch  date  (0  d)  as  a  starting 
point  and  are  thus  days-post  hatch.  Pictures  of  larval  rapa  whelk 
veligers  are  presented  for  all  four  developmental  stages  in  Fig- 
ure 1. 

Stage  1  rapa  whelk  veligers  (0-5  d)  had  a  bilobed  velum,  a 
translucent  foot  and  visible  eye  stalks  (Fig.  lA).  Their  brown 
shells  were  smoothly  rounded  at  the  spire  (Fig.  lA)  with  the  de- 
velopment of  the  first  whorl  beginning  5-6  d  post  hatch.  The  beak 
and  columella  were  visible  at  hatch  and  grew  quickly,  often  pre- 
senting an  almost  translucent  shell  layer  that  gradually  darkened 
with  age  (Fig.  lA.  B).  The  beating  heart  was  clearly  visible 
through  the  shell  at  hatch.  Two  rows  of  cilia  were  visible  along  the 
outer  edge  of  the  velar  lobes  after  2  d  (Fig.  IB).  Veliger  shell 
length  at  hatch  estimates  were  between  0.406  (June)  and  0.412 
(August)  mm  (Table  1 ).  Actual  shell  measurements  were  not  made 
on  veligers  at  hatch  (0  d)  because  the  rounded  shell  morphology 
made  it  impossible  to  position  specimens  (narcotized  or  not)  on  a 
single  level  plane  under  the  microscope  for  image  capture. 

Stage  II  veligers  (6-9  d)  had  an  elongated  beak,  a  four  lobed 
velum  v\ith  approximately  proportionate  lobes,  and  a  relatively 
small  opaque  foot  (Fig.  IC,D).  By  6  d.  one  complete  body  whorl 
and  shell  shoulder  were  present  (Fig.  IC)  and  the  spiral  line  on  the 
body  whorl  left  by  the  presuture  of  the  beak  was  obvious.  Anten- 
nae were  visible  posterior  to  the  eyestalks  at  day  9  (Fig.  ID). 

Stage  III  veligers  (10-23  d)  continued  to  have  an  elongated 
beak  with  a  suture  in  the  middle  and  a  proportionate  four  lobed 
velum  but  the  foot  was  white  and  muscular  with  visible  muscular 
contractions  and  greatly  increased  range  of  mobility  (Fig.  lE.F). 
During  Stage  III.  the  foot  began  to  have  distinguishable  anterior 
and  posterior  regions  and  became  spade  shaped.  The  operculum 
was  clearly  visible  by  18  d.  At  12-15  d,  the  larval  shell  was  dark 
brown  with  two  prominent  shell  shoulders,  a  well-developed  col- 
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Figure  I.  Pictures  <if  rapa  whelk  {Rapaint  veiwsu)  veligers  in  Stage  I  (A:  2-d-old  veliger.  B:  5-d-()ld  veliger).  Stage  II  (C:  6-d-()ld  veliger.  D:  9-d-old 
veligerl.  Stage  III  (E:  12-d-old  veliger,  F:  15-d-()ld  veliger)  and  Stage  IV  ((J:  38-d-old  veliger.  H:  23-d-()ld  veliger).  The  scale  bar  in  each  picture 
represents  1  mm.  Morphological  features  are  noted,  including  the  antenna  (a),  shell  beak  (b),  columella  (c),  eye  stalks  (e),  foot  (f),  mouth  (m) 
operculum  (o).  siphonal  canal  (sc).  first  shell  shoulder  (sshll.  second  shell  shoulder  (ssh  2),  spire  (s)  and  velum  (v). 
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TABLE  1. 

Model  coefficients  for  four  parameter  Gompertz  regressions  used  to  describe  rapa  whelk  lar>al  growth  with  standard  error  estimates  for 

model  coefficients  in  parentheses. 


Hatch  month 

a 

b 

t„ 

I., 

Model  R- 

June 
August 

0.869(0.044) 
1.139(0.153) 

4.478  (0.538) 
12.258(1.967) 

13.963(0.376) 
29.826(1.718) 

0.406(0.023) 
0.412(0.014) 

0.88 
0.86 

Limella  and  siphonal  canal,  and  visible  nuinded  bumps/dimples  on 
the  exterior  shell  surface  (Fig.  IE).  By  l<S-2i  d.  a  third  shell 
shoulder  was  visible. 

Stage  IV  veligers  (24  d-settlement)  had  a  prominent  siphon  that 
was  typically  extended  from  the  siphonal  canal  and  a  four  lobed 
velum  where  the  anterior  lobes  were  slightly  larger  than  the  pos- 
terior lobes  (Fig.  1G,H).  Veligers  were  competent  to  settle  from  24 
d  forward,  with  size  at  settlement  ranging  from  1.18  ±  SE  0.0.3  mm 
(August)  to  1.24  ±  0.03  mm  (June).  By  27  d.  three  complete  shell 
whorls  were  present  with  three  distinct  shell  shoulders.  All  four 
lobes  of  the  velum  began  elongating  at  30  d  becoming  almost 
finger-like  by  33  d.  The  foot  continued  to  grow  and  became  spade 
shaped  (Fig.  IG.H).  As  the  veligers  aged,  the  beak  gradually  be- 
come less  elongate  and  by  30  d  was  recognizable  as  only  a  simple 
point  in  swimming  veligers.  By  30  d.  veligers  spent  at  least  half  of 
the  time  with  their  velum  retracted  and  the  foot  extended  and 
probing  available  hard  surfaces.  At  settlement,  the  shell  was  dark 
brown/black  and  the  operculum  had  grown  to  the  same  size  as  the 
opercular  opening  and  had  dark  brown/black  edges  with  a  light 
brown  center. 

Veligers  hatched  in  June  began  settling  at  24  d  with  all  June 
cultures  achieving  settlement  by  30  d.  Veligers  from  all  three 
August  hatched  cultures  settled  at  42  d.  Larval  culture  water  tem- 
peratures for  June  and  August  hatched  animals  were  not  signifi- 
cantly different  (ANOVA.  F  =  0.65,  P  =  0.42). 

Larval  shell  lengths  increased  rapidly  between  9  and  21  d  (Fig. 
2A)  for  June  hatched  veligers.  This  time  window  corresponds 
developmentally  and  morphologically  to  Stage  III  when  veligers 
had  a  4-Iobed  velum,  developing  foot,  and  the  shell  attained  its 
second  shoulder  or  whorl  (see  earlier).  Shell  lengths  for  August 
hatched  veligers  increased  more  slowly  throughout  larval  life  (Fig. 
3A)  and  August  hatched  veligers  took  12  d  longer  to  settle  than 
June  hatched  veligers. 

Maximum  growth  rates  for  June  hatched  veligers  (0.071  mm 
d"')  were  twice  as  high  as  maximum  growth  rates  observed  for 
August  hatched  veligers  (0.033  mm  d"').  Estimated  daily  larval 
growth  rates  from  hatch  to  first  spontaneous  settlement  for  rapa 
whelk  veligers  ranged  from  0.002-0.099  mm  day"'  and  were  gen- 
erally higher  during  Stages  I  through  III  for  June  hatched  veligers 
than  for  August  hatched  veligers  (Fig.  2B  and  3B).  August  hatched 
veligers  were  in  Stage  IV  for  longer  than  June  hatched  veligers  and 
experienced  higher  relative  growth  rates  than  June  hatched  ve- 
ligers at  24  and  27  d  in  Stage  IV  (Fig.  28  and  38).  It  should  be 
noted,  however,  that  all  June  hatched  veligers  had  settled  by  30  d 
post  hatch,  whereas  August  hatched  veligeis  did  not  settle  until  42 
d  post  hatch. 

Larval  culture  water  temperatures  from  June  21  and  23  (hatch 
dates)  through  July  15  (date  of  first  settlement)  ranged  from 
25. 1  °C  to  27.9°C  with  a  mean  of  26.6"C  (standard  en'or  ±  0. 1 7°C) 
with  residual  water  temperatures  typically  within  1  degree  of  the 
mean  (Fig.  2C).  Larval  culture  water  temperatures  from  August  1 


(hatch  date)  through  September  11  (42  d.  date  of  settlement) 
ranged  from  25.3°C  to  28.3°C  with  a  mean  of  26.6°C  (standard 
en'or  ±  0. 1 8°C)  with  residual  water  temperatures  up  to  1 .5°C  of  the 
mean  (Fig.  3C).  Water  temperature  was  not  significantly  correlated 
with  larval  growth  rates  (mm  d"')  in  either  June  (df  =  1.  F  = 
0.43,  P  =  0.52)  or  August  (df  =  1,  F  =  0.10,  P  =  0.75). 

DISCUSSION 

Larval  rapa  whelks  settled  at  shell  lengths  of  l.lS-1.24  mm 
after  planktonic  larval  periods  ranging  from  24—12  d.  Maximum 
lai'val  growth  rates  observed  in  August  (0.03  mm  d"')  are  50% 
lower  than  maximum  larval  growth  rates  observed  for  June 
hatched  rapa  whelk  veligers  (0.071  mm  d"').  Dobberteen  and 
Pechenik  (1987)  observed  growth  rates  of  0.027  min  d"'  for  (1-28 
d  old  Thais  hueinastoina  canaliculata  maintained  at  24"C  in  labo- 
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ratory  cultures.  Daily  larval  growth  rates  from  hatch  to  first  spon- 
taneous settlement  for  rapa  whelk  veligers  ranged  from  0.002- 
0.099  mm  d  '  with  maximum  growth  rates  occurring  between 
12-18  d  post  hatch  in  June.  The  differences  in  daily  growth  rates 
observed  through  development  (this  study)  may  explain  the  reduc- 
tions in  rapa  whelk  veliger  survivorship  and  salinity  tolerance 
observed  by  Mann  and  Harding  (2003)  at  12-18  d  post  hatch.  The 
Stage  III  period  in  larval  development  is  probably  physiologically 
stressful  because  of  the  observed  rapid  shell  growth.  June  hatched 
veligers  approximately  doubled  their  shell  lengths  during  Stage  III 
( 12  d,  0.447  mm;  18  d,  0.958  mm).  This  trend  was  less  noticeable 
for  August  hatched  veligers  whose  overall  growth  rates  were 
slower  and  settlement  sizes  were  smaller. 

Observed  differences  in  growth  rates  and  size  at  settlement 
between  June  and  August  hatched  veligers  may  be  related  to  cul- 
ture conditions,  parental  physiological  condition  as  expressed  in 
the  egg  mass,  or  these  differences  may  simply  reflect  a  range  of 
developmental  plasticity  within  the  species.  Although  average  cul- 
ture water  temperatures  (26.6°C)  were  the  same  for  June  and  Au- 
gust larval  periods,  culture  water  temperatures  were  1-2"C  above 
average  in  early  August  for  the  first  6-9  d  of  larval  development. 
Thermal  tolerances  of  rapa  whelk  veligers  are  unknown,  but 
slower  growth  rates  early  in  larval  life  may  have  been  related  to 
thermal  stress  caused  by  warmer  water  temperatures.  Rapa  whelks 
lay  multiple  egg  masses  within  a  single  breeding  season  (Chung  et 
al.  1993.  Harding  &  Mann  1999).  In  Chesapeake  Bay.  rapa  whelks 


begin  laying  eggs  in  May  and  egg  laying  continues  through  August 
(Mann  &  Harding  2003).  The  egg  masses  used  herein  were  laid 
from  mid-May  to  early  June  (June  hatch)  at  the  beginning  of  the 
adult  egg  mass  laying  period  and  mid-July  (August  hatch)  towards 
the  end  of  egg  mass  laying  activity.  Seasonal  decreases  in  repro- 
ductive investment  (as  indicated  by  egg  size  or  number  per  egg 
mass)  have  been  documented  for  a  marine  polychaete  (Qian  & 
Chia  1992)  and  other  marine  molluscs  (Ito  1997)  with  trends  in 
decreasing  number  of  eggs  per  clutch  (egg  mass)  and  egg  size  from 
the  beginning  to  the  end  of  the  breeding  season  related  to  parental 
physiology  and/or  nutritional  state.  The  egg  masses  used  in  this 
study  were  from  multiple  wild  caught  females.  Information  on 
adult  condition  before  or  at  egg  laying  was  not  available.  The 
position  of  each  egg  mass  cultured  for  this  study  in  the  .sequence 
of  egg  masses  produced  by  each  female  in  this  breeding  sea.son  is 
also  unknown. 

One  of  the  most  vulnerable  portions  of  the  rapa  whelk  life  cycle 
is  the  period  of  planktonic  larval  development.  Larvae  that  grow 
quickly  in  the  plankton  and  reach  competence  quickly,  reduce  their 
exposure  to  planktonic  sources  of  mortality.  Relatively  large  size 
at  competence  increases  postsettlement  survivorship.  Average  rapa 
whelk  shell  length  at  settlement  (1.18-1.24  mm)  is  similar  to  re- 
ported size  at  settlement  for  other  gastropod  larvae  including  Thais 
kieneri  (1.04  mm.  Middlefart  1996).  Slniiiimiita  {Thais)  haemas- 
loiini  (0.800  mm,  Butler  1954).  and  StroiiilHis  gigas  (1.170  mm. 
Davis  et  al.  1993).  However.  R.  veiiosa  size  at  settlement  is  ap- 
proximately twice  that  of  Rapana  rapifonnis  (0.520-0.540  mm, 
Ramesh  1999)  although  both  metamorphose  and  settle  as  early  as 
24  d  post  hatch  (R.  rapifonnis,  Ramesh  1999;  R.  venosa.  this 
study).  Moran  (1999)  predicts  a  positive  relationship  between 
growth,  survivorship  and  size  at  settlement  for  intertidal  gastro- 
pods. Large  size  at  settlement  brings  with  it  increased  resistance  to 
starvation  (Moran  1999)  and  reduced  vulnerability  to  benthic 
predators  (Spight  1976,  Gosselin  1997). 

The  observed  differences  in  larval  growth  rates  and  larval  pe- 
riod duration  may  affect  recruitment  success  of  individual  animals 
and  invasion  potential  of  the  species  as  a  whole.  Animals  that  settle 
early  in  the  year  will  be  exposed  to  a  longer  growing  season  during 
their  first  year  and,  as  a  consequence,  reach  sexual  maturity  more 
quickly  than  animals  that  settle  later  in  the  year.  From  the  stand- 
point of  biological  invasions,  animals  that  grow  rapidly  to  repro- 
ductive maturity  increase  the  propagule  pressure  (Williamson 
1996)  within  a  habitat.  The  observed  plasticity  in  rapa  whelk 
growth  rate  and  larval  period  duration  resulting  in  successful 
settlement  directly  relates  to  the  potential  viability  of  larvae  en- 
trained and  transported  in  ballast  water  as  well  as  the  survival  of 
these  larvae  after  introduction  into  new  habitats.  This  plasticity 
may  explain,  at  least  to  some  degree,  the  continued  success  of  rapa 
whelk  invasions  into  new  habitats.  Recent  invasions  by  rapa 
whelks  include  the  Rio  de  la  Plata.  Uruguay  and  Argentina  (Pas- 
torino  et  al.  2000)  and  the  Scheveningen.  Netherlands  (Vink  et  al. 
2005).  Historically,  large  long-lived  gastropods  like  rapa  whelks 
were  not  among  the  candidate  fauna  for  anthropogenic  transport  to 
other  habitats  (Carlton  1999)  and  geographic  range  expansion  by 
these  benthic  infauna  relied  on  slow  progression  of  individuals 
crawling  into  new  areas  or  dispersal  of  planktonic  larvae  by  water 
currents  within  the  established  range  of  ecological  tolerances. 
Modem  reliance  on  ballast  water  as  part  of  commercial  shipping 
offers  a  rapid  vector  for  dispersal  of  the  larval  forms  of  these  large 
predatory  gastropods  that  supercedes  natural  zoogeographic 
boundaries  and  results  in  deposition  of  larval  forms  that  have 
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evoh  ed  under  one  set  of  ecological  and  environmental  constraints 
into  new  habitats  lacking  these  traditional  controls. 
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GASTROPOD  ABUNDANCE  AND  BIOMASS  RELATIONSHIPS  WITH  SALT  MARSH 
VEGETATION  WITHIN  OCEAN-DOMINATED  SOUTH  CAROLINA,  USA  ESTUARIES 
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ABSTRACT  Molluscs,  both  gastropods  and  bivalves,  appear  to  disproportionately  influence  the  dynamics  of  salt  marsh  habitats. 
Bivalves  typically  are  facilitators  positisely  affecting  the  growth  and  survival  of  marshes,  but  gastropods  may  have  unanticipated 
top-down  effects  through  direct  consumption  of  the  predominant  marsh  vegetation.  Spanina  aUeniiflora.  Natural,  elevational  ditter- 
ences  in  S.  alterniflora  density  and  morphology  also  may  exert  an  intluence  on  the  spatial  distributions  of  marsh  snails.  We  examined 
the  abundance  of  both  plants  and  snails  acrcss  an  elevation  gradient  to  determine  if  similarities  or  differences  existed  in  the  observed 
distribution  patterns.  Plant,  mainly  S.  alterniflora.  and  snail.  Lirtoraria  inorala  (Say)  and  Melampiis  bidentatiis  Say,  densities  were 
measured  along  tidal  creek  to  forest  transects  within  the  intertidal  marshes  of  three  marine-dominated  South  Carolina  inlets.  Significant 
differences  in  S.  alternitlora  density  among  marsh  zones  were  paralleled  by  similar  L.  inorala  density  differences.  A  consistent, 
unuiiodal  pattern  with  peak  L.  irrorata  density  in  the  "short."  dense  S.  alterniflora  mid  marsh  occurred  within  each  inlet.  In  contrast. 
M.  hiilenlams  was  restricted  almost  entirely  to  the  high  marsh  across  all  transects  and  inlets.  Densities  of  L.  irrorata  and  S.  alterniflora 
were  positively  correlated  in  the  low  marsh  consistent  with  the  potential  importance  of  culms  as  a  food  source  and  refuge  from 
predators.  Lilioraria  irrorata  biomass  was  significantly  different  among  zones  in  only  one  inlet  and  increased  in  a  shoreward  direction 
in  two  inlets.  Although  biomass  patterns  previously  have  not  been  reported  for  Southeastern  US  marshes,  amounts  were  consistently 
greater  than  expected  within  the  high-marsh  zone.  In  SC.  L.  irrorata  appears  to  be  a  conspicuous  resident  across  the  entire  vegetated 
marsh  and  our  results  suggest  previous  studies  focusing  on  the  marsh  near  tidal  creeks  could  underestimate  appreciably  the  total 
population  and  overall  significance  of  L.  irrorata  within  coastal  marshes. 

KEY  WORDS:     Litturunu  irrorata  (Say).  Melampiis  hulcntatiis  Say.  Spartina  iilternijlora.  marsh  /onation.  snail  biomass 


INTRODICTION 

Molluscs,  both  i;astropod.s  and  bivalves,  appear  to  iiifltience 
disproportionately  the  dynamics  of  salt  marsh  habitats.  Bivalves 
often  are  characterized  as  facilitators  positively  affecting  the 
growth  and  survival  of  marshes  either  directly  (Bertness  1484)  or 
indirectly  (Meyer  et  al.  1997.  Dame  et  al.  2001).  Early  evidence 
suggested  resident  gastropods  had  limited  to  no  direct  effects  on 
the  salt  marsh  and  piimarily  were  involved  in  the  recycling  of 
detritus  (Odum  &  Smalley  1959.  Teal  1962.  Stiven  &  Kuenzler 
1979).  However,  recent  studies  indicate  one  of  the  common  snail 
species,  Littoraria  irrorata  (Say),  has  unanticipated  top-down  ef- 
fects on  the  predominant  marsh  vegetation,  Spartina  alterniflora 
(Silliman  &  Zieman  2001,  Silliman  &  Bertness  2002,  Silliman  et 
al.  2005). 

The  extent  of  potential  gastropod  effects  on  salt  marsh  envi- 
ronments ultimately  will  depend  on  the  natural  abundance  and 
distribution  of  the  various  floral  and  faunal  species.  In  Southeast- 
em  US  marshes  conspicuous  plant  zonation  (see  Chapman  1974) 
results  from  the  interplay  between  physical  tolerance  to  tidal  in- 
undation at  lower  elevations  and  interspecific  competition  at 
higher  elevations  (Pennings  et  al.  2005).  Macrofaunal  zonation 
patterns  within  marshes  are  less  transparent  (see  however  Kneib 
1984.  Netto  &  Lana  1997.  Richardson  et  al.  1998,  Angradi  et  al. 
2001)  with  no  accepted  paradigm  to  explain  observed  pattenis 
(Kneib  1984,  Levin  &  Talley  2000).  Ecological  explanations  for 
gastropod  zonation  in  salt  marshes  could  parallel  paradigms  estab- 
lished in  the  rocky  intertidal  (e.g..  Connell  1961a.  1961b,  Paine 
1969).  A  result  would  be  an  overlap  in  the  peak  distribution  of  a 
possible  keystone  species.  L  irrorata.  and  the  maximum  produc- 
tion of  its  primary  food  and  habitat  resource.  S.  alterniflora.  To 
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establish  if  an  overlap  exists,  we  documented  the  zonation  patterns 
of  S.  alterniflora  and  the  two  predominant  gastropod  species,  L. 
irrorata  and  Melainpiis  bideinatus  Say.  w  ithin  three  South  Caro- 
lina inlets. 

Littoraria  irrorata  and  M.  bidentatiis  are  both  common  in  west- 
ern Atlantic  salt  marshes,  but  L.  irrorata  typically  is  reported  from 
monospecific  stands  of  S.  alterniflora  (e.g.,  Smalley  1959,  Crist  & 
Banta  1983).  M.  bidentatiis  is  found  in  greater  densities  within  the 
more  speciose  high  marsh  (Kerwin  1972.  Fell  et  al.  1991).  How- 
ever, density,  size  and  biomass  have  not  been  shown  to  vary  in  a 
consistent  manner  across  the  marsh  for  either  species.  Factors  that 
may  affect  snail  abundance  along  a  tidal  elevation  gradient  also 
have  been  implicated  in  affecting  gastropod  size  distributions.  Ver- 
meil (1972)  proposed  intertidal  gastropods  would  exhibit  one  of 
two  possible  patterns  attributed  to  either  predation  or  desiccation 
effects:  Type  1  or  a  shoreward  increase  in  size  because  larger 
snails  are  better  able  to  resist  desiccation  and  Type  2  or  a  decrease 
in  size  over  the  same  gradient,  because  larger  individuals  would  be 
less  susceptible  to  aquatic  predators.  Littorinids  in  the  rocky  in- 
tertidal primarily  exhibit  a  Type  2  pattern  suggesting  a  response  to 
predation  pressure  (Vermeij  1972).  In  saltmarshes,  blue  crab 
(Callinectes  sapidiis)  predation  on  L.  irrorata  also  decreases  with 
increasing  distance  away  from  tidal  creeks  (Schindler  et  al.  1994, 
Lewis  &  Eby  2002).  Although  results  from  Schindler  et  al.  (1994) 
and  Lewis  &  Eby  (2002)  suggest  L  irrorata  should  exhibit  a  Type 
2  pattern,  snail  sizes  have  been  shown  to  exhibit  both  Type  1  and 
2  patterns  (Hamilton  1978,  Crist  &  Banta  1983).  To  indirectly 
examine  the  possible  effects  of  desiccation  and  predation  on  salt 
marsh  snails  we  measured  all  snail  shell  lengths  to  test  whether 
saltmarsh  snails  conformed  to  either  of  Vermeij's  (1972)  hypoth- 
esized size  distribution  patterns. 

Differences  in  snail  abundance,  size  and  biomass  along  a  tidal 
elevation  gradient  in  three  ocean-dominated  Southeastern  marshes 
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were  examined  to  test  whether  physical  or  biological  factors  con- 
tributed to  observed  zonation  patterns.  Specifically,  we  hypoth- 
esized that  L.  irmrata  density,  bioniass  and  mean  length  would 
vary  in  concert  with  vegetation  zones  because  of  a  suspected  de- 
pendence on  S.  altemiflora  for  food  (Silliman  &  Bertness  2002. 
Silliman  &  Newell  2003)  and  increased  aquatic  predation  in  the 
low  marsh  (West  &  Williams  1986.  Schindler  et  al.  1994.  Lewis  & 
Eby  2002).  We  also  expected  that  M.  bideutatiis.  given  its  small 
size,  thin  shell  and  pulmonate  physiology  would  be  more  abundant 
in  the  mixed  vegetation  of  the  high  marsh  where  desiccation  and 
not  predation  would  contribute  most  to  the  zonation  pattern.  Spe- 
cifically, we  set  out  to:  ( 1 )  examine  if  L.  irrnniki  and  M.  hidentatus 
exhibited  distinct  zonation  patterns  within  southeastern  US 
marshes;  (2)  evaluate  existing  size-frequency  distributions  to  gain 
insights  into  possible  mechanisms  influencing  salt  marsh  snail  dis- 
tributions and  (3)  examine  if  any  relationship  existed  between  the 
density  and  biomass  of  L.  irmrata  and  the  density  of  S.  altemiflora 
stems. 

MATERIALS  AND  METHODS 

Sliidy  Site 

Salt  marshes  in  three  ocean-dominated  inlets  along  the  northern 
South  Carolina  coast  were  selected  for  study:  Hog.  Murrells  and 
North  Inlets.  Hog  Inlet  forms  the  southern  boundary  for  Waites 
Island  (33°30'43"N,  78°35'12"W),  a  0.5  x  4.0-km  undeveloped 
barrier  island.  Study  sites  were  in  the  extensive  lagoonal  marshes 
that  exist  along  the  backside  of  Waites  Island.  Murrells  and  North 
Inlets  have  been  studied  extensively  (e.g.,  Vemberg  et  al.  1992) 
but  differ  in  residential  development  of  the  local  watershed.  Mur- 
rells Inlet,  ca.  62  km  south  of  Hog  Inlet,  has  considerable  shoreline 
and  upland  development  although  Huntington  Beach  State  Park 
protects  much  of  the  southern  portion  of  the  Inlet.  A  study  site 
within  the  mainland  marshes  just  north  of  the  park  boundary  near 
public  oyster  reefs  was  selected  (33°3i'17"N.  79''03'53"W).  North 
Inlet  is  31  km  south  of  Murrells  Inlet,  and  it  is  the  site  of  the 
Baruch  Marine  Institute.  The  inlet  and  marshes  are  protected  as 
part  of  the  National  Estuarine  Research  Reserve  (NERR)  system 
but  a  few  residences  and  a  golf  course  are  located  on  the  northern 
edge.  Mainland  study  sites  within  North  Inlet  marshes  were  at 
Oyster  Landing  (33°3r04"N.  79°ir32"W)  and  Clambank 
(33°20'09"N.  79°ir36"W).  two  extensively  studied  sites  (e.g.. 
Mon-is  &  Haskin  1990). 

Sampling  Design 

To  assess  the  spatial  distribution  of  snails  within  the  intertidal 
marshes  without  having  to  account  for  temporal  differences,  all 
samples  were  collected  within  a  relatively  short  May  to  June  pe- 
riod in  2003.  The  sampling  period  likely  represents  the  time  of 
greater  snail  density  just  after  spring  juvenile  settlement  and  before 
increased  summer  mortality  (KW,  pers.  obs.).  Hog,  North  and 
Murrells  Inlets  were  sampled  three,  two  and  one  times  respectively 
over  the  2  mo.  Snails  were  sampled  along  an  approximate  transect 
between  tidal  creek  and  forested  upland  uniquely  established  at 
each  site  on  each  date.  A  total  of  5-20  samples  from  0.25  nr 
quadrats  placed  along  eacn  iian.sect  within  each  of  three  vegetated 
zones  was  sampled.  The  low-marsh  zone  was  identified  by  the 
presence  of  a  monoculture  of  "tall"  (>1  m)  S.  altemiflora.  The 
short-form,  <0.5-m  tall,  of  S.  aliemifhira  characterized  the  mid- 
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inarsli  /one.  Dense  ;ireus  of  S/ymliiui  /iciteiis.  Disliclilis  spicnta  and 
Jiincits  roemerianus  and  the  less  common  Bonichia  fnitesccns  and 
S.  ulteniiflora  identified  the  high-marsh  zone  at  each  site. 

All  snails  within  each  quadrat  were  collected,  returned  to  the 
laboratory  and  frozen  at  -20°C  for  later  counting,  measurement 
and  biomass  estimation  (see  later).  On  the  first  sampling  date. 
May2.  2003,  snails  were  counted  and  not  collected:  biomass  was 
not  estimated.  The  total  number  of  S.  altemiflora  stems  >10  cm 
tall  was  also  counted  from  a  haphazardly  chosen  corner  (0.25  m  x 
0.25  m)  of  each  quadrat. 

Lahoratoiy  Analyses 

Snail  biomass  was  estimated  by  measuring  individual  shell 
lengths  and  applying  a  length-mass  regression  for  each  species. 
Shell  length  was  measured  from  the  spire  apex  to  aperture  tip  to 
the  nearest  0.1  mm  with  digital  calipers.  To  establish  species" 
length-mass  regressions  shell  length  and  tissue  mass  (without 
shell)  were  measured  for  a  subset  of  snails  collected  from  Hog 
Inlet  sites  {ii  =  184  for  L.  irrorata,  n  =  56  for  M.  bidentatits). 
Tissue  was  dissected  from  individual  shells,  dried  to  constant  mass 
at  60"C.  and  ashed  at  500°C  for  >4  h  in  a  muffle  furnace  to 
determine  the  ash-free  dry  mass  (AFDM).  A  power  curve  was  fit 
to  the  data  for  each  species  using  nonlinear  regressions  in  Sigma- 
Plot  (Vers.  8.0,  SPSS.  Inc.). 

Statistical  Analyses 

Statistical  differences  (a  =  0.05)  among  marsh  zones  and 
transects  within  inlets  were  assessed  using  analysis  of  variance 
(ANOVA)  on  log,|,(x  -l-  1  )-transformed  values.  Separate  ANOVAs 
were  conducted  for  each  inlet  using  the  General  Linear  Model 
procedure  in  SYSTAT  (Vers.  10.0,  SPSS.  Inc.).  Significant  main 
effects  were  followed  by  Tukey  HSD  post  hoc  test  to  assess  dif- 
ferences among  levels  (i.e..  low-,  mid  and  high-marsh  zones).  Any 
potential  relationship  between  L.  inonihi  and  S.  altemiflora  den- 
sities (log|||(x  -I-  l)-transformed)  were  examined  with  Pearson's 
Product-Moment  correlation.  The  correlation  between  L.  irrorata 
and  5.  altemiflora  densities  was  calculated  separately  for  each 
marsh  zone  using  data  from  all  inlets  combined  to  assess  overall 
relationships  across  inlets.  Melampus  bideutatiis  and  S.  altemi- 
flora correlations  were  not  considered  because  the  distribution  of 
M.  hideiitatiis  was  restricted  to  the  high  marsh  where  little  S. 
altemiflora  was  present. 

The  fit  of  L.  irrorata  to  a  Type  I   or  Type  2  model  (sensii 


Vermeij  1472)  within  each  inlet  was  tested  by  graphically  exam- 
ining the  mean  length  of  L.  irrorata  with  respect  to  marsh  zone. 
Juvenile  snails  <5  mm  were  omitted  from  the  analysis  because 
individuals  were  typically  found  inside  S.  altemiflora  leaf  culms 
and  likely  were  less  susceptible  to  predation  (Crist  &  Banta  1983). 

RESULTS 

A  significant  power  relationship  between  shell  length  and  tis- 
sue AFDM  was  identified  from  the  Hog  Inlet  subsample  of  both 
L.  irrorata  (tissue  mass  =  0.0080  x  length'"".  P  <  O.OOOI, 
R-  =  0.928)  and  M.  hidentatus  (tissue  mass  =  0.0077  x 
length-''^^',  P  <  0.0001.  R"  =  0.930).  Snail  biomass  differences 
among  zones  and  transects  were  estimated  using  these  equations. 

Spartina  altemiflora  stem  densities  in  each  inlet  marsh  exhib- 
ited a  similar  pattern:  mid  >  low  >  high  marsh  (Fig.  I ).  Significant 
stem  density  differences  existed  among  zones  in  each  inlet,  but 
they  differed  only  among  transects  in  Hog  Inlet  (Table  1 ).  Stem 
density  was  always  significantly  lowest  in  the  high  marsh  (Fig.  1 ). 

Littoraria  irrorata  density  was  significantly  different  among 
marsh  zones  in  each  inlet  (Table  1),  and  showed  a  similar  overall 
pattern  as  Spartina  density  in  each  respective  inlet  (Fig.  1  and 
Fig.  2).  Littoraria  density  was  significantly  less  in  the  high 
marshes  of  North  and  Murrells  Inlets,  and  significantly  greater  in 
the  mid  marsh  of  Hog  Inlet  (Fig.  2).  In  contrast,  biomass  of  Lit- 
toraria was  only  significantly  different  among  zones  in  Murrells 
Inlet  (Table  I),  where  it  was  significantly  less  in  the  low  marsh 
(Fig.  2).  Furthermore,  biomass  tended  to  increase  from  low  to  high 
marsh  in  North  and  Murrells  Inlets  (Fig.  2).  No  significant  differ- 
ences in  density  or  biomass  of  L.  irrorata  were  found  among 
transects  in  any  inlet  (Table  1 ). 

In  each  inlet  the  distribution  of  M.  bideutatiis  primarily 
was  restricted  to  the  high  marsh  (Fig.  3)  and  resulted  in  signi- 
ficantly greater  density  and  biomass  in  the  high  marsh  zone  (Ta- 
ble I.  Fig.  3).  Densities  were  also  significantly  different  among 
transects  at  Hog  Inlet  (Table  I ). 

Littoraria  irrorata  density  was  positively  correlated  with  S. 
altemiflora  stem  density  for  low-  (P  =  0.008.  R  =  0.423)  but  not 
mid  or  high-marsh  zones  (P  >  0.05). 

The  shell  length  of  L.  irrorata  increased  in  a  shoreward  direc- 
tion (Type  1  pattern)  in  both  Murrells  and  North  Inlets  (Fig.  4). 
However,  there  was  no  obvious  pattern  in  L.  irrorata  shell  size  at 
Hog  Inlet  (Fig.  4). 


TABLE  L 

Results  {F-\alues)  from  analysis  of  variance  tor  comparisons  amon^  marsh  zones  and  transects  of  total  Spartina  altemiflora  density,  and 

ultundance  and  l}ioniass  of  Littoraria  irrorata  and  Melanipns  hidentatus  in  three  South  Carolina  hilcts.  Asterisks  represent  level  of 

signiricance:  'P  <  0.()5,  **/•  <  O.OL  ***/•  <  O.OOL  Data  were  log,„(x  +  1 1  transformed. 


Parameter 


df 


Spartina  Density  Littoraria  Density  Littoraria  Biomass  Melampus  Density 


Melampus  Biomass 


Hog  Inlet 

Zone 

2,  116' 

Transect 

2,  116' 

North  Inlet 

Zone 

2,32 

Transect 

1.32 

Murrells  Inlet 

Zone 

2.  12 

'  Transect  df  = 

1  and  Error  df 

66.96*** 
17.89*** 

1 7.43*** 
0.683 

L';.65*** 


27.79*** 
1.69 

4.46* 
1.64 

14.23*** 


0.73 
0.08 

1.78 
0.02 

24.42* 


97.42*** 

320.93*** 

10.09*** 

0.28 

121.74*** 

457.20*** 

3.85 

0.03 

49.35* 


101.68* 


63  for  biomass  of  Littoraria  and  Melampus  at  Hog  Inlet  only. 
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Figure  2.  Mean  1  +  1  SK(  density  of  Ijttoraria  irniialu  in  !()«-,  mid  and 
high-marsh  zones  in  Hog  Inlet  (Al,  North  Inlet  (t)  and  Murrells  Inlet 
(E).  Mean  (  +  1  SKl  hiomass  of  Liltoraria  irnirata  in  lo«-.  mid  and 
high-marsh  zones  of  salt  marshes  in  Hog  Inlet  (I?),  North  Inlet  (Dl  and 
Murrells  Inlet  IF).  Different  loiver-case  letters  represent  significant 
differences  among  zones. 

DISCUSSION 

Significant  differences  in  S.  alteniifloni  density  among  marsh 
zones  were  paralleled  by  similar  L.  irroraui  density  differences. 
The  same  zonation  pattern  (mid  >  low  >  high  marsh)  in  5.  altenii- 
flora  stem  densities  occurred  in  each  inlet  and  is  common  for 
western  Atlantic  salt  marshes  (e.g.,  Valiela  et  al.  1978.  West  & 
Williams  1986.  Gallagher  et  al.  1988).  Gradients  in  S.  alterniflow 
densities  often  are  attributed  to  nutrient  limitation  (Valiela  et  al. 
1978)  or  soil  salinity  (Pennings  et  al.  2005.  Silliman  et  al.  2005). 
but  the  actual  mechanisms  that  produce  the  observed  plant  density 
patterns  in  Southeastern  marshes  are  not  understood  completely. 
Variation  in  S.  altemiflora  stem  density  typically  is  counterbal- 
anced by  differences  in  stem  height  and  diameter  (low  >  mid  > 
high)  that  result  in  greater  cordgrass  productivity  within  the  low 
marsh  (Gallagher  et  al.  1980.  Wiegert  &  Freeman  1990). 

The  significant  differences  in  L.  irroniUi  density  among  marsh 
zones  in  each  inlet  coincided  with  the  variation  in  macrophyie 
density.  A  significant  shoreward  increase  in  L.  irmrata  density 
from  "tall"  to  "short"  S.  altemiflora  zones  occurred  in  this  study  at 
Hog  Inlet  and  is  reported  in  previous  studies  (Crist  &  Banta  1983. 
West  &  Williams  1986.  Schindler  et  al.  1994.  Lewis  &  Eby  2002). 
Previous  Litutnina  studies  typically  have  not  sampled  high-marsh 
areas  within  close  pro.ximity  to  the  terrestrial-marsh  boundary.  We 
found  that  L.  irrorala  density  declined  from  the  "short"  S.  alterni- 
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North  Inlet  (D).  and  Murrells  Inlet  iF).  Different  lower-case  letters 
represent  significant  differences  among  zones. 

flora  mid  marsh  to  the  mixed-species  vegetation  of  the  high  marsh. 
However,  L.  irrorata  density  was  not  significantly  different  be- 
tween high-  and  low-marsh  zones  in  either  Hog  or  North  Inlet.  The 
greater  than  expected  snail  densities  suggest  that  the  high-marsh 
zone  may  be  more  producti\e  than  earlier  studies  suggest. 

Unlike  the  patterns  in  snail  density,  significant  variation  in  L. 
irrorala  biomass  across  marsh  zones  only  occurred  in  one  inlet 
(Murrells).  In  two  inlets  (North  and  Murrells)  a  shoreward  increase 
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TABLE  2. 
Studies  reporting  mean  densities  (no./m'l  of  IJllnniriu  iironila  and  Melampiis  hideiilaliis  »itliin  relatively  unimpacted  intertidal  marsh  habitats. 


Study 


(ieographic  Location 


Marsh  Zone 


L.  irrorata  Density 


M.  bideiUatus  Density 


This  study 


'I'llls  sllldv 


This  study 


Canimen  et  ul.  (lySO) 
Crist  &  Banta  (1983) 
Newell  &  Barlocher  (1993) 
Schindler  et  al.  (1994) 


Siliiman  &  Bertness  |2()02) 

Silliman  &  Bortolus  (:()03) 

Siliiman  &  Zieiiian  (2(.)0I) 
Silliman  et  al.  (2()()5| 

Stiven  &  Hunter  (1976) 

Stiven  &  Kuenzler  (1979) 

Warren  (19X5) 
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in  biomuss  contrasted  with  the  niidniarsh  peak  in  density  (Fig.  2). 
Zonation  patterns  tor  L.  irrorata  biotnass  previously  have  not  been 
reported,  but  patterns  in  mean  shell  length  have  been  examined 
(Hamilton  1978.  Crist  &  Banta  1983,  Lewis  &  Eby  2002).  Shell 
length  increased  in  a  shoreward  direction  in  one  study  (Hamilton 
1978)  and  decreased  in  another  (Crist  &  Banta  1983).  Patterns  in 
shell  length  also  can  vary  within  a  study,  increasing  shoreward  in 
a  marsh  grazed  by  horses  but  decreasing  in  an  ungrazed  marsh 
(Lewis  &  Eby  2002).  In  both  Murrells  and  North  Inlets  shell  length 
increased  shoreward  conesponding  to  the  patterns  in  snail  bio- 
mass,  but  Hog  Inlet  snail  lengths  exhibited  no  clear  trend  (Fig,  4), 
Existing  data  on  patterns  in  L.  irrorata  shell  lengths  are  inconsis- 
tent with  Vermeij's  (1972)  gastropod  size-gradient  framework; 
snails  fit  Type  I  and  II  patterns  depending  on  the  study  and  site. 
The  extensive  geographical  range,  from  Virginia's  Eastern  Shore 
(Crist  &  Banta  1983)  to  Florida's  Gulf  Coast  (Hamilton  1978),  and 
resultant  biotic  (e.g.,  predation  pressure)  and  abiotic  differences 


(e.g..  tidal  range)  likely  complicate  interpretation  of  any  shell 
length  patterns. 

Recent  focus  on  the  importance  of  top-down  regulation  of 
L  irrorata  densities  and  ultimately  salt  marsh  dynamics  in  the 
Southeastern  US  (Silliman  &  Zieman  2001,  Silliman  &  Bertness 
2002.  Silliman  et  al.  2005)  suggest  possible  mechanisms  under- 
lying any  across  marsh  difference  in  snail  density  and  size.  Several 
studies  document  the  effects  of  blue  crab  {Callinectes  sapidus) 
predation  on  L.  irrorata  and  the  roles  of  tidal  inundation  and  5. 
alterinflora  density  on  snail  predation  (Hamilton  1976,  Warren 
1985,  West  &  Williams  1986,  Vaughn  &  Fisher  1988,  Schindler  et 
al,  1994,  Hovel  et  al.  2001,  Lewis  &  Eby  2002).  Blue  crab  pre- 
dation on  snails  is  more  pronounced  closer  to  tidal  creeks  because 
of  the  increased  inundation  frequency  atid  greater  coverage  times 
permitting  typically  subtidal  predators  to  spend  more  time  foraging 
and  feeding  (West  &  Williams  1986.  Schindler  et  al.  1994.  Lewis 
&  Ebv  2002).  Along  with  fewer  and  shorter  inundations  in  the  mid 
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marsh,  greater  S.  allerniflora  stem  densities  iiindcr  likie  crab  for- 
aging (West  &  Williams  1986.  Sehindler  et  al.  1994.  Lewis  &  Eby 
2002).  Spartina  allerniflora  can  also  provide  an  aerial  refuge  from 
predators  once  snails  climb  the  stems  (Hamilton  1976.  Wanen 
1985.  Vaughn  &  Fisher  1988,  Hovel  et  al.  2001).  The  positive 
coiTelation  between  L.  irrorata  and  S.  alteniiflora  densities  in  the 
low-marsh  zone  of  all  inlets  .supports  the  use  of  stems  as  an  im- 
portant vertical  refuge  from  predators.  Similarly.  West  &  Williams 
( 1986)  document  a  strong  positive  relationship  between  snails  and 
.stem  density. 

In  contrast  to  L.  irrorata.  the  distribution  of  M.  l-iidentatiis  was 
restricted  to  the  high  marsh  across  all  transects  ajid  inlets.  In  more 
northern  marshes  M.  hidentatiis  also  occurs  primarily  in  the  high- 
marsh,  but  they  can  also  extend  into  the  midmarsh  or  short- 
Spartina  zone  (Kerwin  1972.  Price  1980.  Fell  et  al.  1982).  Our 
density  estimates  for  M.  Ivileiitatns  were  often  lower  than  those  in 
northern  Western  Atlantic  marshes  (Table  2).  The  lack  of  any 
appreciable  M.  hidentatiis  outside  of  the  high  marsh  in  our  study 
may  be  attributed  to  differences  in  soil  salinity  that  result  from 
latitudinal  variation  in  evapotranspiration  (Pennings  &  Bertness 
1999).  Similar  to  L.  irrorata.  M.  Ivdentatiis  is  also  vulnerable  to 
marine  predators  (e.g.,  especially  Funduliis  lieterocUtiis)  moving 
onto  the  marsh  during  high  tides  and  having  a  greater  effect  in  the 
more  frequently  inundated  low-  and  mid-marsh  zones  (Vince  et  al. 
1976,  Joyce  &  Weisberg  1986).  Whether  physically  limited  or 
biologically  regulated  to  living  a  mostly  len'estrial  e.xistence  in  the 
upper  intertidal  region,  pulmonale  M.  Iiidenlatiis  must  remain  in 
close  proximity  to  areas  of  the  marsh  inundated  by  spring  tides  to 
enable  development  of  its  planktonic  lar\ae  (Russell-Hunter  et  al. 
1972). 

Snail  densities  for  L  irrorata  within  Hog,  Murrells  and  North 
Inlets  were  very  similar  to  means  reported  in  most  other  studies, 
but  they  were  much  lower  than  in  some  marshes  further  south, 
especially  at  Sapelo  Island.  GA  (Table  2).  A  preference  by  L. 
irrorata  for  regions  of  higher  salinity  (as  a  result  of  increased 


evapotranspiration)  is  a  possible  explanation,  but  our  study  inlets 
are  ocean-dominated  and  some  density  estimates  from  marshes 
further  south  are  similar  to  our  own.  Cross-site  comparisons  of 
population-limiting  factors  (e.g.,  predator  populations,  food  re- 
sources, estuarine  conditions  experienced  by  veliger  larvae)  would 
be  an  essential  step  toward  understanding  these  large  differences  in 
density  among  marshes. 

Although  variation  in  L.  irrorata  density  has  been  the  focus  of 
several  studies  (Table  2),  biomass  of  L.  irrorata  has  seldom  been 
estimated.  In  fact,  none  of  the  studies  listed  in  Table  2.  other  than 
our  own.  examine  variation  in  biomass  within  and  among  marshes. 
Given  that  most  studies  ha\e  found  L  irrorata  density  peaking  in 
the  mid  marsh,  we  expected  biomass  to  show  a  similar  pattern. 
Instead,  the  biomass  of  L.  irrorata  in  the  high  marsh  was  unex- 
pectedly high  compared  with  the  other  two  zones  in  North  and 
Murrells  Inlets  (Fig.  2).  The  high-marsh  prevalence  of  L.  irrorata 
biomass  is  also  not  anticipated,  given  the  snail's  potentially  obliga- 
tory association  with  S.  alteniiflora  (e.g..  Silliman  &  Newell  2003) 
and  the  plant's  sparse  occurrence  in  the  high  marsh  where 
S.  alteniiflora  is  typically  replaced  by  other  halophytes  (e.g.. 
J.  roenieriaiiiis.  S.  patens.  D.  spicata).  Liltoraria  irrorata  appears 
to  be  a  conspicuous  resident  across  the  entire  vegetated  salt  marsh 
in  SC.  Results  from  previous  studies  that  typically  focus  only  on 
the  marsh  near  tidal  creeks  (Table  2)  would  appreciably  under- 
estimate the  total  population  of  L.  irrorata  and  its  overall  signifi- 
cance within  coastal  marshes. 
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LONG-TERM  VARIABILITY  IN  SPAT  COLLECTIONS  OF  THE  BLACKLIP  PEARL  OYSTER 
{PINCTADA  MARGARITIFERA)  IN  SOLOMON  ISLANDS 
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ABSTRACT  Temporal  variation  in  abundance  of  spat  of  the  blacklip  pearl  oyster  [Pinchida  margarilifera)  was  determined  over  an 
eight-year  period  at  two  sites,  Gizo  and  Noro.  in  llie  Western  Province  of  Solomon  Islands.  Spat  were  collected  by  deploying  shade 
mesh  substrata  at  a  depth  of  3  m  for  near-sequential  two-month  period.  Overall,  spatfall  at  the  two  sites  was  similar,  with  summer 
maximum  of  4.9  (Gizo)  and  4.7  collector"'  (Noro).  At  both  sites,  significantly  fewer  spat  were  collected  in  late  winter  than  in  suinmer. 
Abundance  of  spat  varied  among  years,  although  there  was  no  consistency  between  the  two  sites  regarding  years  of  highest  recruitment. 
Ma.ximum  settlement  of  spat  at  Gizo  was  10.2  collector"'  in  January  2002.  whereas  at  Noro  it  was  19.6  collector"'  in  March  2000. 
Mean  size  of  spat  did  not  vary  overtime,  but  spat  at  Gizo  were  significantly  smaller  (geometric  mean  7.6  nmi)  than  those  at  Noro  (mean 
8.4  mm).  Predators  of  spat  settled  on  the  collectors  throughout  the  year;  there  were  significantly  more  gastropod  predators  at  Noro  than 
at  Gizo.  Gizo  and  Noro  in  the  Western  Province  of  Solomon  Islands  are  reliable  places  for  collection  of  blacklip  pearl  oyster  spat.  Spat 
can  be  caught  all  year  round,  although  collections  will  be  most  effective  between  November  and  March. 

KEY  WORDS:     hlacklip  pearl  oyster,  spat  collection.  Solomon  Islands,  temporal  variability. 


INTRODUCTION 

Blacklip  pearl  oysters  (Pinctada  margarilifera)  are  an  eco- 
nomically important  species  in  the  tropical  Indo-Pacific,  primarily 
through  the  use  of  mature  oysters  for  the  culture  of  "black"  pearls. 
At  present,  culture  of  black  pearls  in  the  Pacific  is  confined  mostly 
to  the  lagoons  of  eastern  Polynesia  (Sarver  &  Sims  1996).  In  these 
locations,  planktonic  larval  stages  are  entrained  by  currents  within 
atoll  lagoon  systems.  Expansion  of  the  pearl  industry  to  other  parts 
of  the  region,  where  such  lagoons  are  not  present,  requires  iden- 
tification of  an  alternative  strategy  for  spat  collection,  and/or 
hatchery  production.  Friedman  and  Bell  ( 1996)  and  Friedman  et  al. 
(1998)  found  that  spat  could  be  collected  cheaply  and  easily  using 
simple  mesh  bag  collectors  deployed  on  the  seaward  slopes  of 
coastal  coral  reefs  in  Solomon  Islands.  Friedman  and  Bell  (1999, 
2000)  then  identified  the  optimal  locations,  site  characteristics  and 
deployment  times  for  spat  collection  in  Solomon  Islands,  and 
Friedman  and  Southgate  (1999)  demonstrated  that  the  spat  could 
be  grown  successfully  to  adult  size. 

A  shortcoming  of  the  studies  (see  earlier)  on  the  availability  of 
spat  in  Solotnon  Islands,  and  other  locations  in  the  region  (Beer  & 
Southgate  2000).  is  that  they  are  short  term.  This  poses  a  potential 
problem  for  investors  who  might  consider  establishing  black  pearl 
farms  in  the  western  Pacific,  based  on  collection  of  wild  spat. 
Ideally,  they  need  a  long  time-series  of  data  on  abundance  of  spat 
to  gauge  whether  sufficient  oysters  can  be  collected  each  year  to 
support  commercial  operations. 

In  this  study,  we  address  this  information  gap  for  two  locations 
in  the  Western  Province  of  Solomon  Islands  by  documenting  tem- 
poral variability  in  abundance  of  blacklip  pearl  oyster  spat  on 
collectors  deployed  over  an  eight-year  period. 

METHODS 

The  two  sites  used  to  assess  long-term  variation  in  abundance 
of  blacklip  pearl  oyster  spat  in  this  study,  Noro  and  Gizo  (Fig.  1 ), 
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were  selected  because  they  previously  yielded  above  average  rates 
of  spat  collection  in  Solomon  Islands  (Friedman  et  al.  1998,  Fried- 
man &  Bell  2000). 

The  methods  used  to  collect  spat  were  based  on  those  devel- 
oped for  Solomon  Islands  by  Friedman  et  al.  ( 1998)  and  Friedman 
and  Bell  (1999,  2000).  At  each  site,  10-14  spat  collectors  were 
attached  at  intervals  along  a  100-m  longline  made  of  12  mm  poly- 
propylene rope.  Each  collector  comprised  a  0.4  in"  panel  of  55% 
shade  mesh,  folded  concertina-fashion,  threaded  and  tied  in  a 
bundle  with  monofilament  line.  Anchor  lines  and  subsurface 
buoys,  at  20-m  intervals,  were  used  to  hold  the  longline  at  a  depth 
of  3  m.  The  shade  mesh  spat  collectors  were  deployed  every  two 
months,  for  duration  of  two  months,  each  year  between  1997  and 
2005.  Deployment  and  retrieval  of  collectors  at  the  two  sites  was 
staggered  over  a  few  days,  for  logistic  reasons.  At  both  sites,  spat 
were  harvested  from  collectors  as  close  as  possible  to  the  last  days 
of  December,  February,  April,  June,  August  and  October.  These 
dates  are  hereafter  referred  to  as  periods  1-6  respectively.  E.xcep- 
tions  to  this,  when  collections  were  not  made,  were  at  Noro  in 
December  1998.  and  at  both  sites  in  August  2001  and  December 
2004. 

At  harvest,  the  size,  as  dorso- ventral  measurement  (DVM),  of 
each  live  and  dead  spat  on  each  collector  was  recorded  to  the 
nearest  mm.  The  numbers  of  the  two  most  common  predators  of 
blacklip  pearl  oyster  spat,  crabs  and  gastropods  {Cymatiiim  spp), 
were  also  recorded  each  time  a  collector  was  removed  from  the 
water. 

Data  .Analysis 

The  spat  collector  catch  data  were  examined  for  variation 
within  and  between  years"  effects  using  a  series  of  targeted  analy- 
ses. For  most  analyses,  we  reduced  the  data  from  each  period  to 
average  catch  per  collector;  this  accommodated  the  four  samples 
where  number  of  collectors  per  longline  was  other  than  10. 

Firstly,  we  used  a  2-way  ANOVA  to  compare  differences  in 
spat  abundance,  grouping  by  collection  period  and  by  site. 
ANOVA  was  carried  out  using  Statistica  for  Windows  5,1  (Statsoft 
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Figure  1.  Location  of  the  two  sites,  Gizo  and  Noro,  in  tlie  Western 
Province  of  Solomon  Islands  where  spat  collectors  were  deployed  in 
this  study. 


Inc..  TiiLsa,  Oklahoma,  USA).  All  data  were  transformed  using 
Ini  N  +  1 )  but,  because  of  the  large  number  of  zeros,  the  assumption 
of  homogeneity  of  variance  was  not  met.  Although  ANOVA  is 
reasonably  robust  to  deviation  from  this  assumption  (Zar  1996), 
we  considered  differences  to  be  significant  only  if  P  s  0.01.  This 
procedure  reduces  the  risk  of  Type  I  enors  and  is  particularly 
appropriate  when  sample  sizes  are  small  (Underwood  1981).  Sig- 
nificant differences  between  means  were  identified  using  posthoc 
testing  (Tukey  HSD  test  for  unequal  N). 

We  analyzed  for  a  monotonic.  long-term  trend  over  the  entire 
eight-year  period  using  simple  linear  regression  of  time  versus 
catch  (Esterby  1996).  We  did  not  consider  that  the  dataset  was  long 
enough  to  examine  for  cyclic  periodicity.  Where  a  consistent  col- 
lection period  effect  was  identified,  see  earlier,  data  were  de- 
seasonalized  before  this  long-term  regression  analysis.  In  practice, 
this  was  only  the  case  for  live  spat  numbers,  and  this  was  accom- 
plished by  calculating  deviation  from  the  overall  mean  value  for 
each  sampling  period. 

Year-to-year  variation  in  live  spat  abundance  was  examined  by 
comparing  catches  using  1-way  ANOVA.  For  each  year  where  all 
six  collection  periods  were  available,  we  selected  the  annual  maxi- 
mum to  overcome  any  effects  of  variation  in  timing  of  peak  abun- 
dance. For  this  analysis,  spat  numbers  for  each  of  the  10  replicate 
collectors  on  each  line  were  used  after  transformation,  using 
ln(N  +  1 ).  to  improve  homogeneity  of  variances.  Insufficient  num- 
bers and  multiple  zero  values  precluded  such  analysis  of  abun- 
dances of  dead  spat  and  predators. 

Differences  in  spat  sizes  among  collection  periods  were  exam- 
ined using  a  2-way  ANOVA  (site  x  period).  Data  were  skewed 
towards  small  size,  which  was  con'ected  by  log-transformation  for 
all  tests. 

RESULTS  AND  DISCUSSION 

The  long-term  patterns  of  spat  collection  at  the  two  sites 
showed  variability  in  the  abundance  of  spat  and  predators  over 
time,  and  by  site  (Fig.  2).  The  way  in  which  this  variation  was 
partitioned  within  years,  between  sites  and  between  years,  is  out- 
lined (see  later). 

Williiii-ycar  and  Between  Site  Variation 

When  the  datasets  were  grouped  by  site  and  collection  period. 
no  differences  were  found  between  sites,  but  an  effect  of  period 
was  evident  (Table  1 ).  The  lack  of  an  interaction  effect  suggests 
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Figure  2.  Mean  abundance  of  spat  (total  and  live)  on  collectors  at  (a) 
Noro  and  lb)  Gizo  in  the  Western  Province  of  Solomon  Islands.  For 
each  data  point,  //  =  9-14  (median  ;/  =  10).  Error  bars  are  95%  con- 
fidence limits  around  live  spat. 

that  the  two  sites  were  behaving  similarly.  Posthoc  testing  showed 
that  the  significant  variation  in  nuinbers  of  spat  collected  between 
periods  was  caused  by  higher  abundances  in  periods  1,  2  and  3 
compared  with  5  and  6.  with  period  4  having  intermediate  values. 
This  translates  to  higher  spatfall  on  collectors  submerged  between 
November  and  April  than  on  those  in  the  water  from  July  through 
October.  Grouped  by  harvest  time,  the  lowest  mean  spat  abun- 
dance per  collector  over  the  eight-year  period  for  Gizo  was  0.7 
(June-August  deployments)  and  the  highest  was  4.9  (November- 
December  deployments).  For  the  same  approximate  periods  at 
Noro,  winter  yielded  1.4  spat  per  collector,  whereas  summer 
yielded  4.7  spat  per  collector.  Abundances  of  dead  spat  did  not 
differ  significantly  between  sites  but  there  was  a  significant  effect 
of  deployment  period  (Table  2).  Once  again,  posthoc  testing 
showed  that  collection  rates  were  significantly  lower  in  winter 
compared  with  summer.  The  pattern  of  a  summer  mavinuim  in 
abundance  of  spat  over  the  eight-year  period  was  similar  to  that 
reported  for  the  shorter  study  by  Friedman  et  al.  (1998).  It  is 

TABLE  1. 

Result  of  a  2-way  ANOVA  of  number  and  size  of  P.  nuirgaritifera 

spat  on  collectors  grouped  by  collection  period  (I-<>)  and  site  (Noro 

or  Gizo).  Numbers  of  spat  were  transformed  using  ln(N  +  I). 

Signitlcant  effects  {P  <  (1.01 1  are  italicized. 


Variable 

Source  of  Variation 

DF 

MS 

F 

P 

Number 

Site 

1 

0.01 

0.01 

0.88 

Period 

5 

2.77 

X.57 

<0.001 

Site  X  Period 

5 

0.05 

0.17 

0.97 

Residual 

82 

0.32 

Size 

Site 

1 

6.97 

17.7 

<0.001 

Period 

5 

4.4.^ 

11.3 

<0.()()1 

Site  X  Period 

5 

3.34 

S,S 

<0.001 

Residual 

1794 

0.39 
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TABLE  2. 

Results  of  the  2-\va>  ANOVA  of  effects  of  deploymenl  period  and 

site  on  the  number  of  dead  /'.  inargarilifera,  and  numbers  of  crabs 

and  Cymaliiim  spp,  on  spat  collectors  at  (Jizo  and  Noro.  All 

variables  were  transformed  using  ln(N  +  ll.  Effects  considered 

significant  are  italicized. 


Variable 

Source  of  Variation 

DF 

MS 

F 

P 

Dead  spal 

Site 

1 

11.72 

4.81 

0.03 

Period 

s 

11.3? 

3.70 

0.004 

Site  X  Period 

3 

0.29 

2.94 

0.10 

Residual 

82 

0. 1 5 

Crabs 

Site 

1 

0.04 

0.14 

0.70 

Period 

3 

0.64 

2.0? 

0.08 

Site  X  Period 

5 

0.73 

2.33 

0.04 

Residual 

S2 

0.31 

Cxnuintini 

Site 

1 

0.76 

8.01 

0.006 

Period 

5 

0.06 

0.67 

0.6? 

Site  X  Period 

? 

0.12 

1.2? 

0.29 

Residiial 

82 

0.09 

interesting  that  the  shdiler  soak  time  of  spat  collectors  in  our  study 
(2  months)  yielded  the  same  peak  numbers  of  spat  as  the  six-month 
soak  time  used  by  Friedman  et  al.  ( 1998).  This  is  consistent  with 
the  view  that  there  is  an  optimal  soak  time  before  predators  begin 
to  overwhelm  ongoing  recruitment  and  perhaps  explains  why  we 
collected  relatively  few  (23'Xf )  dead  spat  compared  with  Friedman 
et  al.  1 1996)  ^469c).  The  timing  of  peak  spat  settlement  in  Solomon 
Islands  differed  to  that  found  on  the  Great  Ban-ier  Reef,  where 
maximum  numbers  were  collected  during  May  to  June  (Beer  & 
Southgate  2000).  Reasons  for  this  difference  are  unclear.  Crabs 
and  Cyimniuin  spp.  showed  no  consistent  variation  in  abundance 
among  collection  periods,  although  Cyiuarium  spp.  were  more 
abundant  at  Noro  (average  of  0.53  collector"')  than  at  Gi/.o  (0.33 
collector"')  (Fie  3.  Table  2). 
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Figure  3.  Mean  abundance  of  two  major  predators  of  blacklip  pearl 
oyster  spal,  crabs  and  Cymntium  spp,  on  collectors  at  (a)  Noro  and  (b) 
Gizo.  For  each  data  point,  n  =  9-14  (median  ;i  =  10).  Error  bars  are 
95%  confidence  limits. 


showed  evidence  of  a  linear  trend  over  time,  in  this  case  one  of 
declining  abundance  (Table  4).  The  absence  of  any  reciprocal 
effect  on  spat  numbers  shows  that,  under  the  conditions  of  deploy- 
ment, the  small  changes  in  crab  numbers  did  not  affect  spat  sur- 
vival. 


Inter-annual  Varialion  and  Mnltiyear  Trends 

Live  spat  showed  no  multiyear  trends  in  abundance  after  the 
data  were  de-seasonalized.  Nevertheless,  there  were  clearly  differ- 
ences in  abundance  of  spat  in  some  years,  which  appear  to  be 
caused  by  differences  in  timing  of  the  recruitment  peak  and  in  size 
of  the  peaks  (Fig.  2).  Out  of  13  site-years  when  a  full  year  of  data 
were  collected,  the  summer  peak  was  in  period  1  in  46%  of  cases, 
period  2  in  30%,  period  3  in  157f  and  period  6  in  8%.  At  Gizo,  the 
greatest  annual  spatfall  peak  occurred  in  period  6  in  2001  (10.2 
collector"' )  and  at  Noro  in  period  2  of  2000  (19.6  collector"').  We 
examined  the  significance  of  the  magnitudes  of  annual  peaks  using 
1  -way  ANOVA  for  each  site  (Table  3 ).  Only  years  when  data  were 
obtained  for  all  sampling  periods  could  be  used,  and  this  removed 
2005  from  both  sites.  Note  that  for  this  analysis,  because  of  one 
occasion  when  the  summer  peak  spat  collection  was  in  period  6  of 
the  previous  calendar  year,  we  considered  that  each  spat  year 
began  with  period  6  of  the  calendar  year  before  and  ran  through  to 
period  5  of  the  year  in  question.  Significantly  different  peak  spat- 
falls  were  evident  between  years  at  both  sites.  Posthoc  testing 
showed  that  at  Noro  the  2000  peak  yielded  more  spat  than  any 
other  year  except  1999.  whereas  at  Gizo.  abundance  in  2002  was 
significantly  higher  than  in  1998.  2001.  2003  and  2004.  with  no 
other  significant  differences. 

The  number  of  crabs  at  Gizo  was  the  only  temporal  dataset  that 


Spat  Size 

There  were  significant  differences  in  the  mean  sizes  of  spat 
harvested  during  each  collection  period  and  between  sites  (Table 
1 ).  Maximum  size  tended  to  be  in  period  2,  towards  the  latter  part 
of  summer,  when  water  temperatures  can  be  expected  to  be  high- 
est. This  effect  was  more  pronounced  at  Gizo  than  at  Noro.  The 
inedian  sizes  of  live  spat  on  collectors  at  Noro  and  Gizo  were  9  and 
7  mm.  and  the  geometric  means  were  significantly  different  at  7.6 
and  8.1  mm,  respectively  (Table  1).  Caution  should  be  taken  in 
interpreting  this  size  difference,  because  this  result  was  obtained 

TABLE  3. 

Results  of  the  I -way  ANOVA  of  effects  of  year  on  the  maximum 

number  off.  margaritifera  spat  (In(N  +  111  on  spat  collectors 

deployed  at  any  period  within  thai  year  al  Noro  and  (iizo.  Only 

years  when  data  from  10  individual  spat  collectors  were  available 

for  each  of  the  six  sampling  periods  were  used  in  this  analysis. 


Site 

Source  of  Variation 

DF 

MS 

F 

P 

Noro 

Year 

6 

2.84 

6.11 

<0.0()1 

Residual 

61 

0.42 

Gizo 

Year 

6 

1.63 

3.49 

0.005 

Residual 

62 

0.46 
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TABLE  4. 

Results  of  the  linear  regression  analysis  of  the  time-series  from  (;izo 

and  Noro  of  mean  numbers  of  live  spat  (de-seasonalizedl,  crahs  and 

Cymatium  spp.  Regression  slopes  (as  change  in  catch  collector*'  y  ') 

are  jjiNen  only  for  significant  regressions. 


Site 


Variable 


rff 


Slope  ±  error 


Noro 


Gizo 


Live  Spat 

1).()6 

3.42 

1.47 

0.07 

(deseasonalized) 

Crabs 

0.06 

2.53 

1.47 

0.12 

C\inainim  \pp 

0.06 

2.44 

1.47 

0.12 

Live  Spat 

0.03 

1.17 

1.47 

0.2S 

(deseasonalized) 

Crabs 

0.16 

10.3 

1.47 

<0.01 

Cymatium  spp 

0.00 

0.11 

1.47 

0.74 

-0.21  ±0.07 


from  a  large  dataset.  and  the  differences  were  within  the  likely 
measLiretnent  eiTor  of  spat.  Thus,  the  ecological  significance  of 
such  a  small  difference  is  questionable.  The  arithmetic  mean  of 
spat  for  both  sites  was  10  mm.  This  is  consistent  with  the  earlier 
data  of  Friedman  and  Bell  (2000).  who  reported  that  spat  attained 


an  arithmetic  mean  size  of  -10-14  mm  within  three  months  of 
deployment  of  collectors. 

CONCLUSION 

Gizo  and  Noro  in  the  Western  Province  of  Solomon  Islands  are 
reliable  places  for  the  collection  of  blacklip  pearl  oyster  spat. 
However,  collection  of  spat  is  expected  to  be  most  cost-effective 
between  November  and  March,  when  average  yields  of  >4  spat  per 
collector  for  two-month  deployments  can  be  expected  in  most 
years. 
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THE  LIMITS  OF  MORPHOMETRIC  FEATURES  FOR  THE  IDENTIFICATION  OF  BLACK-LIP 
PEARL  OYSTER  {PINCTADA  MARGARITIFERA)  LARVAE 

ALAIN  PAUGAM,'  CHRISTINE  D'OLLONE,'  JEAN-CLAUDE  COCHARD,"  PIERRE  GAREN"* 
AND  MARCEL  LE  PENNEC* 

^ Labonitoire  des  Sciences  de  rEnvironncnwnt  Marin  (LEMAR).  Institut  UniversiUiiiv  Eiiropeen  de  la 
Mi'i:  Place  Nicolas  Copernic.  292S()  Flouzane,  FRANCE:  "IFREMER.  Centre  dn  Pacifique.  BP  7004. 
9H7I9  Taravao.  Tahiti.  French  Polynesia 

ABSTRACT  As  wilh  most  cultivated  hivulves.  culture  of  the  Tahitian  pearl  oyster  Piiukulu  iiuiiKantifeni  is  particularly  dependent 
on  the  natural  environment,  especially  for  spat  supply.  The  ability  to  track  in  real  time  the  abundance  and  the  development  of  pearl 
oyster  larvae  in  the  plankton  would  help  optimize  spat  collection  in  atolls  of  French  Polynesia.  However  no  identification  criteria  are 
available  for  the  larvae  of  several  bivalves  species  present  in  the  lagoons  and  it  is  not  yet  possible  to  specifically  monitor  pearl  oyster 
larvae.  The  aim  of  this  study  is  to  determine  the  most  pertinent  morphological  identification  criteria,  to  specifically  identify  the  larvae 
of  P.  margaritifera  and  differentiate  them  from  those  of  three  other  abundant  species:  Pinctadci  mtieiihiia.  Crassostrea  cuculata  and 
Cliiiimi  .yj.  The  method  of  image  analysis  after  photon  microscopy  was  assessed.  It  allowed  automatic  measurement  of  numerous 
morphometric  features  that  were  tested  alone  or  in  combination  and  identification  threshold  for  P.  imirgariuferci  larvae  were  determined 
by  statistical  analyses.  These  results  led  to  a  key  that  allowed  correct  identification  for  77<7r  of  P.  imirt;<irilifeni  larvae.  The  hinge 
diagnosis  method  under  scanning  electron  microscopy,  a  prime  method  for  the  identification  of  specific  criteria  on  bivalve  larva  shells, 
was  also  used  on  larvae  of  both  Piiictcula  species.  The  two  species  could  be  differentiated  precisely  because  of  specific  differences  in 
the  thickness  of  their  hinge  provinculum  and  the  number  of  denticles  it  bears.  However  this  approach  is  too  time-consuming  and 
technically  demanding  to  use  in  real  time  field  studies.  This  study  showed  the  limitations  of  image  analysis  as  an  identification  tool 
of  the  P.  margaritifera  larvae,  but  proper  statistical  analyses  and  especially  the  decision  tree  approach  could  be  used  to  evaluate  and 
efficiently  prioritize  the  choice  of  the  species  identification  criteria. 

KEY  WORDS:     PiuctaJa  inargariujeru.  larval  identification,  murpliological  features 


INTRODUCTION 

The  ctilture  of  the  pearl  oyster  PiiictaJa  iiuirgarilifera  (Linne. 
IV.'SS)  is  a  recent  activity  in  French  Polynesia,  h  developed  rapidly 
in  the  1980s  and  today  represents  the  second  source  of  income 
after  tourism.  Production  reached  its  peak  in  2000  with  more  than 
II  tons  of  raw  pearls  with  a  value  of  168  million  Euros  and 
generated  7,000  jobs  in  more  than  1.000  farms  spread  out  over 
some  .^0  islands.  Subsequently,  the  pearl  industry  faced  a  crisis 
caused  by  a  steep  drop  in  pearl  prices,  which  started  in  2001. 
Export  values  were  122  million  Euros  in  2002  and  84  million 
Euros  in  200.'^  for  tonnages  of  1  1  tons  and  10  tons  respectively. 
This  was  mostly  because  of  a  very  swift  and  poorly  controlled 
increase  in  production  that  entailed  a  perceptible  drop  in  quality. 
This  crisis  highlighted  the  necessity  to  organize  the  market,  and 
also  to  regulate  and  to  sustain  production. 

To  a  large  extent,  the  culture  of  the  Piiutadu  iiuirgdririfcra 
oyster  in  French  Polynesia  depends  on  the  natural  environment  and 
it  relies  entirely  on  the  supply  of  collected  spat.  The  professionals 
set  their  collectors  up  in  an  empirical  way  based  on  their  past 
observations,  but  spat  yields  show  a  large  spatio-temporal  vari- 
ability (Cabral  et  al.  1985,  Brie,  pers.  comm..  1999).  The  ability  to 
follow-up  the  larvae  during  their  pelagic  life  could  be  useful  to 
predict  the  periods  and  places  of  post  larvae  settlement  and  would 
thus  help  to  improve  spat  collection  as  well  as  spat  quality.  Tools 
are  therefore  needed  for  the  identification  of  pearl  oyster  larvae  in 
plankton  samples.  To  our  knowledge,  no  attempt  has  been  made  so 
far  to  identify  any  of  the  bivalve  larvae  present  in  the  waters  of 
French  Polynesian  atolls.  Techniques  allowing  larvae  of  P.  mar- 
garitifera to  be  recognized  among  the  larvae  of  other  bivalves 
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must  be  developed.  Such  approaches  should,  in  particular,  allow 
the  distinction  between  larvae  of  PimlaJa  imirgaritifera  and  off. 
imicidata  (Gould.  1830).  which  could  be  a  cotupetitor  for  settle- 
ment sites. 

The  identification  of  sampled  larvae  is  always  difficult  and  a 
review  of  techniques  currently  available  is  given  in  Garland  and 
Zimmer  (2002).  Techniques  of  image  analysis  are  explored  here  as 
a  first  step  towards  the  field  identification  of  pearl  oyster  larvae. 
The  aim  of  this  study  is  to  evaluate  the  main  morphological  de- 
scriptors of  the  larvae  of  4  common  species  in  the  plankton 
samples  from  Polynesian  pearl  farming  atolls:  P.  margaritifera.  P. 
maciikita.  Crassostrea  cuculata  and  Cliama  sp.  (Broderip,  1834). 

Image  analysis  was  retained  as  a  working  method  to  increase 
the  number  of  descriptive  variables  of  the  sttidy .  Automated  analy- 
sis on  computer  would  also  greatly  help  in  reducing  the  subjec- 
tivity of  optical  methods.  Univariate  and  multivariate  statistical 
treatments  were  then  applied.  These  methods  identified  the  most 
pertinent  morphological  characteristics  for  identification  of  these  4 
species  of  bivalves. 

MATERIAL  AND  METHODS 

Larval  Samples  From  the  Hatchery 

The  larvae  of  four  main  bivalve  species  present  in  the  Polyne- 
sian atolls  were  reared  in  hatchery  up  to  metamoiphosis.  Cliama 
sp.  Crassostrea  cucalaia  and  Pinctada  margaritifera  larvae  were 
produced  at  the  Service  de  la  Perliculture  in  Rangiroa.  Pinctada 
maciilata  and  Pinctada  margaritifera  larvae  were  produced  at  If- 
remer.  Center  du  Pacifique  in  Tahiti, 

Samples  were  taken  on  a  regular  basis  in  rearing  tanks  to  obtain 
larvae  of  various  ages  rancins!  from  1-24  days  (Table  1). 
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TABLE  1. 
Species  and  age  of  analyzed  larvae. 


Stage 

Age 

Chama  sp. 

C.  cuculata 

P.  maculala 

P.  iiiargaritifera 

(aver.) 

Days 

Number 

Number 

Number 

Number 

D 

1 
2 
3 

5 

1 
24 

7 
44 

4 

12 

7 

5 

98 

6 

14 

10 

9 

7 

104 

U 

8 
9 

13 

85 

10 

33 

5 

70 

II 

72 

128 

13 

18 

2 

94 

160 

15 

38 

16 

78 

17 

36 

2 

49 

P 

19 
20 
21 

28 

106 

222 
73 

22 

27 

26 

76 

23 

72 

24 

11 

Total 

173 

90 

516 

1080 

maximum  segment 
axes  of  equivalent  ellipse 
smallest  rectangle 


Figure  1.  Represenlatiim  on  a  larva  contour  of  the  dimensions  used 
for  calculating  3  (Smax,  2a/2b,  Comp)  of  the  h  parameters  retained  for 
the  niorphometric  analysis. 

Morphological  Observations 

Larvae  were  observed  with  a  LEITZ  DMRE  photon  micro- 
scope. A  RGB  mode  (Red.  Green,  Blue)  digitized  picture  was 
acquired  for  each  of  the  larvae  and  was  analyzed  with  Optilab 
software. 

Each  of  the  RGB  pictures  was  separated  into  3  distinct  layers, 
green,  red  and  blue.  Only  the  green  layer  was  retained,  because  it 
presented  the  highest  saturation  levels  and  it  was  converted  into 
the  256  gray  level  mode.  The  areas  representing  larvae  were  those 
having  the  highest  values  of  gray.  The  automatic  selection  of  all 
the  pixels  was  done  depending  on  their  value  of  gray  and  the 
smallest  value  of  gray  corresponding  to  the  bivalve  larvae  was 
empirically  determined  for  each  picture.  This  value  was  retained  as 


TABLE  2. 
Mean  and  SE  for  each  variable  measured  for  each  stage  of  each  species. 


Species/Stage 

D 

U 

P 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Smax 

P.  incirgtiritifera 

157.03 

61.37 

16X.94 

76.45 

206.91 

72.07 

P.  maculala 

1 34.95 

25.15 

136.42 

31.88 

208.73 

21.75 

Chama  sp. 

173.15 

42.45 

413.66 

19.47 

159.58 

65.56 

C.  ciiciiltila 

184.37 

38.40 

276.37 

57.78 

382.26 

35.86 

2a/2b 

P.  margaririfera 

1.298 

0.151 

1.255 

0.131 

1.286 

0.145 

P.  maculala 

1.389 

0.155 

1.312 

0.159 

1 .347 

0.148 

Chama  sp. 

1.205 

0.119 

1.307 

0.142 

1.297 

0.151 

C.  cuculata 

1.228 

0.102 

1.197 

0.144 

1.272 

0.108 

Elong 

P.  luargarilifera 

1.414 

0.089 

1.401 

0.078 

1.416 

0.087 

P.  maculata 

1.492 

0.096 

1.428 

0.097 

1.394 

0.079 

Chama  sp. 

1.354 

0.055 

1 .379 

0.053 

1.412 

0.088 

C. cuculata 

1.380 

0.062 

1.389 

0.067 

1.383 

0.063 

Comp 

P.  margaritifera 

0.769 

0.025 

0.772 

0.021 

0.765 

0.026 

P.  maculata 

0.761 

0.029 

0.767 

0.026 

0.767 

0,029 

Chama  sp. 

0.775 

0.018 

0.767 

0.024 

0.769 

0.025 

C  cuculata 

0.777 

0.019 

0.773 

0.0  IS 

0.768 

0.028 

Flype 

P.  margaritifera 

0.992 

0.007 

0.994 

0.004 

0.991 

0.006 

P.  maculata 

0.984 

0.011 

0.990 

0.009 

0.991 

0.004 

Chama  sp. 

0.995 

0.004 

0.993 

0.004 

0.992 

0.007 

C.  cuculata 

0.996 

0.004 

0.995 

0.006 

0.994 

0.002 

Ixy 

P.  margaritifera 

4.47IE  +  05 

1.247E  +  07 

7.479E  +  05 

1.812E  +  07 

1.218E  +  06 

1.987E  +  07 

P.  nnuulala 

6.03 1 E  +  04 

2.503E  +  06 

-3.451E  +  06 

2.023E  +  06 

1.818E  +  05 

5.954  +  06 

Chama  sp. 

-1.668E  +  06 

3.936E  +  06 

-1.524E  +  07 

7.593E  +  07 

3.555E  +  04 

1.508E  +  07 

C.  cuculata 

1.998E  +  05 

5.548E  +  06 

- 1 .402E  +  07 

5,360E  +07 

8.762E  +  06 

4.884E  +  07 

D:  D  larva;  U:  umbo  larva;  P:  pediveliger. 
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TABLE  3. 
Comparison  of  ft  variable  average  values  for  each  larval  stage  and  each  species  at  5'7i  level. 


Species/Stage 

Test 

P 

Sign. 

Compl.  Test 

Smax 

Effect  of  stage 

P.  imiii^tiriiifcra 

K&W 

0.002 

S 

D>U>P 

P.  nuhiihita 

K&W 

0.002 

S 

D>U>P 

Chiiniu  sp. 

K&W 

0.008 

s 

D>U>P 

C.  iiuiiUiUi 

K&W 

0.002 

s 

D>U>P 

Effect  of  species 

D 

anova 

<0.0001 

s 

m  =  M<C  =  K 

U 

K&W 

0.009 

s 

m  =  M<C  =  K 

P 

ANOVA 

0.006 

s 

m  =  M<C  =  K 

2a/2b 

Effect  of  stage 

H.  iikif^aritifera 

ANOVA 

0.890 

NS 

P.  maculala 

K&W 

0.053 

NS 

Chiimci  sp. 

ANOVA 

0.430 

NS 

C.  ciiciiUnn 

ANOVA 

0.285 

NS 

Effect  of  species 

D 

K&W 

0.236 

NS 

U 

ANOVA 

0.811 

NS 

P 

ANOVA 

0.972 

NS 

Elong 

Effect  of  stage 

P.  nuirgaritifera 

K&W 

0.356 

NS 

P.  inacitlata 

ANOVA 

0.289 

NS 

Chama  sp. 

ANOVA 

0.328 

NS 

C.  ciiculcita 

ANOVA 

0.766 

NS 

Effect  of  species 

D 

ANOVA 

0.534 

NS 

U 

ANOVA 

0.264 

NS 

P 

K&W 

0.764 

NS 

Comp 

Effect  of  stage 

P.  nuirgaritifera 

ANOVA 

0.684 

NS 

P.  macidata 

K&W 

0.180 

NS 

Chaina  sp. 

ANOVA 

0.032* 

S 

D  =  U>P 

C.  ciiciilala 

K&W 

0.150 

NS 

Effect  of  species 

D 

ANOVA 

0.599 

NS 

U 

K&W 

0.440 

NS 

P 

ANOVA 

0.872 

NS 

Ftype 

Effect  of  stage 

P.  nuirgaritifera 

K&W 

0.327 

NS 

P.  nuiculata 

K&W 

0.134 

NS 

Clunna  sp. 

ANOVA 

0.758 

NS 

C.  citculata 

K&W 

0.03 1  * 

S 

U>D  =  P 

Effect  of  species 

D 

ANOVA 

0.567 

NS 

U 

K&W 

0.174 

NS 

P 

ANOVA 

0.362 

NS 

Ixy 

Effect  of  stage 

P.  nuirgaritifera 

K&W 

0.108 

NS 

P.  nuiculata 

K&W 

0.470 

NS 

Cluinui  sp. 

K&W 

0.008 

S 

D  =  U>P 

C.  ciuulata 

K&W 

0.810 

NS 

Effect  of  species 

D 

K&W 

0.234 

NS 

U 

K&W 

0.018 

S 

m  =  M  <  C  =  K 

P 

K&W 

0.390 

NS 

NS.  Not  significant:  S,  significant;  D.  D  larva;  U.  umbo  larva;  P,  pediveliger;  M.  P.  wararitifera:  m.  P.  maculala:  C.  Chama:  K.  C.  ciiculala:  K&W: 
Kruskall  &  Wallis.  *:  before  Bonferroni  conection. 


a  threshold  to  binarize  the  picliire.  The  value  1  (corresponding  to 
the  larvae)  was  assigned  to  areas  with  gray  value  greater  than  the 
threshold,  and  the  value  0  was  assigned  to  areas  with  gray  value 
lower  than  the  threshold.  Areas  of  value  1  that  were  not  complete 
were  filled  in  automatically  and  among  them,  only  those  corre- 
sponding to  individualized  larvae  were  retained  and  colored  in  red. 
The  Optilab  software  automatically  numbers  the  retained  red 
colored  areas  and  describes  them  by  peiforming  a  series  of  42 
measurements  such  as  coordinates,  optical  density,  dimensions  and 


shape  parameters.  The  best  descriptors  among  this  set  of  42  were 
determined  using  principal  component  analysis  (PCA).  Six  de- 
scriptors, the  least  dependent,  were  retained  to  establish  a  mor- 
phometric analysis  pattern  that  would  result  in  the  specific  iden- 
tification of  the  4  species  of  bivalves  studied.  They  constituted  the 
descriptive  variables  of  larvae  morphology  (Fig.  I ): 

•  the  maximum  intercept  (Smax):  length  of  the  longest  segment  of 
the  object. 
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TABLE  4. 

Correlation  matrix  of  the  6  least  correlated  parameters  selected 
after  a  PCA 


Individuals  (F1  and  F2  axes:  99  %) 


Smax 

2a/2b 

Elong 

Comp 

Ftype 

Ixy 

Smax 

1 

2a/2b 

0.039 

1 

Elong 

0.047 

0.259 

1 

Conip 

-0. 1 27 

-0. 1  1 3 

-0.524 

1 

Ftype 

-0.053 

-0.419 

-0.223 

0.324 

1 

Ixy 

-0.035 

-0.003 

-0.014 

-0.016 

0.010 

1 

None  of  these  correlations  are  significant  at  the  y/i  level  after  Bonferroni 
correction. 

•  the  Ellipse  Ratio  (2a/2b):  ratio  of  the  major  axis  to  the  niinor 
axis  of  the  equivalent  ellipse, 

•  the  Elongation  Factor  (Elong):  ratio  between  Smax  and  the 
mean  perpendicular  intercept, 

•  the  Compactness  Factor  (Comp):  A/Af.  where  A  is  the  object  area 
and  Af,  is  the  area  of  the  smallest  rectangle  containing  the  object, 

•  the  moment  of  inertia  (Ixy)  representing  the  pixel  distribution 
around  the  Center  of  Mass  .vv:  (S.vv)  -  A-M.\-My.  where  .\t  are 
the  pixel  coordinates.  M.v  is  the  Center  of  Mass  .v  [(S.v)M]  and 
Mx  is  the  Center  of  Mass  y  [(Sy)AA|, 


•  the  Type  Factor  (Ftype):  /\-/4-ttV(/.v.v/vv),  where  Ixx  is  the 
Inertia  xx  Hlx-)-A-M.\-]  and  lyy  is  the  Inertia  yy 
[{lx')-A-M.\-]. 

Data  Analysis 

Univariate  Analysis 

The  morphonietric  measurements  of  4  species  were  classified 
into  3  subgroups  coiresponding  to  the  main  stages  of  physiological 

F1  and  F2  axes  :  99  % 


c 

cucullata 



Chama  sp 



P 

maculata 

P 

margaritifera 

0  012         0.0125  0  013         0.0135         0  014         0  0145         0,015 

F1  axis  (96  %) 

Figure  3.  Situation  of  species  patches  in  the  FI-F2  canonical  space. 
Patches  are  designed  to  contain  approximatel>  95  ^^j  of  species  dots. 
The  best  species  discrimination,  along  Fl  axis,  separates  the  genus 
I'inclada  on  the  left  from  Cliama  sp  and  Crassoslrea  cucullala  on  the 
right. 

and  morphological  development:  D  larva  (D),  umbo  larva  (U)  and 
pedivcliger  larva  (P).  An  analysis  of  variance  (ANOVA  or  test  of 
Ki-uskall  &  Wallis)  was  undertaken  for  each  of  the  6  descriptive 
variables  according  to  the  species  and  the  larval  stage. 

Discriminant  Factor  Analysis 

The  disciiminant  factor  analysis  (DFA)  was  carried  out  with 
the  help  of  Excelstat  5.1  software.  The  6  descriptors  retained  to 
specifically  discriminate  the  larvae  were  not  significantly  corre- 
lated (the  highest  r  was  -0.524  between  Elong  and  Comp).  It  was 
then  possible  to  use  a  DFA  approach  to  search  for  the  combination 
of  descriptors  that  maxitnized  interspecific  variability  and  mini- 
mized intraspecific  variability  (regardless  of  the  larval  stage  en- 
countered). 
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Figure  2.  Correlation  circle  for  Fl  and  F2  axes  of  the  DFA  applied  to 
6  measurements.  .Most  of  the  interspecific  variability  (96%)  is  repre- 
sented bv  Smax  on  Fl  axis. 


Decision  Tree 

This  analysis,  realized  with  Statistica  6  software,  comple- 
mented DFA  to  identify  larvae  of  the  4  species  from  the  batches  of 
hatchery  monospecific  larvae.  Starting  with  all  individuals  attrib- 
uted to  the  satne  species,  it  supplied  a  true-false  detemiination 
model,  with  intermediate  nodes  of  decision  and  terminal  nodes  of 
species  attribution.  The  analysis  stopped  when  the  original  species 
was  found  again  with  an  error  margin  defined  by  the  conditions  for 
halting  the  segmentation,  set  here  in  advance  to  a  minimum  of  5 
successive  levels. 

Electron  Microscopy 

About  10  hatchery  larvae  of  each  P.  nuiri^aritifcra  and  P. 
maculata  species  were  prepared  for  SEM  observation.  Larvae  were 
cleaned  from  organic  matter  in  a  bath  of  10<7r  chlorine  water  (Le 
Pennec  1978).  This  treatment  was  controlled  under  the  tnicroscope 
and  was  stopped  by  washing  with  distilled  water  as  soon  as  de- 
gassing was  observed  within  the  valves.  The  prodissoconch  valves 
weie  carefully  separated  using  mounted  pins  and  were  dehydrated 
in  a  bath  of  90°  alcohol.  They  were  then  set  up  on  plots  for  metal 
plating.  The  valves  thus  prepared  were  observed  under  a 
HITACHI-S  3200  N  scanning  electron  microscope. 
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TABLE  5. 
Specified  identification  success  rate  of  individual  larvae  lall  stage  combined)  by  DFA. 


True  species 


C.  ciiciilala 


Chama  sp. 


P.  maculata 


P.  margaritifera 


Individuals 

Siirting 

C.  ciiculata 
Chama  sp. 
P.  maculata 
P.  mariiarinfera 
Correct  idenlitlcalion 


23 

30 

23 
13 


168 

28 
117 

17 
6 

70% 


523 

33 

0 

359 

131 

69% 


1,077 

57 

0 

375 

645 

60% 


RESULTS 

Liiiyariate  Analyses 

The  mean  values  of  the  6  descriptive  variables  of  larvae  mor- 
phology (Table  2)  were  compared  by  a  one-way  variance  analysis 
or  a  Kruskall  &  Wallis  test  (Table  3).  Overall,  there  was  no  sig- 
nificant difference  at  the  threshold  of  59r.  between  means  of  the 
different  groups  during  the  larval  de\elopinent,  except  for: 

•  Ftype  of  the  C.  ciiciiUiia  V  stage  was  significantly  higher  than 
that  of  the  D  and  the  P  stages.  This  was  not  significant  h<iwever 
after  Bonfencmi  coirection; 

•  Comp  of  CIniiiui  sp  was  similar  for  the  D  to  U  larval  phase  hut 
significantly  smaller  at  the  P  stage;  this  was  not  significant 
anymore  after  Bonferroni  correction. 

•  Ixy  of  the  Cluinui  species  at  the  P  stage  was  significantly  dif- 
ferent from  that  of  the  D  or  U  stages  even  after  Bonferroni 
correction.  It  also  allowed  to  differentiate  this  species  from  the 
other  three  for  the  stage  U.  but  this  was  not  significant  after 
Bonferroni  correction; 

•  .Sma\  allowed  distinguishing  the  three  main  stages  of  larval 
development  regardless  of  the  species,  because  all  comparisons 
within  species  between  stage  were  significant  even  after  Bon- 
ferroni correction.  All  comparisons  between  species  within 
stage  were  also  significant  even  after  Bonferroni  correction  and 
Smax  was  especially  useful  to  significantly  differentiate  the 
group  of  individuals  composed  of  P.  margaritifera  and  of  P. 
maciduta  from  the  group  of  individuals  composed  by  Chama  sp 
and  C.  ciicidala. 

None  of  the  six  morphometric  measurements  allowed  to  dis- 
criminate alone  the  larvae  of  the  four  species.  It  was  at  best  pos- 


sible to  distinguish  individuals  of  Chama  sp  or  of  Crassostrea 
cuculata  from  those  of  P.  margurhifera  and  of  P.  maculata. 

Discriminant  Factor  .\naly.sis 

The  principal  component  analysis  (PCA)  carried  out  on  the  42 
morphometric  measurements  allowed  to  retain  among  them  the  6 
least  correlated  parameters  (Table  4). 

The  DFA  results  showed  that  the  two  first  canonic  axes  Fl  and 
F2  respectively  represented  969^  and  3%  of  the  interspecific  vari- 
ability (Fig.  2).  Smax  corresponded  mainly  to  Fl  axis  whereas 
Elong,  in  opposition  to  Ftype,  coiresponded  more  to  F2  axis.  The 
dot  patches  of  the  4  species  individuals  are  shown  in  the  two 
dimensions  canonical  space  set  by  axes  Fl  and  F2  (Fig.  3).  Groups 
of  both  Piiictada  species  individuals  were  clearly  superimposed. 
Smax  (mainly  represented  by  Fl  axis)  allowed  their  discrimina- 
tion, regardless  of  the  larval  stage,  from  the  groups  of  Chama  and 
Crassostrea  cuculata  species,  superimposed  as  well.  Further  dif- 
ferentiation between  the  individuals  of  both  species  of  Pinctada  or 
between  the  Chama  or  C.  cuculata  species  was  not  possible  along 
F2  axis. 

A  Kullback  statistical  test  revealed  that  the  difference  between 
the  intragroup  variance-covariance  matrices  was  significant  at  5% 
(X"  =  2340.3;  P  <  0.0001 ).  The  barycenters  corresponding  to  the 
morphometry  of  the  4  studied  species  were  significantly  different 
(Wilks  A  ratio  =  0.433;  F  =  99.88;  P  <  0.0001 ).  A  DFA  was 
caiTied  out  based  on  these  characteristic  barycenters  to  try  species 
identification  of  each  larva  previously  measured,  but  the  retained 
discriminant  morphometric  features  were  not  sufficient.  The  iden- 
tification success  rates  varied  depending  on  the  species  (Table  5). 
They  were  comprised  between  60'/r  and  70<7r  for  both  Pinctada 
species  and  the  Chama  genus,  whereas  only  269^^  was  achieved  for 
the  Crassostrea  genus. 


TABLE  6. 
Species  identification  success  rate  of  D  individual  iar>ae  by  DFA. 


True  species 


C.  cuculata 


Chama  sp. 


P.  maculata 


P.  margaritifera 


Individuals 

Sorting 
C.  cuculata 
Chama  sp. 
P.  maculata 
P.  margaritifera 
Correct  identification 


21 

15 

5 
0 

1 

71% 


0 
5 

0 
0 

100% 


6 

0 
0 
5 

I 

83% 


70 

0 

0 
21 
49 

70% 


964 


Paugam  et  al. 


TABLE  7. 
Species  identification  success  rate  of  U  individual  larvae  by  DFA. 


True  species 


C.  cuculala 


Cliaina  sp. 


P.  macitlata 


P.  margarilifera 


Individuals 

Sorting 

C.  cuculata 
Chama  sp. 
P.  maculata 
P.  inargaritifcra 
Correct  identification 


15 

10 

4 
1 
0 

67% 


14 

3 
8 

1 

2 

57% 


87 

2 

1 

58 

26 

67% 


77 

1 
0 

31 
45 


Other  DFA  (Tables  6,  7  and  8)  were  undertaken  on  these 
samples  to  see  if  better  species  identification  could  be  achieved  at 
specific  larval  stages  with  the  morphometric  measures  at  hand.  The 
correct  identification  rates  were  quite  different  from  one  species  to 
another,  but  also  between  larval  stages.  The  D  and  P  stages  gave 
the  best  species  identification  success  rates  overall. 

The  Decision  Tree 

A  decision  tree  was  built  to  help  synthesize  the  results  of  the 
various  DFA.  Each  morphometric  measurement  was  assimilated  to 
a  prediction  variable  (specific  identification  criteria).  After  uni- 
variate preliminary  studies,  they  were  classified  according  to  their 
potential  (0-100  scale)  to  predict  the  dependent  variable  (species 
identity).  Ftype.  Smax.  Elong  and  the  larval  stage  had  a  potential 
of  100,  96,  72  and  59  respectively  to  explain  the  dependent  vari- 
able. 

The  organization  of  the  tree  was  performed  arbitrarily  in  the 
following  manner:  All  of  the  larvae  were  allocated  at  first  to  the  P. 
maculata  species.  If  Smax  was  larger  than  271  |xm,  the  larva 
identity  was  changed  for  a  Chama  larva.  If  this  condition  was  not 
true,  the  larva  was  still  assigned  to  the  P.  macidura  species  until 
the  next  decision  node.  The  overall  process  of  the  decision  tree 
(Fig.  4)  led  to  a  discrimination  key.  Synthetic  results  of  the  larval 
identification  using  this  discrimination  key  were  better  than  those 
obtained  with  the  former  DFA  (Table  9).  However,  species  iden- 
tification en^or  rates  were  still  generally  higher  than  25%. 

Hinge  Analysis  by  Electron  Microscopy 

The  hinge  of  the  umbo  larva  of  P.  margaiitifera  is  made  up  of 
a  narrow  provinculum  bearing  4  denticles  on  the  anterior  edge 
and  6  on  the  posterior  edge  ( Fig.  5  - 1 ).  The  hinge  of  the  umbo  larva 
of  P.  macidata  has  a  thick  provinculum  bearing  5  denticles  on 
the  anterior  edge  and  5  on  the  posterior  edge  (Fig.  5-2 1.  There 


was  no  individual  variation  within  species  for  these  traits,  thus 
hinge  analysis  of  larval  shells  allowed  the  formal  distinction 
between  both  species  of  the  Pinctada  genus  within  the  larval 
phase. 

DISCUSSION 

Thirty-four  species  of  bivalves  were  found  in  the  lagoon  of  the 
atoll  of  Takapoto  (Salvat  &  Richard  1985).  All  of  them  are  liable 
to  produce  larvae  at  the  same  time  as  the  black  lip  pearl  oyster. 
Therefore  identification  and  monitoring  of  P.  margaritifera  larvae 
is  not  possible  without  means  to  discriminate  this  bivalve  species 
from  others  present  in  the  lagoon.  The  objective  of  this  study  was 
to  test  different  morphological  descriptors  and  to  check  whether 
the  most  pertinent  among  them  could  be  used  as  tools  for  species 
determination. 

The  analysis  of  the  shell  profile  using  shape  descriptors  is  a 
technique  commonly  used  to  determine  numerous  plankton  species 
and  was  tested  here.  It  was  then  related  to  the  analysis  of  the  hinge 
structure  (ornamentation  descriptors),  a  permanent  criteria  allow- 
ing a  definite  species  determination  (Le  Pennec  1978). 

Image  analysis  applied  to  morphometry  has  proven  efficient  in 
taxonomic  identification  (Gariand  &  Zimmer  2002).  This  method 
presents  the  advantage  of  replacing  the  observer  by  algorithms  and 
thus  minimizing  the  risk  of  subjective  errors.  It  is  fast  and  efficient 
for  numerous  applications,  such  as  the  study  of  zooplankton  com- 
munities. (Beaulieu  et  al.  1999),  The  data  generated  are  useful  in 
solving  taxonomy  questions  and  sometimes  even  to  identify  mor- 
phological variation  among  populations  within  a  species  (Jeffries 
et  al.  1984,  Ishii  et  al.  1987,  Cadrin  &  Friedland  1999).  Whereas 
morphometric  analysis  is  successful  at  species  identification  in 
some  cases,  it  is  more  difficult  for  a  number  of  others.  This  is  the 
case  of  a  few  copepods  and  fish  larvae  as  described  by  Naudin  et 


TABLE  8. 
Species  identification  success  rate  of  P  individual  larvae  by  DFA, 


True  species 


C.  cuculala 


Chama  sp. 


P.  maculata 


P.  margaritifera 


Individuals 

Sorting 

C.  cuculata 
Chama  sp. 
P.  maculata 
P.  margaritifera 
Correct  identification 


46 

21 

19 

4 

2 
46% 


152 

38 
91 

16 

7 
60% 


423 

1 

I) 
312 

110 

749 


316 

2 

0 
108 
206 

65% 
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Decision  tree  for  species 
7  segmentation  nodes.  8  terminal  nodes 


5mu°119» 


P  margarititera     C.  cucullata 


109        P.  margantifem 


,(]£)     (jT) 


P  maculara       Chama  sp 
P.  margarliifera 


Figure  4.  Decision  tree  for  discrimination  of  the  four  species.  Eacli 
rectangle  box  represents  a  segmentation  node  under  wliicli  value  of  the 
discrimination  factor  is  gi\en.  Kach  ellipse  box  represents  a  terminal 
node  of  species  determination.  Numbers  given  in  the  node  boxes  rep- 
resent larvae  counts. 


al.  (1996).  The  transparency  of  the  objects  to  analyze  is  a  widely 
encountered  difficuhy.  In  the  case  of  bivalve  larvae,  the  shells  are 
translucent  but  their  profiles  are  generally  sufficiently  contrasted 
from  the  rest  of  the  picture  and  correspond  to  closed  forms.  It  is 
then  possible  to  use  data  processing  tools  to  analyze  each  picture, 
cut  out  all  closed  forms  and  describe  them  according  to  contour, 
area  and  position  in  the  picture. 

The  measurements  performed  on  all  of  the  larval  stages  of  the 
4  bivalve  species  studied  here  provided  information  on  some  of 
their  distinctive  dimensions  according  to  age. 

Univariate  analyses  showed  that  Smax  was  the  most  discrimi- 
nating measure  between  stage  within  species  and  between  species 
within  stage.  The  multivariate  analyses  gave  better  results.  Some 
degree  of  species  identification  among  the  larvae  of  the  4  species 
was  possible,  but  the  rates  of  success  were  different  according  to 
the  methods  used: 

•  Using  DFA.  the  larvae  discrimination  of  P.  margaritifeni,  of  P. 
maculata.  of  Chaina  and  of  C.  ciiculata  was  achieved  with 
probabilities  of  success  of  60%.  69%.  70%  and  of  26%  respec- 
tively. 

•  With  the  decision  tree  approach,  the  larvae  discrimination  of  P. 
inargaritifera.  of  P.  iiuiciilahi.  of  Clnima  and  of  C.  cuculata  was 
achieved  with  probabilities  of  success  of  1A%.  63%.  69%  and  of 
77%  respectively. 

Despite  these  positive  results,  the  descriptors  studied  here  can- 
not be  considered  adequate  for  the  identification  of  Pinctiuia  and 


Figure  5.  SE.M  photographs  of  right  val\c  of/',  margarilifira  (I)  and 
P.  maculata  (2)  larvae.  Numbers  of  anterior  teeth  (Da)  and  of  posterior 
teeth  (Dpi  of  the  hinge  are  invariant  and  differ  between  both  species. 


other  bivalve  larvae  in  plankton  samples.  A  higher  reliability  and 
a  success  probability  close  to  90%  would  be  required,  as  suggested 
in  the  literature  (Jeffries  et  al.  1984.  Naudin  at  al.  1996,  Rahhou. 
2003).  Similar  discrimination  rates  (up  to  74%)  between  bivalve 
larvae  were  obtained  by  Hendriks  et  al.  (2005).  who  concluded  that 
shape  characteristics  combined  with  computer  analysis  did  not 
provide  tools  conclusively  useful  for  young  bivalve  larvae  identi- 
fication. 


TABLE  9. 
Species  identification  success  rate  of  P  individual  larvae  using  a  decision  tree. 


True  species 


C.  cuculata 


Cliama  sp. 


P.  maculata 


P.  margaritifera 


Individuals 

Sorting 

C.  cuculata 
Chama  sp. 
P.  maculata 
P.  margaritifera 
Correct  identification 


35 

27 

5 
0 

3 

777f 


212 

49 
147 

5 
11 
699 


686 

12 

20 

434 

220 

63'7f 


313 

2 
1 

77 
233 

74% 
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Another  problem  is  that  the  acquired  image  of  the  hirva  form 
can  vary  between  records,  according  to  the  orientation  of  the  shell. 
To  avoid  image  distortion  and  measurement  en^ors,  the  separation 
plane  between  valves  should  be  parallel  to  the  sensor  plane.  Ac- 
curacy may  also  improve  with  additional  measurement  of  the  valve 
thickness.  This  descriptor  has  already  been  the  subject  of  an  origi- 
nal application  as  a  qtiality  indicator  of  larval  development  for 
Pecu-n  ma.\iimi.s  (Salatin  et  al.  1991).  Image  multiacquisition  re- 
sulting from  slightly  moving  the  observed  larva  or  changing  the 
angle  of  light  reaching  the  larva  may  also  help  in  selecting  larval 
areas  that  present  the  largest  Smax. 

More  sophisticated  mathematical  contour  descriptors  such  as 
Fourier  descriptors  (Crampton  1995)  could  also  be  considered, 
because  it  is  possible  to  decompose  the  contour  of  an  object  using 
the  Fourier  elliptic  transform.  This  method  has  already  been  pro- 
posed by  Gevirtz  (1976)  to  evaluate  specific  and  intraspecific  vari- 
ability amongst  bivalves,  and  these  descriptors  have  been  success- 
fully used  to  distinguish  similar  mussel  species  (Crampton  1995, 
Innes  &  Bates  1999)  and  to  identify  eel  populations  based  on 
otholith  shape  (Rahhou  2003).  Davis  et  al.  (1996)  anticipate  on- 
going improvement  of  these  visualization  techniques  for  plankton 
identification,  but  phenotypic  plasticity  during  larval  development 
will  limit  their  accuracy  (Garland  &  Zimmer  2002). 

The  method  of  valve  hinge  analysis  proved  again  its  discrimi- 
nation potential  (Le  Pennec  1978)  in  the  present  study.  It  enabled 
a  definite  distinction  of  both  Pinctcula  species  according  to  the 
number  of  denticles  and  to  the  thickness  of  the  provinculum.  How- 
ever, the  preparation  time  for  each  larva  and  the  necessary  han- 
dling precautions  remain  incompatible  with  the  goal  of  a  fast  char- 
acterization of  large-scale  distributions  and  abundances  of  larvae. 

Considerable  progress  has  been  achieved  with  other  techniques 


of  larval  identification,  which  arc  not  based  on  the  morphological 
but  on  the  molecular  characteristics  of  each  species.  Two  tracks  are 
being  explored  at  this  time  for  species  identification  and  dis- 
crimination of  bivalve  larvae.  One  relies  on  genetics  tools  (Lopez- 
Piiion  et  al.  2002.  Wood  et  al.  200.^,  Hosoi  et  al.  2004)  and  the 
other  on  immunological  approach  (Paugam  et  al.  2000,  Abalde  et 
al.  200.^). 

The  DNA  markers  present  the  advantage  of  being  independent 
of  age  or  physiological  condition  of  the  individuals.  It  is  therefore 
possible  to  use  individual  adults  to  develop  probes  that  are  effi- 
cient on  larvae.  However,  their  use  requires  in  mo.st  cases  that  the 
plankton  sample  be  destroyed,  and  therefore  they  are  better  suited 
as  overall  indicators  of  presence  and  representation  within  a 
sample,  rather  than  as  real  probes  for  individual  marking. 

The  advantage  of  the  immunological  identification  over  genetic 
identification  is  that  the  antibodies  find  in  the  plankton  sample  the 
larvae  against  which  they  have  been  induced  and  specifically  mark 
them  without  altering  the  shell  structures  (Paugam  et  al.  2003). 
However  the  induction  of  an  efficient  antibody  production  requires 
the  availability  of  large  amounts  of  larvae  of  different  species  that 
can  only  be  obtained  in  the  hatchery. 

The  analysis  of  the  hinge  characteristics  is  the  only  method 
available  today  which  would  ensure  identification  of  the  P.  inar- 
liarilifcni  pearl  oyster  larvae.  However,  this  method  is  too  cum- 
bersome to  authorize  a  rapid  identification  of  the  larvae  and  cannot 
be  used  in  real  time  for  long  term  systematic  plankton  sampling.  It 
could,  however,  be  used  to  validate  any  other  technique  of  larva, 
species  identification.  Any  improvement  of  these  techniques  will 
be  u.seful  for  following  larvae  within  the  plankton  and  to  develop 
our  knowledge  of  the  larval  life  cycle  of  the  P.  margaritifeni  pearl 
oyster  in  the  lagoons  of  French  Polynesia. 
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RELATION  OF  SEASONAL  CHANGES  IN  THE  MASS  OF  THE  GONAD  AND  SOMATIC 
TISSUES  OF  THE  ZEBRA  ARK  SHELL  ARCA  ZEBRA  TO  ENVIRONMENTAL  FACTORS 


MARIA  LISTA,'  CESAR  LODEIROS.'*  ANTULIO  PRIETO."  JOHN  H.  HIMMELMAN/ 
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Peninsula  de  Araya.  Edo.  Sucre,  Venezuela 

ABSTRACT  Over  the  period  from  June  2002  to  June  2003.  we  examined  the  relationship  of  seasonal  changes  in  the  mass  of  the 
gonad  and  somatic  tissues  to  environmental  factors  for  four  size  groups  of  the  zebra  ark  shell  Ana  zebra  at  Chacopata.  in  northeastern 
Venezuela.  The  gonads  oi  A.  zel7ra  began  to  increase  in  size  when  individuals  attained  lS-20  mm  in  shell  length,  but  maximum  gonad 
mass  relative  to  somatic  mass  was  only  attained  at  55-60  mm  in  length.  Large  individuals  (>50  mm)  showed  a  distinct  annual 
reproductive  cycle  with  a  marked  increase  in  gonad  mass  from  July  to  late  September  2002.  coinciding  with  the  increase  in  tempera- 
tures related  to  .stratification  of  the  water  column.  A  decrease  in  gonad  size  occurred  during  October  2002  through  January  2003  and 
coincided  with  a  temperature  decline  related  to  renewed  upwelling.  The  mass  of  somatic  tissues  was  highest  between  late  August  to 
late  December  2002.  coinciding  with  the  reproductive  period  and  elevated  temperatures.  Other  environmental  factors  showed  little 
seasonal  variation,  although  chlorophyll  a  concentration  was  lowest  during  the  major  period  of  increase  in  the  gonad  and  somatic 
tissues  (July  to  late  September  2002).  suggesting  that  the  animals  were  not  limited  by  the  abundance  of  phytoplankton  food.  A.  zebra 
seemed  to  be  well  adapted  to  the  high  loads  of  inorganic  seston  found  in  the  Chacopata  region. 

KEY  WORDS:     reproduction,  bivalve  Area  zebra,  Venezuela,  temperature 


INTRODUCTION 

Both  environmental  factors  and  endogenous  processes  control 
reproductive  activities  in  marine  bivalves  (Bernard  1983,  GritTith.s 
and  Griffiths  1987,  Thompson  and  MacDonald  1991).  Tempera- 
ture, which  affects  rates  of  many  physiological  processes,  is  the 
environmental  factor  that  is  most  often  indicated  to  influence  re- 
production in  marine  invertebrates  (Kinne  1970).  In  many  species, 
particular  gametogenetic  phases  are  associated  with  specific  tem- 
perature conditions,  and  temperature  changes  have  been  indicated 
to  stimulate  maturation  and  spawning  (Giese  &  Pearse  1974,  Ro- 
man et  al..  2001 ).  Another  imponant  environmental  factor  is  food 
availability.  Energetic  costs  for  reproduction  (which  are  usually 
high)  depend  on  food  ingested,  or  on  reserves  built  up  during 
periods  of  high  food  availability  (Bayne  &  Newell  1983,  Barber  & 
Blake  1991).  Many  studies  have  examined  how  reproductive  ac- 
tivities are  related  to  food  availability,  stored  reserves  and  various 
environmental  factors  (particularly  temperature  and  salinity)  in 
temperate  bivalve  species  (Mackie  1984).  However,  we  have  a 
much  poorer  understanding  of  such  relationships  in  tropical  spe- 
cies because  far  fewer  studies  have  been  made  of  tropical  species 
(Lodeiros  &  Himmelman  2000). 

In  this  study  we  examine  changes  in  the  mass  of  the  gonads  and 
somatic  tissues  of  the  tropical  zebra  ark  shell  Area  zebra  (Swain- 
son,  1833)  throughout  a  year  and  relate  the  changes  to  environ- 
mental factors.  A.  zebra,  which  commonly  forms  dense  beds  on 
rocky  bottotns  between  I  and  20  m  in  depth,  is  distributed  along 
western  shores  of  the  Atlantic  Ocean  from  Noilh  Carolina  and 
Bermuda  to  Brazil  (Lodeiros  et  al.  1999).  A  large  natural  bed  of 
ark  shells  occurs  in  the  region  of  Chacopata,  on  the  Araya  Penin- 
sula, in  northeastern  Venezuela.  This  bed  covers  an  area  of  70-80 
Km"  and  has  been  intensively  harvested  by  local  fishermen  for 
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over  25  y.  About  40,000  tons  are  harvested  per  year  and  the  in- 
come provided  is  second  to  that  of  the  sardine  in  Venezuelan 
artisanal  fisheries  (Mendoza  1999,  Lodeiros  et  al.  2005).  A.  zebra 
is  a  protandric  hermaphrodite,  with  individuals  measuring  30-65 
mm  (anterior-posterior  axis)  being  predominately  male.  65-80  mm 
individuals  being  male  or  female  in  equal  numbers  and  >80  mm 
individuals  being  predominately  female  (Nakal  1979,  Garcia 
1987).  The  gonads  are  undeveloped  in  20-30  mm  individuals. 
Gametogenesis  appears  to  be  continuous,  but  there  are  peaks  in 
July,  October  and  March  (Mora  1985,  Alvarez  1992,  Saint-Aubyn 
et  al.  1992).  Relationships  between  the  reproductive  cycle  and 
environmental  changes  have  not  been  previously  examined. 
Knowledge  of  such  relationships  is  needed  to  develop  methods  for 
producing  ark  shells  in  a  hatchery.  Further,  an  understanding  of 
seasonal  cycles  in  somatic  and  gonad  tissues  is  required  to  develop 
a  rational  sti'ategy  for  the  management  of  the  arc  shell  fishery. 

MATERIAL  AND  METHODS 

At  monthly  intervals  from  June  2002  to  July  2003,  we  collected 
samples  of  ark  shells  A.  zebra  from  3^  m  in  depth  from  the 
natural  bed  at  Chacopata  (longitude  between  63°46'  and  63°54' 
and  latitude  between  10"42'  and  I0°46').  Each  sample  was  trans- 
ported (for  a  period  of  40-60  min)  in  insulated  boxes  (at  5°C  to 
8°C  to  prevent  spawning)  to  the  Centro  de  Investigaciones 
Ecologicas  de  Guayacan  (Universidad  de  Oriente)  where  the  ani- 
mals were  dissected. 

In  the  laboratory,  we  divided  the  bi\al\es  into  four  groups, 
based  on  shell  length  (anterior-posterior  axis);  10-30  mm,  30-50 
mm,  50-70  mm  and  70-90  mm.  We  analyzed  20  individuals  for 
each  size  group.  For  each  ark  shell,  we  first  removed  the  byssus 
and  secondly  removed  epibionts  and  detritus  from  the  shells.  We 
then  dissected  the  bivalve  into  three  components,  shell,  gonad  and 
somatic  tissues.  The  gonad  and  somatic  tissues  were  dried  at  60°C 
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for  72  h  prior  to  recording  their  dry  mass.  The  mass  of  the  gonad 
as  a  percentage  of  the  mass  of  the  somatic  tissues  was  calculated 
as  a  gonad  index. 

At  weekly  intervals,  we  also  took  three  water  samples  just 
above  the  beds  (at  3—4  m  depth)  with  a  3-1  Niskin  bottle.  From 
each  sample  we  first  took  subsamples  for  determinations  of  the 
oxygen  concentration  (Winkler  method)  and  salinity  (induction 
method).  Then  the  sample  was  passed  through  a  28(V|jLm  filter  to 
remove  macroplankton.  Finally,  samples  were  taken  for  determi- 
nations of  the  chlorophyll  a  concentration  (using  the  spectropho- 
tometric  method.  Strickland  &  Parsons  1972)  and  of  the  mass  of 
organic  and  inorganic  materials  in  the  seston  (gravimetric  method). 
A  Sealog  thermograph  (Vemco  Ltd.,  Halifax,  Canada)  was  placed 
on  the  bottom  and  set  to  record  the  temperature  at  10-min  intervals. 
As  the  themiograph  only  functioned  from  July  to  December  2002, 
we  also  obtained  estimates  of  surface  temperatures  from  satel- 
lite images  that  were  available  from  the  Institute  of  Marine 
Remote  Sensing  of  the  University  of  South  Florida,  USA  (http:// 
imars.usf.edu/sst/index_rm.html).  We  calculated  mean  tempera- 
tures for  intervals  of  three  days  (including  night  and  day  images, 
but  excluding  cloudy  period).  These  images  were  obtained  with 
advanced  very  high  resolution  radiometer  (AVHRR)  sensors  on  a 
NOAA  satellite. 

From  these  images,  sea  surface  temperature  was  extracted  us- 
ing the  closest  pixel  to  our  study  site.  A  time  series  of  sea  surface 
temperature  was  created,  which  was  low  pass  filtered  using  of 
moving  average  with  a  window  of  three.  When  a  cloud  covered 
the  pixel  corresponding  to  our  study  site,  we  used  the  average 
of  two  pixels  upstream  and  two  downstream  from  our  site  (the 
mean  cunent  goes  from  east  to  west)  and  when  this  approach 
wasn't  suitable,  a  gap  was  left.  Finally,  we  fitted  all  data  using  the 
MATLAB  cubic  splineinterpolation  function  (a  commercial  pack- 
age produced  by  Mathsoft;  www.mathsoft.com). 

For  the  mass  of  the  gonad  and  somatic  tissues  of  each  of  the 
four  size  groups  we  fust  applied  a  I -way  ANOVA  to  test  for 
variations  in  size  over  time,  and  then  followed  with  a  posteriori 
Duncan  tests  to  identify  the  periods  when  significant  iP  <  0.05) 
changes  occurred. 

RESULTS 

Each  of  the  four  size  groups  of  ark  shells  A.  zebra  showed 
changes  in  somatic  tissue  mass  and  gonad  mass  over  time  (one 
factor  ANOVAs,  P  <  0.05).  The  seasonal  changes  in  somatic  tissue 
mass  were  greatest  for  the  two  larger  size  groups  that  measured 
50-70  mm  and  70-90  mm  in  shell  length,  respectively  (Fig.  1 ). 
The  mass  increased  from  late  June  through  September  2002,  de- 
creased sharply  in  October  2002  (ANOVA,  Duncan  test,  P  <  0.05 ), 
increased  in  over  the  next  2-3  mo  and  then  decreased  again  during 
January  to  February  2003.  After  this  decrease  values  remained  low 
until  the  last  month  of  our  study  (late  May  to  late  June  2003)  when 
another  increase  occuired.  The  somatic  tissue  mass  of  30-50  mm 
individuals  often  showed  a  different  pattern.  For  example,  there 
was  a  significant  decrease  during  the  first  month  of  the  study  and 
no  decrease  in  the  last  month  (Duncan  test,  P  <  0.05,  P  >  0.05, 
respectively).  However,  a  decrease  did  occur  during  January  2003 
(Duncan  test,  P  <  0.05),  which  coincided  with  the  decrease  in  the 
largest  size  groups.  Finally,  the  smallest  group,  individuals  mea- 
suring 10-30  mm,  showed  much  less  variation  in  tissue  mass  than 
the  larger  individuals. 

The  gonad  mass  of  the  two  largest  groups  of  ark  shells,  mea- 
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Figure  L  Seasonal  changes  in  the  mass  of  somatic  tissues  for  4  size 
groups  (12-.V)  mm,  3()-5()  mm,  50-70  mm  and  70-y(l  mm  in  shell 
length)  of  the  zebra  ark  shell.  Ana  zebra,  at  C'hacopata,  in  northeast- 
ern Venezuela.  Vertical  lines  indicate  standard  errors. 

suring  50-70  mm  and  70-90  mm  in  shell  length,  respectively, 
increased  rapidly  during  the  first  months  of  the  study  to  a  peak  in 
lale  September  2002.  and  then  a  major  decrease  occuiTcd  during 
October  2002  through  January  2003  (Fig.  2).  After  this  decrease, 
the  gonads  remained  small  until  the  last  month  (June  2003)  when 
renewed  growth  occurred.  Surprisingly,  the  gonad  mass  was  simi- 
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Figure  2.  Seasonal  changes  in  gonad  mass  and  in  the  gonad  index 
(gonad  mass  as  a  percentage  of  somatic  tissue  mass)  for  4  size  groups 
( l2-,^0  mm.  .^1-50  mm.  .^0-70  mm  and  70-90  mm  In  shell  length)  of  the 
zehra  ark  shell.  Ana  zeltru.  at  C'hacopata.  in  northeastern  \  enezuela. 
Vertical  lines  indicate  standard  errors. 
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lar  for  50-70  mm  and  70-90  mm  individuals  (ANOVA.  P  >  0.05) 
on  most  sampling  dates.  As  a  result,  relative  gonad  mass  to  so- 
matic tissue  mass  (the  gonad  index)  was  usually  greater  for  50- 
70  mm  individuals  than  for  70-90  mm  individuals  (Fig.  2, 
ANOVA,  Duncan  test.  P  <  0.05).  especially  in  the  period  of  major 
reproductive  activity.  Gonad  mass  of  the  two  smallest  groups  of 
ark  shells,  measuring  10-30  mm  and  30-50  mm,  respectively,  was 
always  small  (Fig.  2).  Nevertheless,  the  relative  gonad  mass  of 
30-50-mm  individuals  showed  seasonal  variations,  and  the  values 
during  the  last  three  months  of  our  study  were  similar  to  those  of 
larger  (>50  mm)  individuals.  The  gonad  index  of  10-30  mm  in- 
dividuals was  negligible  until  February  2003,  but  then  the  values 
increased  and  followed  a  pattern  similar  to  that  in  larger  animals 
(with  a  marked  increase  during  the  last  two  months,  May  and  June 
2003). 

The  relation  of  gonad  mass  and  the  gonad  index  f  gonad  mass  as 
a  percentage  of  somatic  tissue  mass)  to  shell  length  for  all  indi- 
viduals collected  during  our  study  provided  information  on  the  size 
at  sexual  maturity  (Fig.  3).  Although  gonad  mass  was  consistently 
low  in  ark  shells  up  to  a  shell  length  of  about  50  mm,  the  gonad 
index  increased  at  18-20  mm  in  shell  length  (up  to  32%).  indicat- 
ing the  onset  of  gonad  production.  Nevertheless,  full  maturity  was 
not  attained  until  a  much  larger  size.  For  example,  numerous  in- 
dividuals up  to  37-mm  in  shell  length  had  indices  near  0%.  Indi- 
viduals measuring  greater  than  50-55  mm  in  length  appeared  to  be 
fully  mature,  because  what  they  had  was  wide  spread  in  indices 
with  few  individuals  with  low  indices. 
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Figure  3.  Relation  of  gonad  mass  and  of  the  gonad  index  to  shell 
length  for  the  zebra  ark  shell.  Area  zebra,  at  Chacopata,  in  northeast- 
ern Venezuela. 


Although  the  thermograph  we  placed  on  the  ark  shell  bed  only 
functioned  from  July  to  December  2002.  the  record  was  sufficient 
to  show  that  the  temperature  record  from  the  NOAA  satellite 
provided  a  good  approximation  of  temperatures  at  our  study  site 
(Fig.  4).  (The  satellite  data  were  also  similar  to  values  recorded  by 
a  thermograph  at  Turpialito,  in  the  Golfo  de  Cariaco,  10°26'56"  N; 
64°02'00";  Urbano  et  al.  2005).  Temperatures  showed  a  progres- 
sive increase  from  about  24*  C  in  July  2002  to  a  peak  near  27'C  in 
October  and  November  2002  and  this  corresponded  to  the  period 
of  stratification  of  the  water  column.  Then  temperatures  declined 
to  about  23°C,  indicating  renewed  coastal  upwelling,  and  the  low- 
est temperature  (2I.3°C)  was  recorded  in  mid  March  2003.  After 
the  lowest  temperature  was  recorded,  temperatures  showed  an  up- 
ward trend  until  June  2003.  although  with  considerable  fluctua- 
tions indicating  irregular  upwelling  events. 

We  did  not  observe  seasonal  changes  in  salinity.  Values  were 
generally  near  the  yearly  mean  (36.7'^t).  although  increases  by  up 
to  \7o€  were  recorded  on  a  few  dates  (Fig.  4).  Oxygen  concentra- 
tions were  generally  high,  3  and  5  mg/L.  and  the  only  indication  of 
a  seasonal  pattern  was  the  slight  decrease  in  oxygen  levels  between 
Auiiust  and  December  2002  (Fia.  4). 
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Figure  4.  \  ariations  in  temperature,  as  recorded  bv  a  Iherniograph 
(grey  line!  and  as  estimated  from  satellite  images  and  measurements  of 
salinity  and  oxygen  during  the  period  from  June  2002  to  ,Iune  2003  at 
C'haeopata,  in  northeastern  Venezuela, 
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The  mass  of  total  seston  varied  from  20— fO  mg/L  o\'er  the 
study  period  and  showed  no  distinct  seasonal  pattern  (Fig.  5 1.  An 
increased  variation  in  values  during  the  last  four  months  of  the 
study  coincided  with  the  increased  temperature  variations  during 
the  same  period.  The  mass  of  organic  seston  also  showed  no  sea- 
sonal pattern,  and  values  only  ranged  from  5-8  mg/L.  The  pro- 
portion of  inorganic  seston  to  total  seston  was  high,  generally 
>70%.  The  concentration  of  chlorophyll  a  (Fig.  5)  was  usually  in 
the  vicinity  of  1  p-g/L,  although  sporadic  increases  to  2.5-5.0  p-g/L 
were  recorded.  The  consistently  low  values  recorded  between 
late  July  and  eariy  November  2002.  coincided  with  the  period  of 
high  temperatures  associated  with  the  stratification  of  the  water 
column. 

DISCUSSION 

The  relation  of  the  gonad  index  to  shell  length  for  the  A.  zebra 
showed  that  although  the  gonads  begin  to  develop  at  18-20  mm  in 
shell  length,  full  sexual  maturity  was  only  attained  at  50-55  mm. 
The  observations  of  seasonal  changes  in  gonad  indices  for  the  four 
different  size  groups  of  ark  shells  further  showed  that  10-30  mm 
individuals  had  negligible  reproductive  output,  and  that  30-50  mm 
individuals  had  substantially  less  output  than  larger  individuals. 
Individuals  measuring  50-70  mm  had  high  reproductive  output, 
because  gonad  mass  was  similar  to  that  of  70-90  mm  individuals, 
and  relative  gonad  mass  was  greater  than  that  of  70-90  inni  indi- 
viduals. 

The  marked  increase  in  gonad  mass  of  fully  mature  arc  shells 
(>50  mm)  between  July  and  late  September  2002  suggested  a 
major  period  of  reproductive  activity.  This  agrees  with  the  reports 
of  Nakal  ( 1980)  and  Alvarez  (1992)  that  the  gonads  of  both  male 
and  female  arc  shells  are  in  advanced  gametogenesic  stages  during 
these  months.  In  contrast.  Saint-Aubyn  et  al.  (1992)  observed  that 
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Figure  5.  Variations  in  phvtoplankton  ahundance  as  indicated  by 
chlorophyll  a  concentration,  and  in  the  mass  of  total  seston  and  or- 
ganic seston  during  the  period  from  ,|nne  2(1(12  to  .lune  20(13  at  Cha- 
copata,  in  northeastern  Venezuela, 


maximum  gonad  mass  of  A.  zebra  during  1991  was  in  Jul\.  Such 
variations  likely  reflect  interanual  differences  in  environmental 
factors,  particularly  factors  associated  with  coastal  upwelling, 
which  is  driven  by  the  trade  winds  (Okuda  et  al.  1978.  Lodeiros  & 
Himmelman  2000). 

The  annual  gonad  cycle  of  A.  zebra  at  Chacopata  coincided 
with  the  seasonal  changes  in  temperature.  Both  the  major  gonad 
increase  froin  July  to  late  September  in  2002,  and  the  beginning  of 
a  second  increase  during  June  2003.  coincided  with  periods  of 
warming.  Also,  the  decline  in  gonad  mass  from  October  2002 
through  Januai7  2003,  likely  indicating  gamete  release  and  de- 
creased gonad  production,  occuired  during  declining  temperatures. 
The  period  of  minimal  gonad  size  from  February  to  May  coincided 
with  low  temperatures.  A  similar  positive  association  between  re- 
producti\e  activities  and  temperature  is  found  in  two  other  bi- 
valves in  northeastern  Venezuela.  Penui  pcrna  ( Velez  &  Lodeiros 
1990)  and  Lima  scabra  (Lodeiros  &  Himmelman  1999).  In  con- 
trast, in  the  same  region,  a  negative  relationship  between  repro- 
ductive activities  and  temperature  is  found  in  the  scallop  Eiivnla 
zicz.iic  (Lodeiros  &  Himmelman  2000)  and  the  pen  shell  Pinna 
carnea  (Narvaez  et  al.  2000),  and  there  seems  to  be  no  association 
between  reproduction  and  temperature  in  the  bivalves  Pinctacia 
imbricara  (Jimenez  et  al..  2000),  Nodipecten  nodosus  (Velez  et  al., 
1987)  and  Pteria  colymbiis  (Marquez  et  al.,  2000).  Such  variable 
relationships  between  reproductive  activities  and  the  annual  tem- 
perature cycle  in  same  region  indicate  that  the  different  species 
have  adopted  different  cues  for  coordinating  gametogenetic  events 
and  spawning  and  likely  contrasting  strategies  for  providing  en- 
ergy for  reproLlucilon.  We  predict  that  a  similar  diversity  of  repro- 
ductive strategies  exists  within  other  invertebrate  groups  in  the 
region. 

The  clearly  annual  reproductive  cycle  A.  zebra  was  not  corre- 
lated with  other  environmental  factors,  which  generally  showed 
little  seasonal  variation.  For  example,  salinities  and  oxygen  con- 
centrations varied  around  the  annual  mean  during  most  of  the  year. 
Also,  the  cycle  in  the  mass  of  gonad  and  somatic  tissues  showed 
no  relationship  with  food  availability.  In  fact,  the  major  increase  in 
the  gonad  and  somatic  tissues  in  September  2002  coincided  with 
the  period  of  lowest  chlorophyll  a  concentrations  and  below  av- 
erage levels  of  organic  seston.  These  observations  suggest  that 
A.  zebra  in  the  Chacopata  region  is  not  limited  by  food  availability. 
The  inorganic  content  of  the  seston  was  always  high  in  the  Cha- 
copata region  (>10Vr  of  total  dry  seston  mass)  and  a  contributing 
factor  could  be  the  resuspension  of  materials  caused  by  the  exten- 
sive bivalve  harvesting  activities  using  drags  (40.000  tons  are  har- 
vested per  year).  Inorganic  particles  are  often  reported  to  be  det- 
rimental to  the  feeding  of  bivalves,  because  useful  food  particles 
can  be  strongly  diluted  by  nonuseful  particles  (Riisgard  1988). 
However,  the  massive  size  of  the  arc  shell  population  in  the  region, 
suggests  that  A.  zebra  is  well  adapted  to  the  high  levels  of  inor- 
ganic particles.  This  may  be  because  of  its  ability  to  markedly 
increase  its  organic  intake  (by  31%)  by  selecting  food  particles,  as 
reported  by  Ward  and  MacDonald  (1996). 

We  show  that  the  annual  pattern  of  reproductive  activity  in  A. 
zebra  is  positively  associated  with  the  temperature  cycle,  with  the 
increased  activity  during  August  to  December,  which  coincides 
with  increased  temperatures  caused  by  stratification  of  the  water 
column.  This  indicates  that  control  of  temperature  will  be  an  im- 
portant in  developing  methods  for  producing  spat  in  a  hatchery.  As 
the  present  rules  controlling  the  arc  shell  fishery  only  limit  har- 
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vesting  during  May  to  August  (Novoa  et  al.  1998).  the  stocks  are 
hcing  harvested  during  the  reproductive  period.  This  strategy 
clearly  provides  greater  tissue  mass  to  the  t'ishei^.  but  it  may  also 
limit  the  production  of  new  individuals.  Surprising,  an  extremely 
high  biomass  of  arc  shells  has  been  taken  from  the  Chacopata  bed 
for  more  than  25  y.  Studies  are  required  lo  provide  insights  into  the 
mechanisms  permitting  this  unusually  high  productivity  and  sus- 
tainahility. 
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ABSTRACT  To  determine  whether  DNA  could  he  isolated  from  tissues  obtained  by  brush-swabbing  the  mantle,  viscera  and  foot, 
mantle-clips  and  swabbed  cells  were  obtained  from  eight  Quadrula  puslulosa  (Lea,  1831).  DNA  yields  from  clips  and  swabbings  were 
447.0  and  975.3  Tig/|xL.  respectively.  Furthermore,  comparisons  of  sequences  from  the  ND-1  mitochondrial  gene  region  showed  a 
100"*  sequence  agreement  of  DNA  from  cells  obtained  by  clips  and  swabs.  To  determine  the  number  of  swabs  needed  to  obtain 
adequate  yields  of  DNA  for  analyses,  the  visceras  and  feet  of  5  Q.  jnt.siiilnsa  each  were  successively  swabbed  2.  4  and  6  times.  DNA 
yields  from  the  2.  4  and  6  swabbed  mussel  groups  were  399.4.  S33.S  and  852.6  ng/fiL.  respectively.  ND-1  sequences  from  the  lowest 
yield  still  provided  846-901  bp  for  the  ND-1  region.  Nevertheless,  to  ensure  adequate  DNA  yield  from  cell  samples  obtained  by 
swabbing,  we  recommend  that  4  swab-strokes  of  the  viscera  and  foot  be  obtained.  The  use  of  integumental  swabbing  for  collection  of 
cells  for  determination  of  genetic  relationships  among  freshwater  mussels  is  noninvasive,  when  compared  with  tissue  collection  by 
mantle-clipping.  Therefore,  its  use  is  recommended  for  freshw  ater  mussels,  especially  state-protected  or  federally  listed  mussel  species. 

KEY  WORDS:     Unionidae.  genetics,  integument,  swabbing,  mantle-clipping 


INTRODUCTION 

The  use  of  niantle-clipping  for  biopsy  has  become  a  common 
technique  for  collection  of  tissues  from  iinionoid  mussels  for  ge- 
netic analyses  (Buhay  et  al.  2002,  Eackles  &  King  2002,  Jones 
et  al.  2004,  Curole  et  al.  2004.  Campbell  et  al.  2005,  Geist  & 
Kuehn  2005,  Grobler  et  al.  2006).  Berg  et  al.  (1995)  observe  no 
significant  differences  in  moilality  rates  in  mantle-biopsied  versus 
nonbiopsied  muckets,  Actinonaias  ligaiiiciiliiui  (Lamarck.  1819) 
and  mapleleafs.  Qiiadnda  qiiaclniUi  (Rafinesque,  1820).  However, 
mantle-clipped  snuffboxes,  EpioMasimi  triqueira  (Rafinesque, 
1820).  showed  a  mortality  rate  of  56.39!-  (/;  =  16)  after  1.5  y  of 
postbiopsy  observation  at  the  Aquatic  Wildlife  Conservation  Cen- 
ter (AWCC)  (Eckert.  N.,  VDGIF,  Marion,  Virginia,  pers.  comm.). 
Although  mortality  of  mantle-clipped  mussels  may  not  be  attrib- 
uted directly  to  tissue  removal,  inspection  of  the  dead  E.  thquetra 
showed  regression  of  the  nacre  and  shell  deformity  in  the  valve 
locations  where  mantle  edges  were  removed  (Fig.  1).  Because 
mantle  biopsy  is  an  invasive  procedure  that  may  induce  mortality, 
its  use  on  federally  endangered  mussel  species  is  a  questionable 
procedure  for  genetic  analyses.  The  goal  of  this  study  was  to 
determine  whether  a  procedure  less  invasive  than  mantle  biopsy  is 
available  for  collection  of  DNA  for  genetic  analyses.  Our  objective 
was  to  determine  whether  viable  DNA  could  be  obtained  by  in- 
tegumental swabbing  from  pimplebacks.  Qiuutnila pustiilosa  (Lea, 
1831 )  and  to  confirm  niDNA  sequence  agreement  among  tissues 
obtained  from  swabbing  and  mantle-clipping  from  the  same  mus- 
sels. 

MATERIALS  AND  METHOD.S 

Tissue  Collection 

Tissues  were  obtained  from  Q.  pustitlosn  at  the  Freshwater 
Mollusc  Conservation  Center,  Virginia  Tech,  Blacksburg,  Virginia 
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(X  =  70.7  mm,  .v  -  ±\\.l).  To  test  the  feasibility  of  isolating 
DNA  by  swabbing  of  the  viscera,  foot  and  mantle,  we  initially 
sampled  both  mantle  clips  and  brush  swabs  from  8  Q.  pustulcisa. 
Clips  (appro.ximately  3x5  mm)  were  taken  from  the  edge  of  the 
mantle  and  stored  in  95%  ethanol.  Cell  satnples  were  taken 
by  using  approximately  8  vigorous  strokes  with  a  bristle  brush 
(CYB-1;  Centra  Systems,  Minneapolis,  Minnesota).  Strokes  cov- 
ered all  structures  within  the  visceral  cavity,  including  the  mantle 
surface,  viscera  and  foot.  Brush  tips  were  stored  in  lyses  buffer. 
Then,  we  determined  ( 1 )  the  amount  of  DNA  that  can  be  obtained 
using  a  bristle  brush,  compared  with  conventional  mantle  clips: 

(2)  whether  ND-1   could  be  amplified  from  the  DNA  and 

(3)  whether  ND-1  sequences  amplified  using  buccal  swabs  was 
identical  to  results  from  mantle  clips. 

Because  excessive  scrubbing  with  bristle  brushes  resulted  in 
some  disruption  of  the  mantle,  we  also  investigated  a  collection 
technique  using  the  viscera  and  foot  only.  Furthermore,  it  would  be 
informative  to  determine  the  minimutn  number  of  integumental 
swabs  required  to  provide  an  adequate  amount  of  mDNA  for  se- 
quence analyses.  For  this  objective,  we  sampled  an  additional  15 
individuals  of  Q.  pustiilosa.  using  6  passes  of  the  brush  on  each  of 
5  individuals,  4  passes  on  another  5,  and  2  passes  on  the  5  remain- 
ing tnussels.  Care  was  taken  to  rotate  the  brush  between  strokes 
and  thus  present  a  clean  surface  for  collection  at  each  stroke.  After 
determining  the  amount  of  DNA  obtained  using  each  number  of 
strokes,  the  ND-s  gene  region  was  sequenced  from  the  least  inva- 
sive technique  (2  strokes)  to  test  the  feasibility  of  using  this  as  a 
source  of  DNA  for  sequencing  reactions. 

DNA  Exiraelioii 

DNA  was  extracted  from  all  samples  using  the  Purgene  DNA 
extraction  kit.  For  extraction  from  brushes,  the  protocol  described 
by  Purgene  was  modified  by  increasing  the  initial  amount  of  lyses 
buffer  used  from  300  jxL  to  450  |jlL.  to  ensure  cotnplete  coverage 
of  brush-bristles  in  a  1.5  niL  Eppendorf  tube.  DNA  was  extracted 
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Figure  1.  Shell  of  Epiohlasma  triquetra  showing  regression  of  nacre  in 
the  location  of  mantle  edge  removal  (arrow),  following  postmantle 
clipping  observation  for  1.5  v. 

from  mantle-clipped  tissue  following  the  standard  Puregene  pro- 
tocol for  solid  tissue. 

Molecular  Analysis 

We  used  the  NADH  dehydrogenase  (ND- 1 )  mitochondrial  gene 
region  to  verify  that  DNA  obtained  from  swabs  was  indeed  mussel 
DNA  and  that  it  was  suitable  for  sequencing  reactions.  Primer 
sequences  and  polymerase  chain  reaction  (PCR)  amplification 
conditions  were  as  reported  by  Buhay  et  al.  (2002)  and  Serb  et  al. 
(2003).  Primer  sequences  were  forward:  5'-TGGCAGAAAAGT- 
GCATCAGATTAAAGC-3';  reverse  5'-CCTGCTTGGAAG- 
GCAAGTGTACT-3'.  PCR  reaction  mixtures  contained  100  ng  of 
genomic  DNA.  Ix  PCR  buffer.  4.0  niM  MgCU.  0.4  mM  dNTPs. 
1 .0  |xM  of  each  piimer  and  1 .5  U  km^WTaq  Gold  DNA  polymer- 
use,  with  ddH,0  added  to  a  total  volume  of  25  |jlL.  The  thermal 
cycler  profile  consisted  of  an  initial  95°C  for  8  min:  followed  by 
35  cycles  of:  94°C  for  40  sec.  50°C  for  60  sec  and  72"C  for  90  sec: 
with  a  final  extension  step  at  72°C  for  2  min;  and  a  final  hold  at 
4°C. 

PCR  products  were  purified  using  a  Qiagen  DNA  Purification 
kit  and  were  sequenced  using  Applied  Biosystems  Big  Dye  v.3.1. 
Reaction  mixtures  consisted  of  30  ng  PCR  product.  5-|xM  primer. 
2  uL  Big  Dye  3.1  (diluted  1:1).  with  ddH,0  added  for  a  fmal 
volume  of  7.5  uL.  The  cycle  reaction  consisted  of  30  cycles,  each 
of  94 '■C  for  30  sec,  50°C  for  15  sec  and  bO^C  for  4  min.  The 
products  were  cleaned  by  centrifuging  through  hydrated  Sephadex 
(Sigma)  in  Millipore  filter  plates,  dried  down  and  resuspended  in 
Hi-Di  Formamide  (Applied  Biosystems).  The  samples  were  dena- 
tured at  95^C  for  5  min.  and  cooled  to  4°C  for  2  min  before  being 
loaded  on  the  Applied  Biosystems  DNA  Analyzer  3730  for  pro- 
cessing. SEQUENCHER  software  (ver.  4.11)  was  used  to  align 
and  edit  sequences  from  stored  GENESCAN  fdes. 

RESULTS 

The  average  DNA  yields  obtained  varied  by  collection  tech- 
nique (Table  1).  The  standardized  collection  method  from  mantle 
clips  yielded  an  average  of  447.0  ng/|jiL.  Eight  vigorous  passes  of 
the  bristle  brush  over  the  viscera  and  mantle  yielded  an  average  of 
975.3  ng/p-L  (with  high  deviations  in  yield),  whereas  swabs  of  the 


viscera  and  foot  yielded  852.6.  833.8  and  399.4  ng/(xL  using  6.  4 
and  2  strokes,  respectively  (and  with  lower  standard  deviations 
compared  with  strokes  involving  the  mantle).  During  DNA  isola- 
tion, the  amount  of  protein  in  mucous-derived  samples  was  very 
high,  and  care  had  to  be  taken  to  ensure  full  precipitation  of  pro- 
teins before  continuing  with  the  isolation  procedure.  It  was  nec- 
essary to  repeat  the  protein  piecipitation  stage  of  the  Pui'gene 
procedure  in  some  instances. 

Sequences  for  the  ND-i  gene  I'egion  obtained  tVoni  (nantle  clips 
and  integunient  swab  samples  from  the  sanie  thiee  individuals 
aligned  with  100*  accuracy  (847-895  basepairs;  Genbank  acces- 
sion numbers  DQ640237  to  DQ640239).  Sequences  of  ND-I  for 
DNA  isolated  after  2  strokes  of  the  bristle  brush  yielded  a  clean 
846-901  bp  for  the  ND-1  region  in  two  random  samples  (Genbank 
accession  numbers  DQ640240  and  DQ640241). 

DISCUSSION 

Comparison  of  our  data  shows  that  swabbing  of  the  foot  and 
viscera  of  Q.  pusuilosu  is  a  reliable  method  for  collection  of  cells 
for  DNA  analyses.  The  DNA  obtained  from  the  swabbing  tech- 
nique was  pure  mussel  DNA;  our  analyses  show  that  it  is  of  high 
quality,  with  100%  sequence  alignment  with  DNA  obtained  from 
mantle  clips  from  the  same  niussel  specimens.  The  DNA  yield 
from  cells  collected  by  swabbing  was  equal  or  greater  than  the 
yield  from  mantle  clips.  Our  data  show  that  2.  4  and  6  swab  passes 
over  the  foot  and  viscera  provided  sufficient  quantities  of  DNA  for 
reliable  analyses.  Because  the  DNA  yield  remains  relatively  con- 
stant with  4  and  6  swabbings  (852.6  and  833.8  ng/p,L).  and  then 
declines  with  2  (399.4  ng/|xL).  we  recommend  that  4  swabs  of  the 
foot  and  integument  be  used  as  a  standard  method  for  collection  of 
cells.  The  number  of  swabs  required  to  provide  sufficient  cell 
samples  for  analyses  may  vary  by  mussel  size  and  species.  We 
recoiiDiiend  that  researchers  use  this  swabbing  protocol  rather  than 
tissue  collection  by  mantle-clipping,  because  it  is  noninvasive  and 
provides  reliable  DNA  for  genetic  analyses.  This  is  especially  true 
for  federally  listed  mussels,  typically  restricted  fi'om  intentional 
sacrifice  in  federal  collection  permits. 

We  observed  a  high  protein  yield  in  the  swabbed  samples  that 
could  possibly  interfere  with  the  results  of  future  DNA  analyses. 
We  hypothesize  that  this  protein  was  included  in  integumental 
mucous  that  was  sampled  inadvertently  with  swabbed  cells.  We 
recommend  special  care  be  exhibited  during  the  protein- 
precipitation  step  of  DNA  isolations  from  swabbed  samples. 

TABLE  1. 

Results  of  DNA  extraction  from  mantle  and  integument  samples. 
It  =  number  of  mussels  tested. 


Cell  Collection 
Technique 

Tissue 
Source 

Number  of 
Swab  Strokes 

n 

Mean  DNA 
Meld  (ng/pl) 

Mantle  clipping 
Integument 

Mantle 
Viscera  and 

8 

S 
8 

447.0  ±  143.3 
975.6  ±  779.5 

swabbing 

mantle 
Viscera  and 

6 

5 

852.6  ±  237.4 

foot 
Viscera  and 

4 

5 

833.8  ±317.0 

foot 
Viscera  and 

2 

5 

399.4  ±  83.5 

foot 
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EFFECT  OF  TEMPERATURE,  SEXUAL  MATURITY  AND  SEX  ON  GROWTH,  FOOD  INTAKE 
AND  GROSS  GROWTH  EFFICIENCY  IN  THE  "PULPITO"  OCTOPUS  TEHUELCHUS 

(D'ORBIGNY,  1834) 
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Chidnit,  Argentina:  'Centra  Nacional  Patugonico.  CONICET.  Boulevard  Brown  s/n,  9120  Puerto 
Madryn.  Chnhut  Argentina 

ABSTRACT  The  et'l'ects  of  temperature  ( IOC  and  l?"C).  sexual  maturity  (immature  and  mature)  and  sex  on  instantaneous  growth 
rates,  daily  feeding  rates  and  gross  growth  efficiency  were  studied  in  the  "Pulpito."  Octopus  tehiwlclius  (d'Orhigny.  1834),  under 
laboratory  conditions.  At  15°C.  immature  octopus  showed  higher  instantaneous  growth  and  daily  feeding  rates  than  individuals 
maintained  at  10°C  [P  <  0.01).  At  IO°C.  immature  individuals  showed  higher  daily  feeding  rates  than  mature  specimens  {P  <  0.01). 
Aside  from  a  lack  of  measurable  growth  observed  in  mature  males,  sex  appears  to  have  had  no  effect  on  either  instantaneous  growth 
or  daily  feeding  rates  in  either  maturity  stage  or  temperature  treatment  {P  >  0.05).  An  alternative  method  to  compare  gross  growth 
efficiencies  (GGE)  among  6  treatments,  based  on  the  relationship  between  growth  and  food  intake,  is  proposed.  Immature  octopuses 
at  10°C  showed  a  higher  GGE  value  than  at  15°C  (P  <  0.05).  Mature  individuals  at  10°C  were  less  efficient  in  using  food  in  growth 
than  immature  ones.  GGE  value  (52%)  found  for  immature  octopus  at  IO°C  is  among  the  highest  reported  in  the  literature.  This  could 
have  important  implications  for  a  possible  rearing  activity  of  this  species.  Mature  males  and  females  at  IO°C  showed  a  lower  GGE 
(35.5'7r)  than  immature  individuals  held  at  IO°C  (GGE  =  529^)  and  15°C  (GGE  =  44%).  Food  intake,  growth  and  food  conversion 
are  linked  processes,  which  in  O.  whiwlchiis  are  influenced  by  temperature  and  sexual  maturity.  In  addition,  whereas  classic  statistical 
tests  failed  to  detect  any  of  these  effects  on  GGE,  the  alternative  method  here  proposed  based  on  the  relationship  of  growth  versus  food 
intake  was  successful. 

KEY  WORDS:     Oi lupus  rduwlcluis.  gross  growth  efficiency,  food  intake,  temperature,  sexual  maturity.  Southwestern  Atlantic 


INTRODUCTION 

The  '"Pulpilo,"  Octopus  tehuelchus  (d'Orbiany,  1834)  has  an 
important  role  in  octopus  artisanal  fishery  in  Argentina.  The  main 
capture  period  takes  place  from  December  to  March-April  with  an 
official  annual  mean  capttire  of  20  tons  (Re  1998  a).  O.  tehuelchus 
is  distributed  from  Porto  Seguro  ( 17"S),  Brazil  to  San  Jorge  Gulf 
(45°S),  Argentina  and  has  an  intertidal  distribution  from  San  Bias 
Bay  (40°S)  to  Rawson  (43''S),  Argentina  (Re.  1998b),  This  species 
has  a  marked  seasonal  growth,  increasing  its  food  intake  activity 
and  growth  rates  as  temperature  increases  and  down  these  rates 
when  tetnperature  decreases  with  means  of  10  ±  1'  C  for  the  colder 
months  and  15  ±  1°C  for  the  warmer  months.  O.  tclnwlchus  has  a 
life-span  of  18  mo  of  duration  with  dorsal  mantle  length  and  body 
weight  of  first  maturation  for  males  and  females  of  38mm- 1 8g  and 
52mm-40g  respectively  (Re.  1989).  Despite  its  economical  impor- 
tance to  rural  communities,  there  is  no  information  about  the  ef- 
fects of  temperature,  sexual  maturity  and  se.\  on  growth,  food 
intake  and  gross  growth  efficiency  under  laboratory  conditions  in 
terms  of  a  possible  complementary  rearing  activity.  Such  basic 
studies  are  necessary  to  understand  the  relationship  between  envi- 
ronment conditions  on  food  intake,  growth  and  life-span  of  a  spe- 
cies in  both  natural  and  laboratory  conditions. 

In  cephalopods.  growth  and  food  intake  are  strongly  dependent 
on  a  suite  of  biotic  and  abiotic  variables.  Water  temperature  and 
ration  levels  are  implicated  as  factors  most  obviously  responsible 
for  variations  in  growth  (Mangold  1983,  For.sythe  &  Toll  1991). 
Final  size  of  male  and  female  cephalopods  may  vary  greatly 
among  individuals  of  the  same  species,  depending  on  factors  such 
as  food  availability  and  quality,  and  temperature  (Van  Heukelem 
1979).  Such  differences  in  the  final  size  typically  become  dramatic 
only  in  mid  to  later  life  with  the  approach  of  sexual  maturity 
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(Forsythe  &  Van  Heukelem  1987).  In  addition,  there  also  appears 
to  be  much  individual  variation  in  growth  rate  and  final  size  even 
within  groups  or  siblings  reared  under  identical  conditions  (Sem- 
mens  et  al.  2004). 

The  cephalopod  literature  contains  few  studies  reporting  rela- 
tionships between  growth  and  finid  intake.  In  octopus,  the  func- 
tional relationship  between  growth  and  food  intake  appear  to  be 
linear  above  maintenance  requirement  (Van  Heukelem  1976.  Joll 
1977).  and  it  depends  mainly  on  the  organism's  efficiency  at  con- 
verting food  into  tissue  growth  and  on  physiological  constraints. 
This  relationship  has  been  studied  in  laboratory  conditions  for  only 
three  tropical-subtropical  species.  Octopus  maya  (Voss/Solis 
Ramirez  1966),  O.  cyanea  (Gray,  1849)  (Van  Heukelem  1976)  and 
O.  tctricus  (Gould.  1852)  (Joll  1977);  no  information  is  available 
for  temperate  species. 

For  many  purposes,  one  of  the  most  useful  energetic  measures 
is  the  gross  growth  efficiency  (GGE),  which  expresses  the  amount 
of  food  intake  required  to  fuel  a  unit  amount  of  growth.  It  should 
be  recognized,  however,  that  any  value  calculated  for  GGE  will 
vary  with  circumstances  (temperature,  locomotor  activity,  and 
similar)  and  is  also  dependent  on  food  intake  itself  (specific  dy- 
namic action,  maintenance  ration)  (Wells  &  Clarke  1996).  The 
simplest  way  to  resolve  this  discrepancy  is  to  compare  the  growth 
of  animals  at  different  ration  levels  and  estimate  the  maintenance 
ration  in  terms  of  the  weight  of  food  is  required  to  maintain  a 
stable  weight  (O'Dor  &  Wells  1987).  With  this  information  we 
would  be  able  to  calculate  the  partial  growth  efficiency  (PGE), 
which  is  the  efficiency  of  the  organism  at  converting  food  into 
growth,  after  the  maintenance  requirements  have  been  satisfied 
(Kleiber  1961 ).  In  young  stages  of  cephalopods  very  high  relative 
growth  rales  may  be  achieved  and  although  feeding  rates  increase 
with  temperature,  there  is  no  empirical  evidence  that  GGE  change 
detectably  with  temperature  (Mangold  &  Boletzky  1973.  Van  Heu- 
kelem 1987).  Aizuado  Gimenez  and  Garcia  Garcia  (2002)  bv  mean 
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of  a  multiple  regression  analysis  observed  in  O.  vulgaris  (Cuvier 
1797)  a  temperature  dependence  of  GGE.  Considering  that  GGE  is 
a  ratio  of  two  variables  (growth/food  intake);  are  the  classics  sta- 
tistics tests  adequate  to  detect  such  differences  between  two  or 
more  GGE  samples  measured  on  two  or  more  conditions'?  More- 
over, could  the  great  iiidi\  idual  variability  reported  in  cephalopods 
reduce  the  probability  to  detect  differences  between  GGE  under 
different  conditions? 

The  aims  of  this  work  are  to  study  the  effect  of  temperature, 
sexual  maturity  and  sex  on  the  growth,  food  intake  and  gross 
growth  efficiency  of  the  octopus.  Octopus  lehuekhus,  under  labo- 
ratory conditions.  Specifically,  we  wanted  to  investigate  the  effec- 
tiveness of  the  relationship  between  growth  and  food  intake  as  an 
alternative  method  to  identify  the  response  of  gross  growth  effi- 
ciency to  temperature,  sexual  maturity  and  sex.  Finally,  to  compare 
the  results  of  this  alternative  method  with  those  obtained  using  the 
classics  statistics  test. 

MATERIALS  AND  METHODS 

Experimenlal  Conditions 

Octopuses  were  collected  from  tidepools  in  the  intertidal  zone 
of  Puerto  Lobos  (42°S,  46°06'W,  San  Mati'as  gulf,  Argentina). 
Immature  specimens  were  collected  in  November  (late  spring) 
2001  and  mature  specimens  were  collected  in  March  (early  au- 
tumn) 2001.  In  the  laboratory,  octopuses  were  acclimatized  in 
glass  aquaria  for  14  days.  Octopuses  were  classified  as  immature 
when  their  body  weights  were  lower  than  1 S  g  for  males  and  lower 
than  34  g  for  females.  For  each  grotip  of  immature  and  mature 
individuals,  4  experimental  conditions  were  established:  ( 1 )  males 
and  (2)  females  at  a  10°C  water  temperature,  (3)  males  and  (4) 
females  at  a  I5°C  temperature.  Every  10  days,  food  intake  and 
growth  were  measured  over  a  period  of  50  days  for  mature  octo- 
puses and  30  days  for  immature  ones.  Note  the  high  mortality  and 
escapement  resulted  in  two  entire  missing  treatments  (i.e.,  mature 
males  and  females  held  at  I5°C).  Therefore,  6  treatments  were 
used  instead  of  the  8  originally  proposed.  For  each  of  the  6  treat- 
ments, 5  isolated  octopuses  per  aquaria  were  used.  Before  the  end 
of  the  immature  period  an  unbalanced  design  was  the  result  of  2 
immature  males  dead  kept  at  15^'C.  Because  of  this  set  back,  only 
1 1  records  of  food  intake  and  growth  were  available  to  compare 
with  the  other  5  treatments.  In  consequence,  to  perform  the  statistic 
tests  that  require  a  balanced  design,  1  1  measurements  pairs  food 
intake-growth  were  randomly  chosen  from  each  of  the  others  5 
treatments. 

Over  the  whole  trial  the  light  regimen  was  of  8  h  light  and  16 
h  darkness,  and  octopuses  were  fed  daily  on  a  monospecific  diet 
with  live  crab  (Cyrtograpsus  altiiiuuius).  which  has  a  good  accept- 
ability in  laboratory  conditions  (Re  &  Goinez  Simes  1992).  Each 
octopus  was  fed  with  one  crab,  which  was  chosen  randomly  with 
a  minimum  of  3%  and  a  maxitiium  of  17%  of  octopus's  body 
weight.  The  effective  percentage  offered  to  each  octopus  was  de- 
fined as  a  daily  ration  for  that  day.  Any  predated  crabs  were 
replaced  with  crabs  of  known  wet  weight.  The  weights  of  live 
crabs  remaining  and  the  unconsumed  remains  of  predated  crabs 
were  recorded  to  establish  the  weight  of  tissue  ingested. 

Food  Intake 

The  amount  of  food  intake  by  each  octopus  at  intervals  of  10 
days  was  calculated  for  immature  and  mature  individuals  over 


periods  of  30  and  30  days  respectively.  The  indi\  idual  daily  feed- 
ing rates  were  calculated  following  Choe  (1966): 

DFR  =  FI/(t*W)*  100 

where  FI  is  the  total  food  intake  (in  grams)  over  time  period  (r  = 
10  days);  W  is  the  average  of  the  weight  measured  at  the  beginning 
and  end  of  each  10-day  period.  ANOVA  was  used  to  compare 
DFR  between  treatments.  Because  the  two  missing  treatments  (i.e., 
mature  males  and  females  held  at  15°C)  two  analysis  of  variance 
tests  were  performed  to  evaluate  the  effects  of  temperature  and  sex 
on  DFR  in  immature  individuals  and  the  effects  of  sexual  maturity 
and  sex  on  DFR  in  individuals  kept  at  10°C.  In  all  cases  the 
number  of  observations  was  1 1  per  treatment. 

Growth  Measurements 

To  monitor  individual  change  in  wet  weight,  all  specimens 
were  weighed  at  intervals  of  10  days  throughout  the  trial.  Speci- 
mens were  remoxed  from  their  aquaria  and  weighed  in  a  plastic 
beaker  on  a  digital  balance  (Mettler,  model  PC  440)  to  the  nearest 
centigram.  The  octopuses  were  not  anaesthetized,  and  the  period  of 
handling  during  weighing  was  kept  brief  to  minimize  .stress  to  the 
animal.  Least-squares  linear  regression  was  used  to  calculate  in- 
stantaneous growth  rates  (G),  expressed  as  the  percent  increase  in 
body  mass  per  day  (Forsythe  &  Van  Heukelem  1987).  G  values 
were  compared  among  treatments  by  a  parallelism  test  (Zar  1996). 

Growth  Versus  Food  Intake 

Growth  and  food  intake  (as  a  percentage  of  body  weight)  were 
calculated  al  It)  days  intervals  to  study  the  relationship  between 
growth  and  food  intake  under  the  experimental  conditions.  For 
each  octopus,  these  \'alues  were  calculated  as  follows: 

FI(%)  =  (FI/BW,)*  100, 

where  SW,  is  the  octopus  wet  weight  (in  grams)  at  the  beginning 
of  each  time  interval,  and: 


ABW(%)  =  (AWB/BW, 


100, 


where  IBW  is  the  difference  between  the  weight  at  the  beginning 
and  end  of  each  time  period  (i  =   10  days). 

Following  Van  Heukelem  (1976)  and  Joll  (1977),  the  relation- 
ship between  ABW(%)  versus  F/(%)  was  investigated  using  the 
linear  model: 


ABW(%)  =  b*FI(%)-i-a 


(1) 


where  I)  is  the  slope  and  a  is  the  intercept,  which  estimates  the 
weight  lost  at  starvation  condition  (i.e.,  when  food  intake  is  equal 
to  zero).  Note  that  c/,  will  always  be  negative  because  this  is  an 
estimate  of  the  weight  lost  at  starvation  condition.  The  slopes  and 
intercepts  were  compared  among  treatments  using  parallelism  and 
ANCOVA  tests  (Zar  1996)  respectively. 

For  each  treatment,  the  maintenance  level  (ML)  was  calculated 
from  Eq.  1  (as  a  percentage  of  body  weight)  as: 

ML(%)  =  -a/b  (2) 

This  follows  the  recommendation  of  Wells  and  Clarke  (1996). 
From  MLC/f )  definition,  Eq.  { 1 )  can  be  rewritten  using  ML(%)  as 
a  new  parameter  in  the  function: 

ABW(%)  =  b  *  [FI(%)  -  ML(%)] 

Following  the  definition  of  Kleiber  (1961 ),  />  is  the  partial  growth 
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efficiency  (PGE)  of  conversion  of  the  loot!  rcnuiining  after  the 
maintenance  rei|inrenients  have  been  satisfied,  then: 

PGE  =  ABW(%)/[FI(%)  -  ML(%)] 
Gross  Growth  Efficiency 

The  gross  growth  efficiency  (GGE)  was  calculated  following 
Choe  (1966): 


GGE  =  [ABW/F1]*  100 


(4) 


where  ABIV  is  the  change  in  wet  weight  (in  grains)  and  /•'/  is  the 
food  intake  (in  grams)  over  each  period  of  10  days.  The  variance 
of  GGE  estimates  were  obtained  using  the  delta  method  (Seber 
1982).  to  include  the  variability  caused  by  IBW  and  Fl  estimation. 
Using  the  relationship  between  ABWC/r)  and  F/(%),  an  alter- 
native criterion  can  be  defined  that  could  allow  comparing  gross 
growth  efficiencies  calculated  under  two  or  more  treatments.  Let 
r,  and  r,  be  two  treatments  under  the  relationship  between  food 
intake  and  growth  is  estimated,  then  from  Eq.(  I ): 


ABW(%),=b,   *FI(%),-a 
=  b,  *n{%), -a. 


and     ABW-,(%) 


If  b,  =  b.  then,  for  an  equal  food  intake  value  of  F/(%)  the  change 
in  wet  weight  ABWC/f )  values  under  treatments  7",  and  T^  will 
depend  on  intercepts  k,  and  a^  because: 
If 


-a,  >  -a. 


then.     ABW(%),  >  ABW(%). 


therefore: 


GGE,  =[ABW(%),/FI(%)]  *  100  >  GGE, 
=  [ABW(7f),/FI(%)]*  100 

Thus,  a  difference  between  o,  and  a.  will  indicate  a  difference 
between  gross  growth  efficiencies  calculated  under  treatments  7, 
and  r,.  The  gross  growth  efficiencies  were  compared  among  treat- 
ments by  means  of  the  criterion  established  earlier.  The  results 
obtained  with  this  alternative  method,  were  compared  with  those 
obtained  using  the  classical  statistical  approach:  (a)  a  direct  com- 
parison between  intervals  of  confidence  at  95%  of  GGE  for  im- 
mature octopuses  kept  at  10°C  and  15°C,  and  (b)  a  t'Welch  ap- 
proximation test  for  disparate  variances  to  compare  GGE  of  im- 
mature and  mature  octopuses  kept  at  lOT. 

Because  a  marked  difference  exits  between  the  process  of  gain 
and  loss  weight,  only  positive  values  were  used  to  investigate  the 
effects  of  temperature,  sex  and  sexual  maturity  on  GGE.  In  fact, 
the  effect  of  temperature,  sex  and  sexual  maturity  on  weight  loss 
will  be  studied  using  the  ANCOVA  analysis. 

RESULTS 

Food  Intake 

Means  of  daily  feeding  rates  (DFR)  obtained  for  males  and 
females,  temperature  levels  and  sexual  maturity  stages  are  shown 
in  Table  I.  Immature  octopus  of  both  sexes  showed  significantly 
higher  DFR  when  held  at  a  higher  temperature  value  (15°C)  than 
those  held  at  a  lower  temperature  value  (10°C)  (P  =  0.0001), 
whereas  no  effect  of  sex  was  found  (P  =  0. 1 30 1 )  on  DFR.  Mature 
individuals  at  10°C  had  a  significantly  lower  daily  feeding  rate 
than  immature  octopuses  held  at  the  same  temperature  (P  = 
0.0.^12).  There  was  no  sex-based  difference  between  DFR  of  ma- 


TABLE  1. 

Daily  feeding  rate  mean  values  obtained  for  mature  Octopus 

tehuelchus  held  at  IOC  and  immature  specimens  held  at  10  C 

and  15  C. 


Temperature 

It) 

Immature 

Mature 

Both 

Both 

Mules 

Fcniiiles 

sexes 

Males       Females 

sexes 

10 

1.42 

1.46 

1,44 

0.93            1 .25 

1 .09 

IS 

i.yft 

2.47 

2.21 

—              — 

1 0  and  1 5 

1.69 

1.96 

I.S2* 

For  all  treatments  N   =    1 1. 

{'-)  =  Overall  mean;  ( — )  =  No  value  is  presented  because  of  both  scaping 

and  high  mortality  in  these  treatments. 

ture  and  immature  animals  of  the  same  maturation  stages  when 
kept  at  10"C  (P  =  0.2437). 

Growth 

By  means  of  adjusted  R  square  criterion,  for  both  immature 
individuals  and  mature  females,  the  best  fit  to  the  observed  growth 
over  time  was  an  exponential  curve,  whereas  mature  males  showed 
a  linear  growth  as  a  best  fit  (Fig.  1).  The  slopes  of  the  regressions 
for  all  treatments  were  positive.  When  each  slope,  as  the  instan- 
taneous growth  rate  (G),  was  tested  for  significance  of  difference 
from  zero,  the  slopes  for  immature  individuals  under  10°C  and 
15°C,  and  mature  females  held  at  10°C.  were  all  significantly 
different  from  zero  (P  <  0.05),  whereas  the  slope  for  mature  males 
was  not  (P  =  0.7780).  Immature  octopuses  held  at  15°C  grew 
faster  than  those  at  10°C  (P  =  0.0061 ).  No  differences  were  found 
between  G  values  of  immature  individuals  at  10°C  and  mature 
females  kept  at  the  same  temperature  (P  =  0.1561).  The  values  of 
instantaneous  growth  rates  for  immature  individuals  at  10°C  and 
15°C  and  mature  octopuses  at  10°C  are  showed  in  Table  2. 

Growth  Versus  Food  Intake 

For  all  treatments  the  best  fit  for  the  relationship  between 
growth  and  food  intake  was  linear  (Fig.  2  and  Fig.  3)  and  Table  3. 
The  slope  b,  as  the  partial  growth  efficiency  (PGE)  for  each  ex- 
perimental condition  was  positive  and  significantly  different  from 
zero  (Table  3).  Parallelism  tests  indicated  no  difference  between 
PGE  of  immature  octopuses  at  10°C  and  15°C  (P  =  0.5972).  For 
mature  individuals,  the  parallelism  test  showed  no  difference  be- 
tween PGE  of  males  and  females  kept  at  IO°C  (P  =  0.7618). 

These  results  indicate  that  when  inaintenance  requirements 
were  satisfied,  an  equal  portion  from  food  remaining  was  invested 
in  growth  by  immature  octopus  at  IOC  and  15°C.  The  same 
situation  was  observed  between  mature  males  and  females  kept  at 
10"C.  For  immatuie  individuals,  weight  lost  (WL)  as  the  percent- 
age of  body  weight  for  an  interval  of  10  days  was  significantly 
higher  in  octopus  kept  at  15°C  than  those  at  10°C  (P  =  0.0352). 
No  difference  was  found  between  WL  for  males  and  females  at 
mature  stage  kept  at  10°C  (P  =  0.3075).  The  maintenance  level 
(ML)  in  immature  octopuses  at  I5°C  was  greater  than  those  at 
IOC  and  no  effect  of  sex  was  observed  on  ML.  There  was  no 
difference  between  ML  of  males  and  females  at  mature  stage  kept 
at  IO°C.  Results  of  simple  regression  analyses  are  showed  in  Ta- 
ble 3. 
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Hgure  I.  Mean  body  weisht  in  =  5|  of  O.  lehiielchus  in  grams  for  each  treatment  versus  time  in  days.  Both  dash  and  solid  lines  represent  the 
estimated  curve  for  each  treatment. 


Gross  Growth  Efficiency 


ingested  tocid  in  growth,  whereas  52%  of  ingested  food  was  in- 
vested in  growth  at  l()°C.  When  negative  growth  data  were  ex- 
Gross  growth  efficiency  (GGE)  mean  vakies  indicated  that  ini-      chided  from  the  analysis.  GGE  mean  value  for  mature  individuals 
mature  octopuses  of  both  sexes  at  l.'>°C  invested  44%  from  total      of  both  sexes  kept  at   lO'C  was  .^5.5%  of  total  food  intake.  A 
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TABLK  2. 

Instantaneous  growth  rates  (Cl  estimated  lor  mature  O.  teliuekhiis 
held  at  10°C  and  unniature  spechiiens  held  at  IO°C  and  15°C. 

Temperature 

(°C)  Immature  Mature 


10  and 


Males  Females 

0.7S  0.53 

1.05  I.2.S 

0.97  0.S9 


Bolh 
se.\os 
0,(i7 
1.19 
0.93* 


Males 
0.05 


Both 

Females      sexes 
0.60  0.32 


(*)  =  Overall  mean;  ( — )  =  No  value  is  presented  because  of  both  scaping 
and  high  mortality  in  the.se  treatments. 

significant  indiviciual  variation  in  GGE  was  observed  for  all  ana- 
lyzed treatments  (Table  4).  No  difference  between  the  variance  oi 
GGE  for  inimatiire  individuals  at  10°C  and  15*T  was  found  (P  > 
0.05).  However.  GGE  variance  of  mature  octopuses  kept  at  lO'T 
was  significantly  different  from  that  of  imniatuie  individuals  cal- 
culated inider  the  same  temperature  treatment  (P  <  O.OIIl  i. 
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Figure  2.  Crowth  |AB\V(  '^k  ||  \ersus  food  intake  |H(  '7c  )|  as  a  percentages 
of  l)o(l\  weight  measured  each  10  days  over  3(1  days  period  in  males 
(#,  solid  line)  and  females  (C  dash  line)  immature  of  O.  leliiielclms  held 
at  lO'C  (A)  and  15  C  (B).  Pooled  data  for  immature  octopuses  by  tem- 
perature levels  at  15  C  |X.  dash  line)  and  10  C  (A.  solid  line)  (C). 
Dash  and  solid  lines  represents  the  estimated  curve  for  each  treatment. 
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Figure  3.  Growth  | ABW(  % )]  versus  food  intake  [FIl % )]  as  a  percent- 
ages of  bod)  weight  measured  each  1(1  days  over  50  days  period  in  both 
males  (•)  and  females  (T)  mature  of  O.  leluwlchus  held  at  Id  C  (,\  and 
B).  Pooled  data  of  males  and  females  held  at  IOC  (C).  Dash  and  solid 
lines  represents  the  estimated  curve  for  each  treatment. 

Comparison  of  GGE  by  Classical  Statistical  Methods 

For  itiDtiature  octopus  kept  at  IOC  and  15  "C.  direct  compari- 
son between  confidence  intervals  at  959^  indicated  no  significant 
difference  in  GGE  mean  values  at  different  temperatures  (Fig.  4). 
The  t'Welch  approximation  test  for  disparate  variances  showed  no 
differences  in  GGE  mean  values  between  imtiiature  and  mature 
individuals  kept  both  at  10"C  (P  =  0.0939). 

CoiniHirison  of  GGE  Based  on  Growth  Versus  Eood 
Intake  Relationship 

These  are  the  results  obtained  using  the  relationship  between 
growth  and  food  intake  as  an  alternative  method  to  investigate 
differences  in  GGE  under  different  treatment.  From  intercepts 
analysis  (ANCOVA)  for  immature  octopuses  kept  at  10°C  and 
15°C.  difference  between  intercepts  of  two  temperature  levels  was 
found  (P  =  0.0326).  whereas  no  significant  effect  of  sex  was 
observed  (P  =  0.3695).  These  results  allow  inferring  in  the  first 
place  that  immature  individuals  at  10"C  showed  a  higher  GGE 
than  those  at  15°C.  Secondly,  under  a  fixed  temperature  males  and 
females  invested  in  growth  the  same  portion  of  ingested  food.  For 
mature  octopuses  kept  at  10°C,  either  males  or  females  invest  in 
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TABLE  3. 

Results  of  regression  analyses  for  the  relationship  hetween  growth 

and  food  intake  for  each  treatment  (*)  and  pooled  data  by  sex  and 

temperature  {**)  in  O.  tehiielchus. 


Treatments 


b 
(PGEI 


a 
(\VL 


a/b 


ANOVA 

(significance 


Immature 

M  at  IO°C  (*) 

0.65 

1.28 

F  at  10°C  (*) 

0.79 

6.13 

M  and  Fat  inx 

(**) 

0.75 

4.2S 

M  at  15°C  (*) 

0.76 

7.11 

F  at  15°C  (*) 

1.05 

14.70 

M  and  Fat  15°C 

(**) 

0.88 

9.79 

Mature 

M  at  lO'C  (*) 

0.56 

4.35 

Fat  10°C  (*) 

0.60 

4.43 

M  and  F  al  IDC 

(**) 


0.59 


1.95  14  0.788  /><  (1.0001 

7.74  17  0.436  P<0.05 

5.7  31  0.513  /><  0.0001 

9.23  11  0.687  f<0.01 

14.01  12  0.650  P<0.0\ 

11.13  23  0.668  P<0.01 

7.80  26  0.377  /><  0.001 

7.42  14  0.755  /'<0.(W01 


4.55       7.67     40     0.615       P<  0.0001 


(M)  =  males;  (F)  =  females;  (PGE)  = 
weight  lost  and  (ML)  =  maintenance 
weight)  per  10  days. 


partial  growth  el'ticiency;  (WL)  = 
level  (as  the  percentage.s  of  body 


growth-equivalent  portions  of  food  intake.  From  the  intercept 
analysis  a  significant  difference  was  detected  between  GGE  of 
mature  and  immature  octopuses  kept  at  IO°C  (P  =  0.0020).  This 
result  indicates  that  at  10°C  immature  specimens  were  more  ef- 
fective in  converting  food  in  body  growth  than  mature  ones. 

DISCUSSION 

This  study  reported  the  effects  of  temperature,  sexual  maturity 
and  sex  on  growth  and  food  intake  under  laboratory  conditions  in 
the  "Pulpito"  Octopus  tehiielchus.  In  addition,  an  alternative 
method  to  investigate  the  influence  of  different  treatments  on  gross 
growth  efficiency  was  developed. 

Within  the  normal  range  temperature  adaptation  of  a  cephalo- 
pod  species,  higher  temperatures  lead  to  greater  food  intake,  with 
exceptions  such  as  sepiolids  (v  Boletzky  1975).  In  addition,  if  food 
is  not  limiting,  temperature  is  a  key  factor  influencing  cephalopod 
growth  rates,  particularly  during  the  early  growth  phase  (Forsythe 

TABLE  4. 

Descriptive  statistics  for  gross  growth  efficiency  from  immature 

males  and  females  of  O.  lehiiekliiis  held  at  1(1  C  and  15  C  and 

mature  octopus  held  al  IOC. 


Var 

Treatments 

GGE 

(DM) 

CI  at  95% 

Min. 

Max. 

n 

Immature 

M  and  Fat  10°C 

52 

5 1 .20 

32.78-71.74 

1 1 .02 

81.73 

3! 

M  and  Fat  15  C 

44 

50.53 

22.20-65.90 

9.52 

76.88 

T"^ 

Mature 

M  and  Fat  lO'C 

35.5 

13.53 

29.12-41.12 

9.09 

88.49 

1~} 

(*);  negative  growth  data  were  excluded  from  calculation. 
(M)  =  males;  (F)  =  females;  (GGE)  =  gross  growth  efficiency;  (Var 
(DM))   =   Estimated  variance  by  mean  of  Delta  Method;  (CI)   =   confi- 
dence interval;  (Min.)  =  minimum  \alue;  (Max.)  =  maximum  value. 
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Figure  4.  Gross  growth  efficiency  (tJCJE)  for  inmiature  ().  lehuelchus 
held  at  IOC  and  15  C.  \ertical  bars  show  the  confidence  interval  at 
95%. 

1993).  In  this  study,  immature  specimens  of  O.  tehuelcluis  dis- 
played higher  daily  feeding  and  instantaneous  growth  rates  at  15°C 
than  IO°C.  These  results  are  in  accordance  with  previous  experi- 
mental cephalopod  studies  (e.g..  O.  hriareus:  Robson  1929.  Borer 
1971.  O.  vulgaris:  Mangold  &  Boletzky  1973  and  Aguado  & 
Garcia  2002.  Elcdone  moschata:  Lamaick  1 798.  Mangold  & 
Boucher-Rodoni  1973.  O.  letricus:  Joll  1977,  O.  ocellatus  Gray 
1849.  Segawa  &  Nomoto  2002. 

A  gradual  daily  feeding  rate  reduction  appears  to  be  the  general 
rule  for  an  octopus  nearing  sexual  maturity  (Borer  1971.  Van 
Heukelem  1976.  Wodinsky  1978).  This  is  in  agreement  with  the 
present  findings  for  O.  tehuelcluis,  where  mature  males  and  fe- 
males showed  lower  daily  feeding  rates  than  immature  specimens 
kept  at  the  same  temperature. 

In  iivimature  specimens  of  O.  tehuelcluis  the  sex  appears  to 
have  had  no  effect  on  feeding  and  growth  rates;  in  neither  10°C  nor 
15°C  temperature  water.  Mature  males  kept  at  IO°C  showed  a  G 
value  equal  to  zero  whereas  mature  females  showed  a  significant 
positive  G  value.  This  finding  implies  that  in  mature  octopuses  sex 
would  has  an  effect  on  growth.  Re  ( 1989)  found  that  in  natural 
conditions,  O.  tehiielchus  males  reach  sexual  maturity  three 
months  earlier  than  females.  Therefore,  by  the  time  those  speci- 
mens were  collected,  males  were  already  into  an  advanced  sexual 
maturity  state  than  females,  who  still  were  in  their  sexual  matu- 
ration process.  Moreover,  although  mature  males  and  females 
showed  no  differences  between  daily  feeding  rates,  only  females 
had  measurable  positive  growth.  Likely,  the  lack  of  measurable 
growth  in  mature  males  of  O.  tehiielchus  could  be  because  of  an 
effect  of  advanced  age  on  growth  process,  which  would  allow  a 
normal  feeding  activity  with  either  low  or  none  growth-tissue  pro- 
duction. Similar  results  have  been  reported  by  Cortez  et  al.  ( 1995) 
for  O.  inimus  (Gould.  1852)  collected  from  the  Pacific  waters  of 
Chile. 

For  the  present  work,  no  statistically  significant,  sex-based  dif- 
ferences were  found  among  immature  animals  in  terms  of  instan- 
taneous growth  rates  or  daily  feeding  rates.  However,  a  slight 
tendency  of  instantaneous  growth  rates  was  obseived  to  show 
slightly  higher  values  in  males  at  IO°C  but  higher  in  females  at 
I5°C.  Similarly,  Forsythe  and  Hanlon  (1988)  observed  higher 
growth  in  O.  bimaculoides  (Pickford/McConnaughey.  1949)  males 
at  I8'C  but  higher  in  females  at  23"C.  Considering  that  males  of 
O.  tehuelcluis  reach  the  sexual  maturity  approximately  3  mo  earlier 
than  females,  this  tendency  in  data  could  indicate  an  interaction 
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between  sex  and  temperature  on  instantaneous  growth  rates  and 
daily  feeding  rates  for  immature  specimens.  Thus,  in  colder  peri- 
ods, immature  males  should  show  significantly  higher  daily  feed- 
ing rates,  instantaneous  growth  rates  and  gross  growth  efficiencies 
than  females. 

For  all  treatments  performed  in  the  present  study,  the  relation- 
ship between  growth  and  food  intake  was  linear.  Estimated  values 
of  body  weight  lost  and  maintenance  level  in  immature  octopuses 
at  I5°C  were  higher  than  those  at  10°C.  In  mature  individuals  kept 
at  10°C  these  values  showed  no  differences  between  sexes.  Im- 
mature individuals  showed  constant  partial  growth  efficiency  over 
sexes  and  temperature  treatments.  Because  of  the  difference,  ex- 
perimental and  biological  conditions  (e.g.,  temperature  level  and 
body  weight)  and  comparisons  among  species  become  an  arduous 
task.  For  individuals  of  O.  tetriciis  kept  at  a  mean  of  2()''C.  a 
graphic  estimation  from  the  linear  relationship  between  growth 
and  food  intake  a  maintenance  level  of  1%  BW  day"'  and  a  daily 
body  weight  lost  of  0.7%  were  obtained.  The  \alue  of  partial 
grovMh  efficiency  was  estimated  as  82.8%  after  the  maintenance 
requirements  have  been  satisfied  (Joll  1977).  For  O.  cyanea  and  O. 
imiYd  reared  at  2.'i"C.  the  best  fit  to  explain  the  relationship  be- 
tween growth  and  food  intake  was  linear  (Van  Heukelem  1976, 
1987).  For  both  species  the  least  square  method  indicated  a  main- 
tenance level  of  1.8%  BW  day"'  and  a  body  weight  lost  of  1.01% 
BW  per  day  with  a  partial  growth  efficiency  of  70%  (Van  Heu- 
kelem 1976.  1987).  From  present  data  and  literature  cited,  an 
increase  in  temperature  yielded  higher  maintenance  level  and  daily 
body  weight  lost,  whereas  the  linear  form  of  the  relationship  be- 
tween growth  and  food  intake  remained  unalterable. 

Gross  growth  efficiency  (GGE)  estimated  for  immature  O.  te- 
huelchus held  at  I0°C  (GGE  =  52%)  are  among  the  highest  re- 
ported in  the  literature.  Nixon  (1966)  observed  a  GGE  value  of 
46%  for  O.  vuli^aris.  Research  on  O.  iiiaya  and  O.  cyanea  held  at 
25°C  produced  GGE  means  values  of  .^9.5%  and  38.3%  respec- 
tively, although  for  the  estimated  values  of  GGE  mature  octopuses 
data  were  not  included  (Van  Heukelem  1976).  Joll  (1977)  found 
that  O.  U'tricus  kept  between  16.5°C  and  24.2°C  possess  a  GGE 
mean  value  of  46.8%.  A  lower  GGE  value  of  37%  was  found  for 
Eledonc  nwschala  held  at  15°C  (Mangold  1987).  Daly  and  Peck 
(2000),  recorded  for  three  individuals  of  the  Antarctic  octopus 
Pareledone  charcoti  (Joubin,  1905)  at  0°C  under  laboratory  con- 
ditions a  GGE  mean  value  of  32%. 

Gross  growth  efficiency  declines  when  old  males  and  maturing 
females  of  O.  maya  and  O.  cyanea  decrease  food  intake  (Van 
Heukelem  1976),  Moreover,  0"Dor  and  Wells  (1978)  pointed  out 
that  sexual  maturation  in  females  involves  different  needs  for  nu- 
trients and  energy,  because  females  have  higher  reproductive  costs 


for  egg  formation.  When  the  t'Welch  approximation  test  for  dis- 
parate variances  was  used  to  compare  GGE  means  between  mature 
and  immature  specimens  kept  at  10°C.  no  significant  difference 
was  detected.  Contrariwi.se,  the  alternative  method  based  on  the 
comparison  between  intercepts  was  able  to  detect  a  significant 
difference  between  GGE  of  immature  and  mature  octopuses. 
Agreeing  to  Wells  et  al.  (1983)  and  O'Dor  et  al.  (1983)  findings 
for  O.  vulgaris,  O.  tehuelchus  showed  in  growth  and  food  intake  a 
high  individual  variability.  Likely,  this  variation  in  GGE,  which 
produces  great  variance  value,  can  explain  why  t'Welch  approxi- 
mation test  failed  to  detect  differences  between  GGE.  Further- 
more, the  low  daily  feeding  rate  and  high  maintenance  level  ob- 
served in  mature  specimens  of  O.  tehuelchus  could  yield  a  lower 
GGE  than  immature  octopuses  kept  at  IO°C. 

The  confidence  intervals  at  95%  comparison  indicated  no  dif- 
ference between  GGE  of  immature  specimens  kept  at  10°C  and 
15°C.  Contrariwise,  the  alternative  method  based  on  the  compari- 
son between  intercepts  indicated  that  immature  specimens  held  at 
a  lO'C  showed  higher  GGE  than  individuals  kept  at  I5°C. 
Mangold  and  v  Boletzky  ( 1 973 )  for  individuals  of  O.  vulgaris  feed 
acl  libitum  and  held  at  10°C,  I5°C  and  20°C  recorded  gross  growth 
efficiencies  mean  values  of  56%,  55%  and  48%  respectively.  De- 
spite this,  no  statistics  differences  in  GGE  of  O.  vulgaris  between 
temperature  levels  were  reported.  As  it  was  observed  in  O.  tehu- 
elchus. O.  vulgaris  showed  the  highest  GGE  value  at  the  lowest 
temperature  treatment.  Aguado  Gimenez  and  Garcia  Garcia  (2002) 
by  mean  of  a  multiple  regression  analysis  observed  in  O.  vulgaris 
that  GGE  increased  from  I3°C  to  an  optimal  temperature  value  at 
16.5'-'C.  after  this  point  GGE  decreased  to  zero  at  23°C.  As  it  was 
observed  in  O.  tehuelchus  and  O.  vulgaris,  for  the  normal  range  of 
temperature  for  a  species,  gross  growth  efficiency  is  affected  by 
temperature.  In  addition,  in  O.  tehuelchus  the  sexual  maturity  has 
an  effect  on  GGE.  The  results  obtained  in  this  work  indicate  that, 
whereas  classic  statistical  tests  failed  to  detect  the  effects  of  tem- 
perature and  sexual  maturity  on  GGE,  the  alternative  method  based 
on  the  growth  versus  food  intake  relationship  was  able  to  do  it.  The 
information  obtained  about  the  effect  of  temperature  and  sexual 
maturity  on  growth,  food  intake  and  gross  growth  efficiency  of  O. 
tehuelchus  under  laboratory  conditions  could  be  used  to  develop 
potential  rearing  techniques. 
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ABSTRACT  The  subcellular  fraetionutioii  of  the  digestive  gland  cells  ot  the  common  cuttlefish  Se/Jici  offhiiuilis  was  peiformed  to 
investigate  the  distribution  of  metals  between  organelles  and  cytosol  and  the  different  cytosolic  fractions  separated  by  gel-filtration 
chromatography.  Total  metal  concentrations  vary  over  3  orders  of  magnitude,  ranging  from  dwt  for  Pb  to  dwt  for  Zn.  With  the 
exception  of  Cd.  Co,  and  Cu.  metals  were  mostly  bound  to  the  organelles.  Whereas  no  specific  organelle  companment  was  found  for 
Mn.  Pb.  and  Zn,  Fe  was  mainly  associated  with  nucleus,  brown  body,  and  "boule"  fraction  (i.e..  52'*)  and  447?  of  the  total  Ag  was 
contained  in  the  lysosomal  and  mitochondria  enriched  fraction.  The  link  of  metals  with  hydrosoluble  proteins  in  the  cytosolic  fraction 
was  investigated  at  254  and  280  nm.  Direct  relationship  between  cytosolic  metal  and  metallothioneins  could  only  be  established  for 
Ag  and  Cu.  whereas  Cd  and  Zn  seem  to  mainly  hind  high  (>70  kDa)  and  low  (<4  kDa)  molecular  weight  proteins. 
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INTRODUCTION 

Exclusively  marine  t)rganisms,  cephalopods.  are  active  preda- 
tors found  from  polar  to  tropical  ecosystems  and  from  the  shallow 
waters  to  very  deep  ocean  environments.  As  well,  they  constitute 
a  major  food  source  for  many  top  predators  species  (see  the  re- 
views by  Clarke  19%.  Croxall  &  Prince  19%.  Smale  1996.  Klages 
1996).  They  therefore  have  a  key  role  in  many  marine  ecosystems 
and  are  also  of  increasing  interest  for  worldwide  fisheries  (Ama- 
ratunga  1983.  Rodhouse  1989).  Despite  such  ecological  and  eco- 
nomical importance,  metal:  radioactive;  and  organic  contaminants 
have  globally  been  poorly  studied  in  cephalopods. 

Concerning  metals,  cephalopods  concentrate  several  trace  ele- 
ments such  as  Ag,  Cd,  Cu,  or  Zn  at  sometimes  very  high  concen- 
trations (e,g..  Martin  &  Flegal  1975,  Miramand  &  Bentley  1992. 
Bustamante  et  al.  1998).  Most  of  the  studies  repotled  the  major 
role  of  the  digestive  gland  in  the  bioaccumulation  mechanisms, 
this  organ  suspected  to  have  a  key  function  in  the  metabolism  of 
many  metals  in  cephalopods  (e.g..  Miramand  &  Bentley  1992,  Bus- 
tamante et  al.  2002a,  2004).  Thus,  the  digestive  gland  of  cephalo- 
pods constitutes  the  main  storage  organ  for  essential  (e.g.,  Co.  Cu, 
Fe.  and  Zn)  and  non  essential  elements  (e.g..  Ag,  Cd,  Pb,  and  V) 
independently  of  the  considered  species  and  of  its  area  of  origin 
(e.g.,  Miramand  &  Guary  1980,  Smith  et  al.  1984,  Finger  &  Smith 
1987.  Miramand  &  Bentley  1992,  Bustamante  et  al.  1998,  2002a, 
2004,  Miratiiand  et  al.  20(36).  Thus,  around  70%  to  98%  of  the 
whole  body  burden  of  metals  could  be  readily  stored  in  the  diges- 
tive gland  (Miramand  &  Bentley  1992,  Bustamante  et  al.  2002b). 
This  could  result  from  the  very  long  half-life  of  some  elements  like 
Cd  and  Co  (Bustamante  et  al.  2002a.  2004)  and/or  to  very  efficient 
translocation  processes  from  other  organs  and  tissues  to  the  diges- 
tive gland  (e.g..  Ag  or  Cs;  Bustamante  et  al.  2004,  2006).  In  the 
case  of  Cd  and  Co  for  example,  the  residence  time  of  the  metal  in 
the  whole  organism  could  be  longer  than  the  life  span  of  the 
cephalopods.  meaning  that  alinost  all  the  assimilated  metal  is  de- 
finitively sequestrated  in  the  digestive  gland  (Bustamante  et  al. 
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2002a.  2004).  In  contrast  to  Cd  and  Co.  Ag  displays  a  faster 
turnover  in  cephalopods  (Bustamante  el  al.  2004).  Even  the  dis- 
solved pathw  ays  are  probably  the  tiiain  route  for  Ag  accumulation 
in  cephalopods.  the  digestive  gland  contains  most  of  the  whole 
body  burdens  of  this  metal  (Miramand  &  Bentley  1992.  Busta- 
mante et  al.  2000.  2004).  This  fact  suggests  that  very  efficient 
translocation  processes  allow  the  transfer  of  Ag  from  tissues  and 
organs  in  contact  with  seawater  to  the  digestive  gland  for  detoxi- 
fication purposes  (Bustamante  et  al.  2004). 

In  both  cases  (i.e.,  metals  directly  stored  for  a  long  time  in  the 
digestive  gland  and  metals  having  a  peculiar  tropism  to  this  organ) 
the  elevated  concentrations  reported  on  metal  bioaccumulation  in 
cephalopods  suppose  the  occurrence  of  efficient  storage  and 
detoxification  mechanisms  to  counteract  the  toxicity  of  metals 
(e.g.,  Simkiss  &  Taylor  1982,  Phillips  &  Rainbow  1989).  Detoxi- 
fication mechanisms  of  marine  invertebrates  mainly  involve  the 
precipitation  or  co  precipitation  of  rnetals  on  amorphous  granules 
and  the  binding  on  proteins,  which  can  be  nonspecific  (e.g..  trans- 
ferrin, ferritin)  or  specific  to  one  or  more  metals  (e.g.,  vanabins. 
metallothioneins  IDuiand  et  al.  2002.  Ueki  et  al.  200.^]).  One  well- 
known  detoxification  strategy  involving  proteins  is  the  binding  of 
some  trace  metals  to  inetallothiotieins  (MTs),  which  play  a  role  in 
the  homeostasis  of  the  essential  metals  Cu  and  Zn,  but  are  induced 
by  various  other  metals  (i.e.,  Ag,  Cd,  and  Hg)  (Engel  &  Brouwer 
1989,  Cosson  et  al.  1991,  George  &  Olsson  1994).  Thus.  MTs  are 
considered  to  be  involved  in  Ag.  Cd,  and  Hg  detoxification 
(Dallinger  1993,  1995,  Roesijadi  1992.  1996.  Viarengo  &  Nott 
1993).  In  cephalopods.  association  of  MT  with  metals  in  the  di- 
gestive gland  seems  to  mainly  concern  Cu  and.  to  a  lesser  extent, 
Cd  and  Zn  (Tanaka  et  al.  1983.  Finger  &  Smith  1987).  In  the 
digestive  gland,  most  of  Cd  and  Zn  appear  to  be  bound  to  other 
cytosolic  proteins  than  to  MTs  (Tanaka  et  al.  1983,  Finger  &  Sinith 
1987,  Castillo  et  al.  1990). 

Considering  the  elevated  metal  concentrations  occurring  natu- 
rally in  the  digestive  gland  of  cephalopods.  the  aim  of  our  study 
was  to  investigate  the  metal  distribution  between  the  different 
organelles  and  the  cytosol  and  to  provide  insight  on  the  implication 
of  hydrophilic  proteins  such  as  MTs  in  the  detoxification  mecha- 
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nisnis.  The  common  cuttlefish  Sepia  officiinilis  was  selected  as  an 
experimental  model,  and  the  subcellular  distribution  of  various 
metals,  Ag.  Cd.  Co,  Cu,  Fe,  Mn.  Pb,  and  Zn,  were  considered  in 
mature  male  individuals.  Finally,  the  cytosolic  fraction  obtained 
was  chromatographed  to  determine  the  association  of  the  different 
metals  to  the  hydrophilic  proteins. 

MATERIALS  AND  METHODS 

Biological  Material 

Male  mature  common  cuttlefish  were  caught  in  the  Bay  of 
Seine  (French  coast  of  the  English  Channel)  and  kept  alive  at  the 
most  two  days  in  outflow  tanks.  Animals  belonging  to  the  same 
age  class,  from  the  same  sex  and  sexual  maturity  state  were  se- 
lected to  minimize  the  biological  variability  {n  =  4.  total  weight 
785  ±  84  g).  Prior  to  the  experimentation,  cuttlefish  were  anaes- 
thetized in  seawater  containing  2'^'/r  ethanol  and  rapidly  dissected. 
The  digestive  gland  was  carefully  removed,  weighed  (/;  =  4.  37  ± 
10  g).  and  prepared  for  direct  heavy  metal  analysis  and  subcellular 
fractionation. 

Subcellular  Fraclionation 

Aliquots  ranging  from  1-2  g  of  each  individual's  digestive 
gland  were  homogenized  with  a  mortar  and  pestle  on  ice  with  4 
volumes  of  a  20-mM  TRIS-HCl.  0.25-M  sucrose  buffer  (Tanaka  et 
al.  1983),  at  pH  8.6.  The  homogenates  were  successively  centri- 
fuged  at  600^?  for  10  min.  lO.OOO.i;  for  10  min  and  lOO.OOOg  for  60 
min  at  4°C  in  a  Beckman  LE-70  ultracentrifuge.  This  procedure 
giving  six  different  fractions  is  summarized  in  Figure  I .  Each 
pellet  was  collected  to  determine  the  metal  concentrations  in  the 
membranes,  nuclei,  "'boules"  (which  are  considered  as  heterolyso- 
somes  and  heterophagosomes  involved  in  intracellular  digestion  of 
cephalopods  [Boucaud-Camou    1976.  Boucaud-Camou  &  Yim 
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Figure  1.  Procedure  of  the  subcellular  fraclionation  of  the  digestive 
gland  of  the  cutllellsh  Sepia  officinalis  from  the  Bay  of  Seine. 


1 980] )  and  brown  bodies  fraction,  the  mitochondrial  and  lysosom- 
al fraction,  and  the  microsomal  fraction.  The  accuracy  of  the  se- 
quential separation  was  controlled  by  Transmission  Electronic  Mi- 
croscopy after  fixation  in  4%  glutaraldehyde  and  postfixalion  with 
osmium  tetraoxyde  in  0.4  M  cacodylate  buffer  at  pH  7.3.  The 
particle-free  supernatant  fraction  (cytosol)  was  removed  for  heavy 
metal  analysis  and  for  gel  filtration  chromatography. 

Gel-filtralidii  C  hromalography 

Prior  to  the  gel  filtration  chromatography,  total  proteins  were 
quantified  in  the  collected  cytosol  following  Lowry  et  al.  ( 1951 ). 
Then.  2  inL  of  this  fraction  were  chromatographed  on  a  Sephadex 
G-75  superfine  (16  x  800  inni)  column  (Pharmacia)  equilibrated 
and  eluted  with  20  mM  Tris-HCl  buffer.  pH  8.6  at  4°C.  containing 
50  niM  NaCI  and  3  niM  NaN,.  The  column  was  maintained  at  4°C, 
and  the  samples  were  collected  as  4  mL  fractions.  The  UV  absor- 
bance of  the  eluate  was  measured  at  254  and  280  nm  with  a 
U-IIOO  Hitachi  spectrophotometer.  In  each  eluted  fraction,  the 
heavy  metal  concentrations  were  also  determined.  The  column  was 
calibrated  for  molecular  weight  estimations  with  Ovalbumine  (43 
kDa),  Chymotrypsin  (25  kDa).  Ribonuclease  (13.7  kDa).  and  Glu- 
cagon (3.5  kDa)  as  standard  markers.  We  also  used  equine  renal 
metallothionein  (13.4  kDa.  Kojima  et  al.  1976)  to  identify  the 
fractions  containing  MTs. 

Metal  Analyses 

Samples  of  the  digestive  gland  were  previously  dried  at  80°C  to 
constant  weight  prior  to  analysis.  The  dried  digestive  gland 
samples,  the  pellets,  and  the  particle  free  supernatants  resulting 
from  the  subcellular  separation,  and  the  different  fractions  sepa- 
rated by  gel  chromatography  were  digested  with  5  niL  of  14  N 
ultrapur  HNO,  at  100°C  during  3  days.  After  evaporation  of  the 
acid,  the  residues  were  taken  up  in  5  mL  0.3  N  HNO,  and  analyzed 
for  Ag,  Cd.  Co,  Cu,  Fe.  Mn.  Pb.  and  Zn  by  flame  and  graphite 
furnace  atomic  absorption  spectrophotometry  with  a  Zeeman  Hi- 
tachi model  1 80-70. 

Quality  control  was  assessed  by  heavy  metal  analyses  in  blanks 
and  reference  materials.  Thus.  Orchard-Leaves  (National  Bureau 
of  Standards)  and  MA-A-2  fish  flesh  standard  (IAEA)  were  treated 
and  analyzed  in  the  same  way  as  the  samples.  Our  results  for  the 
standard  reference  materials  were  in  good  agreement  with  the  cer- 
tified values  (Table  I).  The  detection  limits  were  (|Jig.g~'  dry 
weight):  0.004  (Cd),  0.02  (Ag).  0.1  (Co,  Mn,  Pb).  0.5  (Cu.  V.  and 
Zn),  and  2.5  (Fe).  Results  are  also  expressed  in  micrograms  per 
gram  of  the  dry  tissue  weight  (^-g-g"'  dwt). 

RESULTS 

Metal  Concentrations 

The  concentrations  of  Ag.  Cd.  Co.  Cu.  Fe,  Mn,  Pb,  and  Zn  are 
shown  in  Figure  2.  Among  the  analyzed  metals  Zn  is  the  mo.st 
concentrated,  reaching  up  to  600  (J-gg"'  dwt.  followed  by  Fe  (424 
±  142  (Jig.g"'  dwt)  and  Cu  (362  ±  114  |JLg.g"'  dwt).  All  other 
elements  displayed  far  lower  concentrations  (i.e..  ranging  from  2.2 
jxg.g"'  dwt)  for  Pb  to  13.6  p-g.g"'  dwt  for  Cd. 

Subcellular  Distribution 

The  partitioning  of  metals  among  the  ( I )  nuclei  and  brown 
bodies;  (2)  lysosomes  and  mitochondria:  (3)  microsomes;  and  (4) 
soluble  cytosolic  fraction  is  presented  in  Table  2.  Most  of  the  Cd, 
Co.  and  Cu  were  associated  with  hydrosoluble  cytosolic  com- 
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TABLE  1. 

Comparison  of  elemental  concentrations  (njj.jj"'  d«t)  of  Orchard-Leaves  standard,  SKM  1571  iNational  Bureau  of  Standards!  and  fish  flesh 
honioyenate,  MA-A-2  (International  Agency  of  Atomic  Knergy)  obtained  in  present  study  «ith  certified  values. 


Standard 

Ag 

Cd 

Co 

Cu 

Fe 

Mn 

Pb 

Zn 

Orchard  Leaves 

Present  study 

— 

OJ  0  +  0.05 

0. 1 7  ±  0.04 

10  ±  1 

272+  14 

S2  +  7 

38  ±2 

22  ±6 

Certified  values 

— 

0. 1 1  ±  0.02 

(0.2) 

I2±  1 

300  ±  20 

91  ±4 

45  ±  3 

25  ±3 

MA-A-2 

Present  study 

o.i; 

±().()1 

0.069  ±  0.008 

0.09  ±  0.04 

3.4  +  0.7 

65  ±5 

0.62  ±  0.09 

0.43  ±0.14 

35  ±  4 

Certified  values 

O.lf 

±0.01 

0.0f)6±  0.004 

0.0X±0.0I 

4.0  ±  0. 1 

54  ±1 

0.81  ±0.04 

0.58  ±  0.07 

33  ±  1 

0:  recommended  \alue 


pounds  whereas  Ag,  Fe.  Mn.  Pb.  and  Zn  were  mostly  bound  to  the 
organelles.  Fe  is  mainly  associated  wiih  the  nuclei  and  brown 
bodies  (519c).  and  44'7r  of  the  total  Ag  is  contained  in  the  lyso- 
somal and  mitochondria  enriched  fraction.  It  is  noteworthy  that 
Co.  Cu.  Pb,  and  Zn  are  equivalently  distributed  in  each  pellet 
(Table  2). 

Melal  Associated  Willi  Proteins 

Chromatographic  Sephadex  G-75  elution  profiles  of  the  absor- 
bance  at  2.'i4  and  280  nm  obtained  for  cytosol  from  the  digestive 
gland  of  Sepia  officinalis  were  used  to  determine  the  metal  con- 
centrations (mg.L"')  in  the  collected  fraction^  containing  the  pro- 
teins separated  by  their  molecular  weight  (Fig.  3).  A  first  peak 
centered  on  fraction  1 1  corresponds  to  the  void  volume  (macro- 
molecules  larger  than  70  kDa.  such  as  hemocyanin).  and  a  second 
peak  between  fractions  40  and  44  indicates  a  particular  richness  in 
small  proteins  and  polypeptides  (4  kDa  and  less).  MTs  used  for 
calibration  fell  in  fraction  26  with  an  elevated  254/280  nm  absor- 
bance  ratio  (equal  to  16).  All  metals  were  associated  with  high  and 
low  molecular  weight  proteins  (>70  kDa  and  lower  than  4  kDa. 
respectively)  except  Ag.  which  was  not  detectable  in  the  small 
protein  fraction.  Intermediate  proteins  ranging  from  10-20  kDa  did 
not  contain  delectable  amounts  of  Fe  and  Mn.  Ag  and  Cu  were  the 
only  metals  showing  a  peak  in  the  fraction  26  region  among  those 
expected  to  bind  MTs  (Ag.  Cd.  Cu,  and  Zn).  Cd  and  Zn  displayed 
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Figure  2.  Levels  of  heavy  metals  ((Jg.g  '  d«ll  in  the  digestive  gland  of 
the  cuttlefish  Sepia  officinalis  from  the  Bay  of  Seine. 


a  very  similar  distribution  with  a  major  fraction  associated  v\  ith 
high  molecular  weight  proteins  for  both  metals. 

DISCUSSION 

The  metal  concentrations  measured  in  the  digestive  gland  of 
male  adult  cuttlefish  from  our  study  globally  fell  within  the  range 
of  values  reported  for  Sepia  officinalis  from  the  English  Channel 
(Miramand  &  Bentley  1992).  the  Bay  of  Biscay  (Schipp  &  Hevert 
1978.  Bustamante  1998.  Bustamante  et  al.  1998),  and  the  Medi- 
teiTanean  (Bustamante  et  al.  2002a).  Although  globally  poorly 
documented,  metal  concentrations  in  cephalopods  have  received 
increasing  interest  as  these  molluscs  play  a  major  role  as  predators 
and  food  items  in  marine  ecosystems.  The  central  role  of  the 
digestive  gland  in  metal  bioaccumulation  has  been  highlighted 
many  times,  particularly  for  toxic  metals  such  as  Ag  and  Cd  (e.g., 
Martin  &  Flegal  1975,  Miramand  &  Bentley  1992,  Bustamante  et 
al.  2002a.  2004).  but  the  detoxification  processes  occurring  in  this 
organ  remain  poorly  understood  (Bustamante  et  al.  2002b).  Inves- 
tigations on  detoxification  mechanisms  have  focused  either  on  the 
subcellular  distribution  of  metals  between  cytosol  and  organelles 
(Rocca  1969,  Tanaka  et  al.  1983.  Finger  &  Smith  1987,  Busta- 
mante et  al.  2002b.  Craig  &  Overnell  2003).  the  involvement  of 
hydrosoluble  proteins  in  the  binding  of  metals  (see  also  Decleir  et 
al.  1978,  Ueda  et  al.  1985.  Castillo  et  al.  1990.  Castillo  &  Malta 
1991)  or  on  the  histochemical  and  microanalytical  localizafion  of 
metals  within  the  digestive  gland  cells  (Schipp  &  Hevert  1978. 
Martoja  &  Marcaillou  1993).  Moreover,  the  subcellular  distribu- 
tion of  metals  mainly  concerned  Cd.  Cu.  and  Zn  (i.e.,  Rocca  1969, 
Decleir  et  al.  1978,  Tanaka  et  al.  1983.  Ueda  et  al.  1985,  Finger  & 
Smith  1987,  Castillo  et  al.  1990,  Castillo  &  Malta  1991,  Busta- 
mante et  al.  2002b.  Craig  &  Overnell  2003),  but  very  limited 
information  is  available  for  other  elements.  To  the  best  of  our 
knowledge,  the  studies  of  Tanaka  et  al.  ( 1983)  and  Finger  &  Smith 
(1987)  are  the  only  ones  providing  data  on  other  metals  (i.e.,  Ag 
and  Fe  and  "'"Po,  respectively).  The  few  studies  on  metal  detoxi- 
fication in  cephalopods  have  considered  various  models  like 
cuttlefishes  (Decleir  et  al.  1978,  Schipp  &  Hevert  1978.  Martoja  & 
Marcaillou  1993.  Bustamante  et  al.  2002b),  squids  (Tanaka  et  al. 
1983.  Finger  &  Smith  1987.  Castillo  et  al.  1990,  Castillo  &  Malta 
1991.  Bustamante  et  al.  2002b).  and  octopuses  (Rocca  1969.  Ueda 
et  al.  1985.  Bustamante  et  al.  2002b).  Consequently,  results  are 
often  different  between  authors  and  sometimes  contradictory. 
Therefore,  there  is  a  need  to  provide  more  information  on  the 
subcellular  distribution  of  heavy  metals  in  general  and  on  poorly  or 
not  yet  studied  elements,  also  highly  concentrated  in  the  digestive 
gland  of  cephalopods.  In  this  respect,  our  study  provides  the  first 
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TABLE  2. 

Partition  of  the  metals  (%)  among  the  different  separated  fractions  from  the  digestive  gland  homogenates  of  the  common  cuttlefish 

Sepia  officinalis. 


Fractions 

Ag 

Cd 

Co 

Cu 

Ye 

-Mn 

Ph 

Zn 

Nuclei  and  brown  bodies 

19  ±3 

14±S 

1  1  ±6 

1 3  ±  9 

52  ±  3 

10±4 

20  +  9 

17±8 

Lyosonies  and  mitochondria 

44  ±3 

11±4 

13  ±  1 

12±2 

30  ±5 

31  ±2 

20  ±3 

20  ±2 

Microsomes 

13  ±4 

23  ±5 

12  +  3 

19±4 

14±2 

32  ±9 

22  ±4 

23  +  6 

Total  organelles 

76+  10 

4S±  17 

36+  10 

44  ±15 

96+  10 

73+15 

62+  16 

60  ±  16 

Cytosol 

24  +  2 

52  +  4 

64  ±9 

56  ±9 

4±  1 

27  ±5 

38  ±  S 

40  ±  9 

insight  about  the  subcellular  distribution  of  Co.  Mn.  and  Pb  in 
cephalopods. 

Our  study  of  metal  distribution  between  the  insoluble  (mem- 
branes and  organelles)  and  soluble  (cytosol)  fractions  of  the  di- 
gestive gland  leads  to  the  conclusion  that  metals  can  be  separated 
between  those  mainly  associated  with  the  hydrosoluble  com- 
pounds Cd.  Co.  and  Cu  and  those  mainly  associated  with  the 
organelles  Ag.  Fe.  Mn.  Pb.  and  Zn.  This  shift  does  not  therefore 
correspond  to  the  essential  or  non-essential  character  of  the  metals 
but  rather  to  the  result  of  specific  regulation/detoxification  pro- 
cesses. 

As  already  mentioned,  the  scarce  information  on  the  subcellular 
distribution  of  trace  elements  in  cephalopods  put  forward  that  5Wc 
to  90'7(-  of  the  Cd  is  usually  found  in  the  soluble  fraction  of  the 
digestive  gland  of  cephalopod  from  the  field  (Finger  &  Smith 
1987.  Castillo  et  al.  1990.  Bustamante  et  al.  2n02b).  e\en  if  the 
squid  Todarudes  pacificits  does  not  follow  this  trend  with  only 
26%  ±  3%  of  the  metal  being  present  under  a  soluble  form  (Tanaka 
et  al.  1983).  Our  results  for  S.  officinalis  are  consistent  with  this 


general  trend  (Table  2).  suggestmg  the  presence  of  mechanisms  of 
detoxification  of  Cd  involving  soluble  proteins.  The  presence  of 
Cd  detoxification  mechanisms  involving  MTs  was  suspected  when 
considering  the  chromatogranis  of  metalloproteins  from  the  diges- 
ti\e  gland  of  the  squids  Nutotodarus  goiildi,  Todarodes  pacificus. 
and  Omniastrephes  bartrami  from  the  Pacific  Ocean  (Tanaka  et  al. 
1983,  Finger  &  Smith  1987.  Castillo  &  Malta  1991 ).  Later,  these 
proteins  were  quantified  in  various  cephalopod  species  from  the 
Northern  Atlantic  Ocean  (Bustamante  et  al.  20()2b).  In  S.  offici- 
nalis from  our  study,  cytosolic  Cd  was  mainly  associated  with  high 
molecular  weight  proteins,  and  MTs  seem  to  have  a  minor  role  in 
the  hindiug  of  this  metal  (Fig.  3).  This  result  is  in  accordance  with 
previous  reported  data  for  other  cephalopod  species.  For  example, 
most  of  the  cytosolic  Cd  in  the  digestive  gland  of  the  squids  T. 
pacificus  and  Onycliotcntliis  borealojaponica  was  bound  to  pro- 
teins weighing  more  than  70  kDa  (Tanaka  et  al.  1983.  Castillo  et 
al.  1990).  Only  a  small  part  of  the  soluble  Cd  was  bound  to  low 
molecular  weight  proteins  {<3  kDa)  or  to  proteins  of  similar  size  to 
MT  (10  kDa  to  16  kDa).  Moreover.  Finger  &  Smith  (1987)  have 
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Figure  3.  Metal  profiles  (jig.L  ')  after  Sephadex  G-75  gel  chromatography  of  the  cytosolic  fractions  of  Sepia  officinalis  digestive  gland. 
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also  reported  the  occurrence  of  Cd-biiiiJiiig  proteins  with  a  high 
molecular  weight  (S:70  kDa)  iu  the  digestive  gland  of  the  squid  N. 
giHilili. 

Similarly  to  Cd,  Cu  has  been  mainly  fmnid  in  ihc  cylosol  of  the 
digestive  gland  cells  of  the  squids  N.  i^nnUli  (78  ±  10%,  Finger  & 
Smith  1987)  and  T.  pacificiis  (63  ±  5*.  Tanaka  et  al.  1983)  but 
poorly  associated  with  hydrosoluble  compounds  in  the  squid  Lo- 
ligo  forhesi  (35%.  Craig  &  Overnell  2003)  and  in  the  octopus 
Octopus  vulgaris  (28  ±  17%.  Rocca  19fi9).  The  presence  of  high 
Cu  concentrations  in  the  digestive  gland  cells  of  S.  officiinilis  has 
been  revealed  histochemically  in  specific  structures  called  "spher- 
ules" (Martoja  &  Marcaillou  1993).  These  authors  suggested  that 
these  metal-rich  spherules  would  be  made  of  complexed  metal- 
lothionein-like  proteins  and  would  explain  the  high  concentrations 
of  Cu  within  the  digestive  gland.  However,  the  presence  of  such 
structures  has  not  been  confirmed  by  other  studies  (Boucaud- 
Camou  &  Boucher-Rodoni  1983).  and  our  results  are  not  in  ac- 
cordance with  such  a  hypothesis.  Because  of  their  size  (i.e..  several 
|jLm),  such  structures  would  be  expected  to  sedimentate  in  the  first 
or  the  second  pellet  fraction,  containing  in  fact  a  low  proportion  of 
the  total  Cu  (Table  2).  In  S.  (ifficiiialis  Cu  was  mainly  cytosolic.  a 
main  pool  conesponding  to  high  weight  proteins  that  might  con- 
tain hemocyanin  molecules  (Taylor  &  Anstiss  1999).  However.  Cu 
also  appears  to  be  bound  to  MT  proteins,  and  to  a  lower  extent, 
small  size  proteins  and  peptides  (Fig.  3). 

To  the  best  of  our  knowledge,  no  data  on  Co  subcellular  dis- 
tribution in  the  digestive  gland  of  cephalopod  have  been  published 
to  date.  In  .S'.  nfflcimilis.  64%  of  this  metal  was  associated  with  the 
cytosolic  fraction,  which  is  similar  to  the  results  reported  for  the 
Bivalves  Chlainys  varia  (76%).  Gafrariuin  lumidum  (79%).  and 
Isognoinon  isognomon  (65%)  in  their  digestive  glands  (Busta- 
mante  &  Miramand  2005.  Metian  et  al.  2005).  Low  molecular 
weight  proteins  seem  to  have  a  major  importance  in  binding  Co 
(Fig.  3).  This  result  is  consistent  with  those  of  Nakahara  et  al. 
( 1982)  for  O.  vulgaris  exposed  to  "'Co  by  way  of  seawater.  where 
the  proteins  involved  in  the  binding  of  the  radionuclide  weighed 
less  than  3kDa. 

The  predominant  distribution  of  Ag  in  the  uisoliible  fraction 
(viz.  the  noncytosolic  fractions)  could  be  caused  by  specific  Ag 
storage/detoxification  in  the  digestive  gland.  In  various  bivalves. 
Ag  is  trapped  as  nontoxic  Ag^S  precipitates  within  their  tissues 
(Ballan-Dufranv-ais  et  al.  1985.  Martoja  et  al.  1989.  Berthet  et  al. 
1990.  1992)  and  is  mainly  found  associated  with  the  organelle 
subcellular  fraction  (e.g..  Bustamante  &  Miramand  2005).  This 
mechanism  of  sequestration  would  therefore  inhibit  the  potentially 
deleterious  effects  of  the  toxic  Ag.  which  is  highly  accumulated  in 
the  digestive  gland  of  cephalopods  (Martin  &  Flegal  1975.  Mira- 
mand &  Bentley.  1992).  Specifically,  the  lysosomal  and  mitochon- 
drial fraction  appears  to  play  a  major  role  in  the  binding  of  Ag 
(Table  2).  Our  results  concerning  Ag  are  opposite  to  those  of 
Tanaka  et  al.  ( 1983)  for  the  squid  T.  pacificus  for  which  64  ±4% 
of  the  metal  was  reported  to  be  soluble  and  associated  with  small 
proteins  (<3kDa).  The  reasons  of  such  a  totally  contrary  result  are 
difficult  to  identify  because  various  biological  and  environmental 
factors  could  modify  the  subcellular  distribution  of  a  single  metal 
within  a  group  or  a  species,  such  as  the  phylogeny.  the  main 
pathway  of  incorporation  (seawater  vs.  food),  the  level  of  the  metal 
accumulated,  etc  (e.g..  Ueda  et  al.  1985.  Bustamante  et  al.  2002b). 
This  clearly  points  out  the  need  to  give  light  on  the  issue  of  Ag 
subcellular  distribution  using  a  wide  range  of  cephalopod  species 
and  controlled  experimental  conditions.  Within  the  cytosolic  frac- 


tion. Ag  was  mainly  bound  to  high  molecular  weight  proteins  and 
to  a  lower  extent  to  MTs. 

Similarly  to  Ag.  Pb  has  no  biological  functions.  In  the  digestive 
gland  of  5.  officiiuilis.  most  of  this  metal  was  found  in  the  or- 
ganelles (62%).  In  the  digestive  gland  of  the  scallop  C.  varia.  Pb 
was  also  mainly  bound  to  organelles  (i.e..  66%  of  the  total  metal 
burden  (Bustamante  c&  Miramand  2005 1).  Similarly,  in  Mytilus 
galloproviiicialis  and  Modiolus  moiliolus.  Pb  was  mainly  associ- 
ated with  the  fraction  containing  nuclei,  cellular  debris,  and  in- 
soluble salts  (.lulshanim  &  Andersen  1983.  Regoli  &  Orlando 
1994).  In  these  Bivalves.  Pb  is  accumulated  by  endocytosis  and 
precipitate  as  sulphur  or  phosphate  salts  inside  the  digestive  cells 
(Coombs  &  George  1978)  as  well  as  in  the  extracellular  compart- 
ments (Schulz-Baldes  1978).  Lysosomes  are  deeply  involved  in 
the  detoxification  of  Pb  and  lead  to  the  formation  of  Pb  salts 
representing  the  final  stage  of  the  lysosomal  detoxification  process 
(Simkiss  1977).  In  S.  officinalis  no  specific  affinity  among  the 
different  fractions  has  been  shown  (Table  2).  suggesting  that  such 
a  detoxification  process  is  relatively  limited,  likely  to  be  caused  by 
low  Pb  concentrations  found  in  this  species. 

The  subcellular  distribution  of  Fe  in  5.  officinalis  with  96%  of 
the  metal  being  bound  to  organelles,  can  only  be  compared  with 
the  86%  reported  for  T.  pacificus  (Tanaka  et  al.  1983).  However, 
the  distribution  among  the  organelle  fraction  is  clearly  different  as 
in  the  cuttlefish  52%  was  bound  to  the  nuclei  fraction  whereas  in 
the  squid.  42%  was  bound  to  the  microsome  fraction.  In  Bivalves 
such  as  mus,sels  or  clams.  Fe  is  also  primarily  associated  with  the 
nuclei  fraction  (Julshamm  &  Andersen  1983.  Sullivan  et  al.  1988. 
Regoli  &  Orlando  1994).  In  these  molluscs,  Mn  has  a  similar 
subcellular  distribution  as  Fe.  which  is  actually  not  the  case  for 
cephalopods  (Table  2).  This  difference  in  the  distribution  of  Fe  and 
Mn  between  the  organelles  could  be  caused  by  the  difference  in  the 
diet  between  carnivorous  cephalopods  and  suspending  or  deposit 
feeder  Bivalves.  Indeed.  Bivalves  could  ingest  suspended/ 
deposited  material  enriched  in  Fe  and  Mn  hydroxide  particules 
(e.g..  Bryan  &  Uysal  1978).  Within  the  cytosolic  fraction.  Mn  and 
Fe  are  the  only  elements  not  as.sociated  with  MTs  (Fig.  3). 

CONCLUSION 

The  subcellular  distribution  of  heavy  metals  clearly  varies  de- 
pending on  the  considered  element.  For  essential  and  toxic  metals, 
the  sequestration  in  either  the  organelles  or  the  cytosolic  proteins 
could  lead  to  specific  accumulation.  In  this  context,  it  is  particu- 
larly striking  that  the  different  detoxification  mechanisms  for  toxic 
Ag  (mainly  insoluble)  and  Cd  (largely  soluble)  lead  to  their  bio- 
accumulation  at  relatively  high  concentrations  in  the  digestive 
gland  of  5.  officinalis.  In  our  conditions,  a  direct  relationship  be- 
tween cytosolic  metal  and  MT  could  only  be  established  for  Ag 
and  Cu.  whereas  Cd  and  Zn  seem  to  mainly  bind  high  (>70  kDa) 
and  low  (<4  kDa)  molecular  weight  proteins.  Further  studies 
should  focus  on  the  induction  of  MTs  by  the  different  metals 
inducing  it  synthesis  in  other  invertebrates  (i.e..  Ag,  Cd,  Cu,  Hg, 
and  Zn)  in  controlled  conditions  to  determine  the  dynamic  of  the 
detoxification  processes  in  cephalopods. 
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ABSTRACT  Fifty-two  ovigerous  females  of  Cancer  johngarthi  were  caught  from  the  Baja  Cahfornia  Peninsula's  western  coast, 

Mexico.  Carapace  length,  carapace  width  and  total  weight  of  each  specimen  were  registered.  Fecundity  estimates  were  obtained  from 
the  wet  weight  of  eggs  in  each  organism.  Mean  fecundity  was  765.227  eggs,  corresponding  to  a  mean  carapace  width  of  1 17  mm.  and 
the  mean  relative  fecundity  was  4,305  eggs  per  gram  of  female  body  weight.  Fecundity  data(F)  were  fitted  in  relation  to  carapace  width 
(CW)  to  the  power  model  F  =  0.84CW-"^  R-  =  0.52.  C.  jiilmi>arthi  has  a  high  population  renewal  capacity  compared  with  other 
larger  species  like  Maiopsis  pamimensLs.  which  produces  between  351.(.)00  and  1.162.668  eggs,  and  Stenodonops  ovata,  which 
produces  between  35.187  and  180.057  eggs;  in  both  species,  the  relative  fecundity  is  lower  than  1.000  eggs  per  gram  of  female  body 
weight. 

KEY  WORDS:     Cancer  JDhnganhi.  fecundity.  Baja  California  Peninsula 


INTRODUCTION 

Cancer  jolmgarlhi  is  a  crab  belonging  to  the  Cancridae  family, 
distributed  from  Guadalupe  island,  Mexico  (29°N.  118°W)  to 
Panama  bay  (7°N)  (Carvacho  1989).  This  species  is  commercially 
important  because  of  the  flavor  and  texture  of  chelae  meat,  mainly 
fi\im  males.  In  the  Southern  Baja  California's  western  coast,  as 
well  as  in  the  Gulf  of  California,  this  species  lives  in  soft  sub- 
strates, at  depths  in  excess  of  90  m.  and  aggregated  in  populations, 
which  may  sustain  a  fishery  (Fiol-Ortiz  &  Cervantes-Di'az  1996. 
Sanchez-Ortiz  et  al.  1997.  Carvacho  1989,  Leija  et  al.  1992, 
Rami'rez-Rodriguez  et  al.  2003).  Based  on  these  results,  the  Mexi- 
can government  recently  offered  two  commercial  fishing  permits 
for  C.  jolmi^arthi  using  traps. 

This  implies  the  need  to  conduct  detailed  studies  on  the  crab's 
biology  and  dynamics  aimed  at  generating  useful  information  for 
the  design  of  fishery-management  measures.  For  the  previously 
mentioned,  the  main  objective  of  this  work  is  to  produce  fecundity 
estimates  for  C.  joliiigarihi.  of  particular  interest  because  of  its 
relationship  with  the  population  renewal  capacity  of  this  species  in 
the  study  area  (Garcfa-Montes  et  al.  1987). 

MATERIALS  AND  METHODS 

In  January  2003,  C.  jolmgarthi  specimens  were  caught  from  the 
Southern  Baja  California  Peninsula's  western  zone  (24°45'  to 
25°10'N;  I  12°3r  to  112°44"W  and  23°34'  to  23°52'  N;  1 1 IXW 
to  1 1 1''04'  W,  Fig.  1 ).  The  capture  was  conducted  using  a  25-m 
long  fishing  ship  with  a  net  capacity  of  130  t.  adapted  to  operate 
conical  traps  measuring  150  cm  x  75  cm  x  65  cm.  with  a  plastic- 
coated  steel  frame  and  baited  with  sardine  at  a  depth  between  73 
and  300  m  (Rami'rez-Rodri'guez  et  al.  2003). 

Fecundity  was  determined  from  the  wet  weight  of  eggs  in  each 
ovigerous  mass.  The  number  of  eggs  in  three  subsamples  of  0.02 
g  each  was  counted  using  a  stereomicroscope.  Individual  fecundity 
data  were  obtained  by  extrapolating  the  number  of  eggs  in  each  in 
the  three  subsamples  to  the  total  weight  of  the  egg  mass  in  each 
female,  and  then  the  mean  per  female  fecundity  and  the  standard 
deviation  were  calculated.  For  each  specimen,  fecundity  data  were 


adjusted  in  relation  to  carapace  width  (CW).  CW  was  defined  by 
the  greatest  straight-line  distance  (excluding  lateral  spines)  across 
the  carapace  and  chelae  width  and  carapace  length  (CL)  was  de- 
fined by  the  line  midway  between  the  eyes  to  the  midpoint  of  the 
posterior  margin  of  the  carapace.  Also,  the  relative  fecundity  was 
calculated  for  each  female  as  the  number  of  eggs  per  gram  of 
female  body  weight. 

RESULTS 

Of  the  three  thousand  eight  hundred  and  thirty-six  organisms 
sampled,  3,362  were  males  (87.6%)  and  473  females  (12.4%),  of 
which  52  were  ovigerous.  The  sex  rate  for  the  total  sample  was 
1M:0.14F  and  significantly  deviates  from  the  1:1  rate.  Male  size 
ranged  from  98  mm  to  1 76  mm  in  CW,  with  a  mean  of  146  mm  ± 
II  mm.  whereas  females  measuied  87-153  mm  in  CW,  with  a 
mean  of  122  mm  ±9  mm. 
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Figure  1.  Baja  California  Peninsula's  western  coast.  Sampling  area. 
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Figure  2.  Potential  relationship  hetween  C\V  and  partial  fecundity  in 
Cancer  johiigarllii. 
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The  52  ovigerous  females  had  a  CW  ranging  between  98  and 
131  mm,  with  a  mean  of  1 17  mm  ±  8.4  mm;  CL  lied  between  51 
and  81  mm  with  a  mean  of  74  mm  ±  6.9  mm.  Fecundity  varied 
between  381,441  and  1517,668  eggs,  with  a  mean  of  765.227  eggs 
±  233,415  eggs,  whereas  the  relative  fecundity  ranged  between 
1.033  and  8.510  eggs/g  with  a  mean  of  4.305  egg.s/g  ±  1.402 
eggs/g  of  female  body  weight. 

A  power  equation  was  fitted  to  fecundity  data,  with  CW  as  the 
independent  variable  r"  =  0.52  a  =  0.05.  Fig.  2).  The  fit  was  poor 
in  relation  to  CL  (r"  =  0.3 1 ).  whereas  it  failed  to  display  a  defined 
relationship  with  respect  to  chelae  length  and  body  weight.  Rela- 
tive fecundity  also  failed  to  show  a  clear  relationship  with  CW 
(r-  =  0.003.  Fig.  3). 

DISCUSSION 

According  to  the  results  of  this  work.  C.  johngarthi  is  a  species 
with  a  high  population  renewal  capacity,  compared  with  other 
species  of  larger  deep  crabs  like  Maiopsis  panamensis.  which  pro- 
duces between  351.501  and  1162.668  eggs,  and  Stenocionops 
ovata,  which  produces  between  35,187  and  170,057  eggs;  both 
species  have  a  relative  fecundity  lower  than  1.000  eggs  per  gram 
of  female  body  weight  (Villalejo-Fuerte  et  al.  1998.  1999). 

In  crustaceans,  fecundity  estimates  derived  from  incubating 
eggs  carried  by  females  in  their  abdomen  yield  lower  numbers 
compared  with  the  estimates  based  on  the  number  of  intragonadal 
oocytes,  becau.se  resorption  of  intraovarian  oocytes  during  the 
maturation  process  occurs  frequently.  Additionally,  many  eggs  fail 
when  adhered  to  the  pleopods  at  the  time  of  spawning  (Farmer 
1974).  Another  factor  that  accounts  for  extraovarian  fecundity  es- 
timates being  lower  than  intraovarian  ones  is  egg  predation  during 
incubation  (Abello  &  Sarda  1982);  however,  fecundity  estimates 
obtained  from  incubating-egg  data  yield  more  precise  information 
to  determine  the  renewal  capacity  of  a  population. 


The  ovigerous  masses  analyzed  were  evenly  colored,  ranging 
from  orange  to  dark  brown,  which  suggests  that  the  spawning 
period  takes  place  rapidly  with  embryonic  development  occurring 
synchronously,  so  that  no  difference  is  evident,  at  least  to  the 
naked  eye.  Histological  evidence  suggest  that  C.  jolmgarlhi  can 
produce  more  than  one  batch  of  eggs  in  a  breeding  cycle,  as  is  the 
case  of  the  deep-living  Majids  Maiopsis  panamensis  and  Steno- 
cionops ovata  (Villalejo-Fuerte  et  al.  1998.  1999).  This  would 
account  for  the  low  determination  coefficient  of  the  potential  fit  to 
fecundity  data,  because  the  number  of  eggs  produced  in  successive 
partial  spawning  events  decreases,  resulting  in  a  less  adequate 
relationship  with  the  organism's  morphometric  variables,  however 
there  is  no  evidence  in  the  fecundity-length  data. 

According  to  Leija  et  al.  ( 1992),  the  reproduction  process  for  C. 
johngartlii  takes  place  in  October  and  recruitment  during  March 
and  September;  however,  in  this  work  ovigerous  females  were 
caught  in  January,  so  that  the  spawning,  fertilization  and  incuba- 
tion of  eggs  is  likely  to  occur  during  the  fall  and  winter,  with 
recruitment  taking  place  in  the  spring.  To  prove  the  earlier  dis- 
cussed, it  is  required  to  conduct  sampling  across  a  whole  annual 
cycle,  recording  the  frequency  of  ovigerous  females  to  confirm  this 
information. 
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ABSTRACT  Ten  strains  ot',4/V<7H/(/  purthcntificnflica  have  been  collected  from  inland  salt  lakes  and  coastal  salterns  in  China.  Ten 
diploid  clones  were  selected  from  each  Aiteiniu  purtlieiwiienelica  strain  for  analysis  of  the  population  genetic  structure  and  genetic 
differentiation  using  inter  simple  sequence  repeats  (ISSR).  One  hundred  and  seventy  fragments  (100-2200  bp)  were  generated  using 
20  ISSR  primers.  A  high  level  of  genetic  variation  was  found,  with  96.47%  polymorphic  loci  in  total  loci.  The  number  of  alleles  (.Na). 
effective  number  of  alleles  {Ne)  and  Shannon  information  index  {SI),  the  mean  Nei's  gene  diversity  (H),  the  average  values  of///,  Hs, 
G.s!  for  pairwise  subpopulations  and  mean  value  of  all  100  clones  from  10  Chinese  Anemia  parthenogenesis  strains  were  analyzed.  The 
results  showed  that  genetic  structure  of  populations  of  A.  parthenogenenca  from  China  were  complicated  with  high  genetic  diversity 
among  the  populations.  Cluster  analysis  was  then  performed  to  create  a  dendrogram  using  the  UPGMA  method  based  on  the  Nei' 
genetic  identity.  The  UPGMA  dendrogram  showed  that  10  Chinese  Anemia  parthenogeiwticu  strains  can  be  significantly  divided  into 
three  major  groups  (subpopulation):  Liaoning.  (PK  and  YK);  Shandong  and  Hebei.  (HH.  TO,  LN,  WD.  WZ  and  FC)  and  Qinghai  and 
Xinjiang  (GH  and  BLK). 

KEY  WORDS:     Anemia  panheiuigeiieliea.  ISSR.  genetic  structure,  genetic  differentiation 


INTRODUCTION 

Brineshrimp,  Anemia  (Crustacea  Anostraca),  are  widely  dis- 
trihuted  in  inland  salt  lakes  and  coastal  salterns  over  the  world. 
Populations  of  the  genus  Artemia  were  found  in  more  than  600 
habitats  dispersed  across  the  world  (Van  Stappen  2002).  The  genus 
Artemia  comprises  a  complex  of  bisexual  species  defined  by  the 
criterion  of  reproductive  isolation  and  of  a  large  number  of  par- 
thenogenetic  populations  under  the  binomen  A.  purthenagenetica. 
composed  of  diploid  and  polyploidy  individuals  for  taxonomic 
convenience  (Sun  et  al.  1999).  The  Morphological  study  (Trianta- 
phyllidis  et  al.  1994),  genetic  variation  (Zhang  &  King  1992)  and 
evolution  of  most  parthenogenetic  Artemia  populations  have  been 
examined  by  means  of  allozyme  electrophoresis,  karyotype,  high 
repeat  sequence  (Abreu-Grobois  &  Beardtnore  1980,  1982,  1983, 
1991;  Beardmore  &  Abreau-Grobois  1983,  Badaiacco  et  al.  1991, 
Bowen  et  al.  1988,  Barigozzi,  1974.  Barigozzi  et  al.  1987,  Hou  et 
al.  1993,  2000),  molecular  markers  such  as  RAPD  and  AFLP 
(Camargo  et  al.  2002,  Sun  et  al.  2000).  In  China,  A.  panhenoge- 
netica  is  found  in  either  saltworks  along  the  coast  of  Bohai  sea  or 
salt  lake  from  Qinghai,  Xinjiang  (Wang  et  al.  1991;  Yang  et  al. 
1995,  1996,  Hou  et  al.  2000).  The  relationship  with  bisexual 
Anemia  and  expression  of  isozyme  gene  have  been  analyzed  (Gao 
et  al.  1994;  Hou  et  al.  2003),  but  little  is  currently  known  about  that 
population  genetic  structure  and  genetic  differentiation  of  different 
geographic  parthenogenetic  Anemia  strains  in  China. 

Molecular  genetic  information  has  been  increasingly  used  to 
detect  the  population  genetic  structure  and  genetic  diversity  atnong 
morphologically  similar  populations  of  a  same  species.  Of  the 
many  molecular  approaches  available  today,  the  simple  inter  se- 
quence repeats  (ISSR)  technique  is  among  the  most  sensitive.  The 
ISSR  technique  had  been  successfully  used  to  reveal  population 
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genetic  structure  and  relationship  (Kantety  et  al.  1995,  Nagaoka  & 
Ogihara  1997,  Martfn  &  Sanchez-Yelamo  2000)  and  genetic  di- 
versity(Awasthi  et  al.  2(J()4;  Brantestam  et  al.  2004).  The  ISSR 
primer  sequences  are  designed  from  niicrosatellite  regions  and  the 
annealing  temperatures  used  are  higher  than  those  used  for  RAPD 
markers,  which  have  better  reliability.  Also,  the  technique  does  not 
require  prior  knowledge  of  DNA  sequence  for  primer  design, 
which  is  more  practical  (Wolfe  el  al.  1998). 

In  this  study,  the  molecular  marker  of  ISSR  was  used  to  help 
analyze  the  population  genetic  structure  and  genetic  diversity  of 
Anemia  parthenagenetiea  in  China.  The  Chinese  Artemia  parthe- 
nogenetic populations  along  the  coastal  of  Bohai  sea  are  all  diploid 
(Piila  1992,  Triantaphyllidis  et  al.  1997)  with  the  exception  of 
Huanghua  (Hebei  Province)  where  a  few  tetraploid  individuals 
appeared,  and  there  are  also  a  few  triploid,  tetraploid  and  penta- 
ploid  individuals  that  appeared  in  Balikun  saltlake  and  Aibi  salt- 
lake  in  the  Xinjiang  autonomous  region;  therefore  only  diploid 
clones  are  being  studied. 

MATERIALS  AND  METHODS 

Anemia  cysts  of  10  geographic  strains  oi  A.  parihenogenetica 
were  collected  directly  from  different  areas  in  China,  followed  by 
their  code  abbreviations  (used  hereafter),  is  as  follows;  Balikun, 
Xinjing  Autonomous  Region  (BLK);  Gahai,  Qinghai  Province 
(GH);  Wudi,  Shandong  Province  (WD);  Yingkou.  Liaoning  Prov- 
ince (YK);  Tanggu.  Tianjin  (TG);  Luannan,  Hebei  Province  (LN); 
Pikou,  Liaoning  Province  (PK);  Huanghua,  Hebei  Province  (HH); 
Fengcheng,  Shandong  Province  (FC);  Wuzhi,  Shandong  Province 
(WZ)  (Table  1). 

The  nauplii  were  hatched  from  the  cysts  of  different  strains 
according  to  the  methods  described  by  Sorgeloos  et  al.  (1986).  The 
nauplii  were  cultured  for  15  days  to  adulthood  in  the  laboratory, 
fed  on  Dimaliella  saliua,  then  30  single  individual  clones  were 
created  from  each  strain  according  Xci  the  methods  described  by 
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TABLE  1. 
Samples  of  Artemia  parthenngeiietica  for  present  study 


Abbreviation 


Location 


Collection 
Time 


BLK  Balikun,  Xinjing,  China  2002.9 

GH  Gahai.  Qinghai  Prov..  China  1999.9 

WD  Wiidi,  Shandong  Prov..  China  2002.9 

YK  Yingkou.  Liaoning  Prov..  China  2000.9 

TO  Tanggu.  Tianjin.  China  2001.9 

LN  Luannan,  Hebei  Prov..  China  2000.9 

PK  Pikou.  Liaoning  Prov.  China  2002.9 

HH  Huanghua.  Hebei  Prov.,  China  2002.9 

FC  Fengcheng,  Shandong  Prov.  China  2001.9 

WZ  Wuzhi.  Shandong  Prov..  China  2002.9 

Hou  et  al.  (2000).  and  300  clones  were  obtained  from  10  strains. 
The  ploidy  of  clones  was  examined  using  the  methods  described 
by  Cai  and  Hou  ( 1991 )  and  Yang  et  al.  (1996).  10  diploid  clones 
were  selected  from  30  clones  in  each  strain,  and  100  clones  were 
obtained  from  10  strains.  The  individuals  of  100  diploid  clones 
were  used  for  DNA  extraction. 

DNA  Extraction 

Artemia  genomic  DNA  used  for  ISSR  analysis  was  isolated  as 
described  by  Sun  (1999)  with  some  modifications:  (1)  after  re- 
moving the  digestive  tract,  each  individual  was  directly  immersed 
in  a  200-(xL  solution  (100  mML  '  EDTA,  10  mML"'  Tris-HCl). 
containing  25  (jlL  10%  SDS  and  10  (xL  20  mg  mL"'  proteinase  K: 
(2)  the  incubated  temperature  was  increased  to  60°;  (3)  non  puri- 
fied DNA  was  directly  extracted  and  used  to  ISSR  amplification. 
After  isolation,  DNA  was  stored  in  10-[jlL  TE  solution.  DNA 
quality  and  quantity  were  determined  by  0.8%  agarose  gel  elec- 
trophoresis. 

ISSR  PCR  Amplification 

Twenty  ISSR  primers  were  synthesized  from  Saibaisheng  Inc 
based  on  core  repeats  (Zietkiewicz  et  al.  1994),  anchored  either  at 
the  3'  or  3'  end  (Table  2).  All  ISSR  primers  were  evaluated  for 
their  ability  to  produce  polymorphic  bands. 

ISSR  amplifications  was  performed  by  using  the  ISSR  primers 
in  a  20  |xL  reaction  volume  containing  2.0  p,L  x  10  buffer.  1 .25  |jlL 
of  25  mM  MgCU.  2  (jlL  of  10  niM  dNTP.  1.0  jxL  of  primer  at  10 

TABLE  2. 
List  of  primers  used  for  ISSR  amplification 


Primer 


Sequence 

(5'-3') 


Primer 


Sequence 

(5'-3') 


ISSR-1 
ISSR-2 
ISSR-3 
ISSR-4 
ISSR-5 
ISSR-6 
ISSR-7 
ISSR-8 
ISSR-9 
ISSR- 10 


B*DB  (TCOj 

(TCO^RY* 

VBV  (CAjg 

VDV  (GT)g 

(AG)sT 

HVH(TG)7T 

(CT)sA 

(AC)sT 

(AC)sG 

(TG).,GT 


Y  =  CT;R  =  AG;H  =  ACT;B  = 


ISSR- II 

lAO^TG 

lSSR-12 

(TC)«C 

ISSR- 13 

(TG),G 

ISSR- 14 

(CA)^R 

ISSR-I.S 

(CA)^RY 

ISSR-16 

(GT)^YR 

ISSR-17 

(GT)^AY 

ISSR- IS 

(ACTG)., 

ISSR- 19 

(GACA)4 

ISSR-2() 

(CAC), 

CGT;V  =  ACG;C 

)  =  A  G  T. 

pM.  5-10  ng  DNA  template,  and  0.5  pL  of  Ttui  DNA  polymerase 
(Takara  Inc)  and  20  p.L  water  volume.  An  initial  5  min  denatur- 
ation  at  94°C  was  followed  by  45  cycles  of  94°C  denaturation  for 
30  s,  52°C  annealing  for  45  s.  72"C  extension  for  2.0  min.  Am- 
plification cycles  were  followed  by  a  final  7  min  extension  at 
72°C.  Amplification  was  carried  out  with  a  PCR  Express  machine 
(ThermoHybaid.  Needham  Heights,  MA).  The  size  and  quality  of 
PCR  products  were  determined  on  2.0%  againse  gels.  Molecular 
weights  were  estimated  using  DL2000  DNA  marker  (Takara  Inc). 

Data  Analysis 

Data  were  scored  in  function  of  the  presence  ( I )  or  absence  (0) 
of  every  amplification  product,  and  the  data  were  entered  into  a 
data  matrix.  Based  on  data  matrix  of  ISSR,  Nei's  (1978)  genetic 
identity  (/)  ( 1978)  and  Nei's  genetic  distances  (D)  (1987)  between 
geographical  strains  were  analyzed.  Measurements  of  diversity 
including  gene  diversity  (//)  at  each  locus;  observed  number  of 
alleles  (Na):  effective  number  of  alleles  (Ne)  and  Shannon  infor- 
mation index  (Sf):  gene  differentiation  (G„),  according  to  McDer- 
mott  and  McDonald  ( 1993).  were  estimated  using  the  POPGENE 
1 .32  statistical  package.  Based  on  the  matrix  of  genetic  identity 
(Nei  1978)  cluster  analyses  were  performed  using  unweighted 
pair/group  method  with  arithmetic  averages  (UPGMA)  (Sneath  & 
Sokal  1973).  The  dendriigram  was  constructed  by  software 
PHYLIP  3.5c  neighbor  and  TreeViewl.66. 

RESULTS 

Using  20  ISSR  primers  we  detected  170  bands  of  which  164 
were  polymorphic  (96.47%).  The  level  of  polymorphism  for  each 
primer  is  quite  variable,  ranging  from  54. 12  per  cent  (inGH  strain) 
to  55.10  per  cent  (87.06)  (in  PKstrain).  Band  size  ranged  from 
100-2200  bp.  Representative  ISSR  fingerprints  obtained  with 
primer  (AC)nT  are  shown  in  Figure  1. 

Population  Genetic  Structure 

Table  3  showed  the  number  of  polymoiphic  loci  and  percentage 
polymorphic  loci,  mean  observed  number  of  alleles  (Na).  mean 
effective  number  of  alleles  (Ne).  mean  Nei's  gene  diversity  (//) 
and  mean  Shannon's  Information  index  (/)  in  the  100  clones  from 
10  Chinese  Artemia  parthenogenetic  strains.  The  observed  number 
of  alleles  (Na)  ranged  from  1.8706  (PK)  to  1.5412  (GH).  mean 
value  of  Na  was  1.7571.  Compared  with  Na.  the  Nc  values  (ef- 
fective number  of  alleles)  were  lower,  which  ranged  from  1.2557 
(GH)  to  1.6219  (LN).  The  Nei's  gene  diversity  iH)  ranged  from 
().I55I(GH)  to  0.3476  (LN).  mean  Nei's  gene  diversity  was 


Figure  L  ISSR  PCR  nn)>erprints  of  reactions  amplification  of  10  par- 
thenosenetic  .Artemia  strains  related  genera  using  the  ISSR-8  primer. 
The  abbreviations  of  dllTerent  geographic  Artemia  strains  sbown  in 
Table  1.  The  lane  marked  M  sbovvs  the  2-kb  ladder  being  used  as 
marker  (DL-20()0). 
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TABLE  3. 
Summary  of  populaton  genetic  siructure  for  ull  loci 


No. 

No.  Polymorphic 

Strains 

Clones 

Na* 

Ne 

H 

SI 

Loci  (percentajje) 

WD 

1.7706  ±0.4217 

1.3332  ±0.3736 

0,3108  +  0.1917 

0,4530  ±  0.2680 

131  (77.06%) 

WZ 

1 .6333  ±  0.4828 

1 ,3663  ±  0,3739 

0.2 156  ±0.1 964 

0,3249  +  0,2784 

108(63.53%) 

FC 

1.7412  ±0.4393 

1,4914  ±0.3976 

0.2768  +  0.2014 

0,4076  ±  0,2786 

126(74.12%) 

TG 

1.7882  ±0,4098 

1,5547  ±0,3727 

0,3 124  ±0,1 893 

0,4363  +  0,2630 

134(78,82%) 

HH 

1 .8294  ±  0.3773 

1,6078  ±0,3411 

0,3421  ±0,1734 

0,4972  ±  0,2420 

141  (82,94%) 

LN 

1.8471  ±0.3610 

1,62 19  ±0,3456 

0,3476  ±0,1720 

0,5050  +  0,2372 

144(84,71%,) 

YK 

1.7388  ±0.4291 

1,5443  ±0.3850 

0,3041  +0,1977 

0,4427  ±  0.2734 

129  (75,8*%) 

PK 

1.8706  +  0.3366 

1,6063  ±0.3318 

0,3443  ±0,1645 

0.5040  ±  0.2250 

148  (87,06%) 

BI.K 

1.7882  ±0.4098 

1,5556  +  0,3510 

0,3162  ±0,1850 

0.4616  ±0.2603 

134(78,82%) 

GH 

1.5412  +  0.4998 

1,2557  ±0,3350 

0.1551  ±0,1846 

0.2398  ±  0.2645 

92(54.12%) 

Mean 

100 

1.7371  ±0.1000 

1,5157  +  0,1173 

0.2925  ±  0.0620 

0.4292  ±  0.0855 

164(96,47%) 

*  Nil  =  Observed  number  of  alleles;  Ne  =  Effective  number  of  alleles  IKmiura  and  Crow  ( 1964)];  H  = 
Information  inde.\  [Lewontin  (1972)]:  [See  Nei  (1987)  Molecular  Evolutionary  Genetics  (p.  176-187)1 


Nei's  (1973)  gene  diversity;  SI  =  Shannon's 


0.2925.  Shannon's  Information  index  (SI)  estimated  a  measure  of 
intrapopulation  diversity,  the  highest  value  (0,5050)  was  found  in 
the  LN  strain  and  the  lowest  value  was  0,2398  in  the  GH  strain, 
mean  value  was  0,4292,  The  Nei's  genetic  identity  (/)  and  genetic 
distance  (/))  are  examined  for  all  pairwise  comparisons  between 
the  suhpopulations  (Table  4),  The  genetic  distances  for  all  com- 
parisons range  from  0,0352  (between  HH  and  TG)  to  0,3353  (be- 
tween YK  and  GH),  The  Nei's  genetic  identity  among  these  10 
Anciiiia  parthenogenetic  strains  (suhpopulations)  range  from 
(),715I(YK/GH)  to  0.9654(TG/HH),  The  UPGMA  dendrogram  of 
Nei's  genetic  identity  for  10  Chinese  AiWiiiia  parthenogenetic 
strains  showed  that  different  geographic  parthenogenetic  strains 
were  divided  into  3  groups  (subpopulation);  Liaoning  Province; 
Shandong  and  Hebei  Province  and  Qinghai  and  Xinjiang  (Fig.  2). 

Genetic  Diversity  and  Genetic  Differentiation 

Table  5  shows  the  total  variation  (W,).  the  average  variation 
within  populations  (H,)  and  gene  differentiation  (G„)  for  pairwise 
strains  and  mean  value  of  H,.  H^  and  G„  of  all  100  clones  from  10 
Chinese  Artemia  parthenogenetica  strains.  The  highest  H,  value 
(0.3902)  is  found  between  LN  and  BLK  strains,  and  the  lowest 
value  is  0,2639  between  WZ  and  FC  strains.  The  mean  value  of  H, 
from  100  clones  was  0,3895.  indicating  that  about  38,95  percent  of 
genetic  variation  among  the  different  strains.  The  Hx  value  is 
variable,  ranges  from  0,3459  (LN/PK)  to  0.1853  (WZ/GH),  with 


the  mean  value  of  H\  100  clones  was  0.2925.  The  values  of  gene 
differentiation  (Git)  of  100  clones  from  10  Chinese  Artemia  par- 
thenogenetica strains  range  from  0.3464  (WZ/GH)  to  0.0674  (WZ/ 
FC).  the  mean  value  was  0.2492.  The  regression  line  based  on, 
log  I, I  Gst  values  and  logio  Km  (geographical  distance)  pairwise 
among  10  suhpopulations  of  Artemia  parthenogenetica,  is  plotted 
by  SPSS  software.  There  is  a  significant  correlation  of  r-test  of 
regression  coefficient  (I  =  7.7887,  P  =  0,0001),  The  regression 
equation  is  LogGst  =  Q2(>nLog  Km  -  .5679,  R-  =  0.5909. 

DISCUSSION 

ISSR  has  been  successfully  used  to  reveal  genetic  variation  in 
silkworm  (Pradeep  et  al.  2005).  in  aphids  (Abbot,  2001)  and  in 
Fenneropenaeiis  chinensis  shrimp  (Wang  &  Kong.  2002).  to  char- 
acterize genome  diversity  (Yang  et  al.  1996).  and  to  determine  the 
origin  of  hybrids  (Wolfe  et  al.  1998).  The  primers  are  anchored  at 
their  3'  end.  to  ensure  that  the  annealing  of  the  primer  occurs  only 
at  the  3'  or  5'  end  of  the  microsatellite  motif,  thus  obviating 
internal  priming  and  smear  formation.  The  anchor  also  allows  only 
a  subset  of  the  targeted  inter-repeat  regions  to  be  amplified, 
thereby  reducing  the  high  number  of  PCR  products  expected  from 
the  priming  of  dinucleotide  inter-repeat  regions  to  a  set  of  about 
10-50  easily  resolvable  bands.  Pattern  complexity  can  be  tailored 
by  applying  different  primer  lengths  and  sequences  (Zietkiewicz  et 
al.  1994),  Based  on  its  unique  characters,  the  ISSR  technique  can 


TABLE  4. 
Nei's  genetic  identity  (above  diagonal)  and  genetic  distance  (belo«  diagonal) 


WD 

WZ 

FC 

TG 

HH 

LN 

YK 

PK 

BLK 

GH 

WD 

:):*** 

0.8940 

0.9392 

0,9015 

0,9125 

0,9112 

0.8278 

0,9034 

0,8557 

0,7637 

WZ 

0,1121 

**** 

0.9336 

0,9123 

0,8996 

0,8866 

0,8422 

0,8515 

0.7614 

0,7393 

FC 

0,0627 

0.0475 

^-  :^:  ^:  * 

0.9054 

0,9023 

0,8932 

0,8373 

0.89X0 

0.7976 

0,7533 

TG 

0,1037 

0.0915 

0,0994 

***:): 

0,9654 

0,9031 

0,8399 

0,8364 

0.8039 

0,7624 

HH 

0,0916 

0,1058 

0,1028 

0.0352 

**** 

0,9525 

0,8466 

0,8691 

0.8302 

0,7720 

LN 

0,0930 

0.1204 

0,1130 

0.1019 

0.0487 

**** 

0,8.352 

0.8668 

0.8257 

0,7618 

YK 

0, 1 890 

0.1717 

0,1539 

0.1509 

0.1663 

0,1801 

:{;:|::i;:!: 

0.9196 

0.7822 

0.7151 

PK 

0,1016 

0,1608 

0,1076 

0,1550 

0.1403 

0,1 4.W 

0,0838 

**** 

0.8342 

0.7251 

BLK 

0, 1 559 

0,2726 

0,2262 

0,2183 

0.1860 

0,1915 

0,2456 

0,1813 

**::::!: 

0.8266 

GH 

0,2695 

0.2733 

0,2833 

0,2713 

0.2587 

0,2721 

0,3353 

0,3214 

0,1904 

**** 
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Figure  2.  UPGMA  dendrogram  of  Nei's  genetic  identity  (I)  for  Chinese  partlienogenetic  Arlcinia  strains.  The  10  Chinese  Anemia  parlheiioge- 
iielica  strains  can  he  signincant  divided  into  three  major  groups  (subpopulation):  Liaoning  (PK  and  VKl:  Shandong  and  Hebei  (HH,  TG,  LN, 
WD,  \VZ  and  FC)  and  Qinghai  and  Xinjiang  ((JH  and  BLK).  For  abbreviations  of  the  different  geographic  Anemia  strains,  see  Table  I. 


detect  more  genetic  loci  than  isozyme  and  has  higher  stabihty  than 
RAPD.  This  is  the  first  report  of  using  ISSR  markers  in  surveying 
genetic  structure  and  differentiation  in  Anemia  panhenogenetica. 
ISSR  fingerprints  clearly  distinguished  all  the  tested  Anemia  par- 
ihenogeiielica  populations.  The  experimental  results  show  high 
genetic  diversity  and  difference  among  10  different  geographic 
strains  (subpopulation)  of  A.  panhenogenetica  in  China.  There  are 
high  proportions  (96.47%)  of  polymorphic  loci,  indicating  the 
higher-level  variation  in  the  10  different  geographic  strains.  Na- 
scetti  et  al.  (2()().'?)  and  Hou  et  al.  ( 199.^)  by  Isozymes  and  Sun  et 
al.  (2000)  by  AFLP  and  RAPD  found  high  levels  of  genetic  di- 
versity, high  levels  of  genetic  variability  and  high  proportions  of 
polymorphic  loci  in  parthenogenetic  populations,  although  differ- 
ent molecular  marker  techniques  were  used  in  the  experiments  the 
conclusions  were  the  same.  Based  on  our  experimental  data  earlier, 
we  supported  their  opinions  of  high-level  genetic  diversity  and 
high  proportion  of  polymorphic  loci  in  Anemia  parthenogenetic 
populations.  Nascetti  et  ai.  (200.^)  reported  high  levels  of  heterozy- 
gosity of  A.  panhenogenetica  populations  from  Italy  arranged 
from  0.135-0.185  by  isozymes.  In  this  study,  because  of  limitation 
of  the  ISSRs  technique,  heterozygosity  of  different  geographic 
populations  was  not  calculated. 

The  UPGMA  dendrogram  based  on  Nei's  genetic  identity  for 
Chinese  Anemia  parthenogenetic  strains  showed  that  different 
geographic  parthenogenetic  strains  can  be  divided  into  three 
groups  (subpopulation):  Liaoning  Province,  group  of  Shandong 
and  Hebei  Province;  Qinghai  Province  and  Xinjiang  Autonomous 
Region.  Moreover,  compared  with  the  inland  saltlake  group  of 
Qinghai  and  Xinjiang,  the  coastal  groups,  which  included  the 
groups  of  the  Liaoning  and  Shandong  and  Hebei  Province  ha\  e  a 
closer  relationship.  In  agreement,  the  AFLP  marker  (Sun  1999) 
showed  that  A.  panhenogenetica  from  inland  and  coastal  origin, 
group  into  two  different  clusters,  and  allozyme  analysis  (Gao  et  al. 
1994)  also  indicate  that  there  is  a  significant  difference  between 
the  populations  from  coastal  China  (Huanghua.  Hebei  province, 
and  Dalian,  Liaoning  province)  and  from  inland  salt  lakes  (Xin- 
jiang Autonomous  Region).  Hence,  the  parthenogenetic  popula- 
tions from  inland  salt  lakes  could  have  followed  an  evolutionary 
path  that  is  different  from  that  of  the  coastal  parthenogenetic  popu- 
lations, or  the  large  genetic  differences  possibly  occur  because  of 
geographic  isolation.  To  explore  the  reason  for  relationships 
among  different  strains,  we  introduce  the  parameter  of  Gst  (Nei  & 
Chakraborty  1973).  Gst.  which  can  be  used  to  explain  the  popu- 
lation genetic  differentiation,  is  equivalent  to  Fst  (Wright.  1951) 
when  there  are  only  two  alleles  at  a  locus,  and.  in  the  case  of 


multiple  alleles;  Gst  is  equivalent  to  the  weighted  average  of  Fst 
for  all  alleles  (Nei  &  Chakraborty  1973).  In  this  study,  we  did  not 
find  statistics  data  of  Gst  value  in  other  strains,  therefore  Gst  was 
compared  with  Fst  of  different  geographic  strains.  The  Gst  value 
(0.3464)  is  higher  within  distant  geographic  subpopulations  (WZ/ 
BLK),  average  value  is  0.2492,  implying  a  higher  genetic  differ- 
entiation among  populations.  The  Gst  values  (0.036-0.3464)  of  A. 
panhenogenetica  in  China  is  higher  than  that  of  the  Chinese  bi- 
sexual populations  of  Anemia  (Fst.  0.0024-0.1297)  (Xin  et  al. 
2000).  which  revealed  that  high  differentiation  level  among  A. 
panhenogenetica  within  population  (clones)  (24.92%  of  variation 
within  population  and  75.08%  of  variations  among  populations  of 
A.pin-thenogcnetica).  The  adverse  surroundings  conditions  in  habi- 
tats oi  Anemia  populations  (shortage  of  food,  higher  salinity,  ir- 
regular temperature)  could  result  in  higher  levels  of  genetic  diver- 
sity, differentiation  and  polymorphic  phenomena  in  A.  panlieno- 
genetica  populations,  and  selection  plays  an  important  role  in  the 
processes  (Bowen  et  al.  1988.  Browne  &  Hoopes  1990.  Lenz  & 
Browne  1991.  Browne  1992,  Hou  et  al.  1993,  Na.scetti  et  al.  2003). 
Meanwhile,  the  different  environmental  conditions  could  be  re- 
sponsible for  selective  fixation  in  heterozygosity  of  many  loci  and 
for  high  genetic  divergence  observed  between  either  diploid/ 
polyploidy  or  polyploidy  populations  (Barigozzi  1974,  Nascetti  et 
al.  2003).  Once  heterozygosity  originates,  it  could  maintain 
through  selective  pressure  caused  by  environmental  conditions 
(Zhang  &  King  1992).  Although  the  earlier-mentioned  h\pothesis 
is  supported  by  experimental  results  of  Nascetti  et  al.  (2003).  Hou 
et  al.  ( 1993)  and  Zhang  and  King  ( 1992)  the  formation  mechanism 
of  high  levels  of  genetic  diversity  oi  A.  panhenogenetica  needs  to 
be  explored  further. 

Piipulation  genetic  structure  and  Gst  values  can  be  changed  by 
migration  among  individuals  of  different  populations.  Anemia 
cysts  were  suited  for  passive  dispersal  by  wind,  waterfowl  or  man 
(Persoone  &  Sorgeloos  1980),  this  passive  migration  may  change 
gene  diversity  (Gst  and  Fst)  and  gene  flow  iNm).  In  this  study,  the 
reasons  for  causing  high-level  genetic  variations  in  population 
could  be  migration.  We  estimated  the  relationship  Gst  (intrapopu- 
lation  genetic  variations)  and  geographic  distance  (Fig.  3).  Figure 
3  shows,  a  clear  tendency  for  higher  Gst  value  with  far  geographi- 
cal distance  (Km)  and  revealed  high  genetic  differentiations  with 
far  geographical  distance.  The  Cause  for  high  level  genetic  differ- 
entiation was  that  geographic  distance  plays  an  important  role  in 
Anemia  cysts  dispersal,  cysts  were  difficult  to  disperse  alone  in 
long  distances.  The  genetic  differentiation  (G.vf)  levels  among 
these  subpopulations  raise  with  the  increasing  geographical  dis- 
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TABLE  5. 
Nei's  analysis  of  gene  diversily  in  subpupulations 


No. 

Strains 

clones 

Ht 

Hs 

Gst 

WD-FC 

20 

0,3I53±0J)3SS 

0.2938  ±0.0340 

0.0684 

WD-TG 

20 

0.3455  ±  0.027y 

0.31 16  ±0.0258 

0.0982 

WD-WZ 

20 

0.3024  ±  0.0355 

0.2632  ±0.0285 

0.1312 

WD-HH 

20 

0.3560  ±  0.0260 

0.3264  ±  0.0245 

0.0830 

WD-LN 

20 

0.3591  ±0.0246 

0.3292  ±0.0235 

0.0833 

WD-YK 

20 

0.3670  ±  0.0224 

0.3074  ±0.02 19 

0.1624 

WD-BLK 

20 

0.3630  +  0.0235 

0.3 135  ±0.0226 

0.1365 

WD-GH 

20 

0.325 1  ±  0.0293 

0.2329  ±0.0196 

0.2834 

WZ-FC 

20 

0.2639  ±  0.0349 

0.2462  ±0.0319 

0.0674 

WZ-TG 

20 

0.2968  +  0.0333 

0.2640  ±  0.0285 

0.1109 

WZ-HH 

20 

0.3163  ±0.0288 

0.2788  ±  0.0246 

0.1184 

WZ-LN 

20 

0.3237  ±  0.0293 

0.2816  ±0.0249 

0.1300 

WZ-YK 

20 

0.3 188  ±0.0267 

0.2598  ±0.0208 

0.1849 

WZ-PK 

20 

0.3346  ±  0.0239 

0.2799  ±0.0195 

0.1635 

WZ-BLK 

20 

0.3541  ±0.0262 

0.2659  ±0.02 17 

0.2492 

WZ-GH 

20 

0.2836  ±  0.0392 

0.1853  ±0.0194 

0.3464 

FC-TG 

20 

0.3280  ±  0.0309 

0.2946  ±  0.0276 

0.1021 

FC-HH 

20 

0.3435  ±  0.0283 

0.3094  ±  0.0254 

0.0992 

FC-LN 

20 

0.3493  ±  0.0276 

0.3 1 22  ±  0.0248 

0.1063 

FC-YK 

20 

0.3411  ±0.0252 

0.2904  +  0.0219 

0.1486 

FC-PK 

20 

(1.3461  ±0.0263 

0.3105  ±0.0235 

0.1027 

FC-BLK 

20 

0.3678  ±0.0271 

0.2965  ±  0.0240 

0.1939 

FC-GH 

2(.) 

0.3135  ±0.0331 

0.2159  ±0.0187 

0.3113 

TG-HH 

20 

0.3390  ±  0.0298 

0.3272  ±  0.0286 

0.0346 

TG-LN 

20 

0.3625  ±  0.0255 

0.3300  ±  0.0238 

0.0898 

TG-YK 

20 

0.3567  +  0.0246 

0.3082  ±  0.0225 

0.1359 

TG-PK 

20 

0.3766  ±0.0199 

0.3283  ±0.0192 

0.1283 

TG-BLK 

20 

0.3815  ±0.0199 

0.3143  ±0.0204 

0.1763 

TG-GH 

20 

0.3263  ±  0.0306 

0.2337  ±  0.0207 

0.2837 

HH-LN 

20 

0.3604  ±  0.0268 

0.3449  ±  0.0253 

0.0432 

HH-YK 

20 

0.3751  ±0.0214 

0.3231  ±0.0210 

0.1387 

HH-PK 

20 

0.3862  ±0.0185 

0.3432  ±0.0181 

0.1113 

HH-BLK 

20 

0.3861  ±0.0172 

0.3291  ±0.0180 

0.1476 

HH-GH 

20 

0.3365  ±  0.0256 

0.2486  +  0.0182 

0.2612 

LN-YK 

20 

0.3815  ±0.0200 

0.3258  ±0.0201 

0.1460 

LN-PK 

20 

0.3895  ±0.0172 

0.3459  ±0.0172 

0.1118 

LN-BLK 

20 

0.3902  ±0.0165 

0.3319  ±0.0176 

0.1494 

LN-GH 

20 

0.3429  ±  0.0247 

0.2513  ±0.0169 

0.2669 

\K-PK 

20 

0.3515  ±0.0227 

0.3242  +  0.0220 

0.0777 

YK-BLK 

20 

0.3853  ±0.0176 

0.3101  ±0.0197 

0.19.50 

YK-GH 

20 

0.3406  ±0.028! 

0.2296  +  0.0198 

0.3260 

PK-BLK 

20 

0.3858  ±0.0182 

0.3302  ±0.0183 

0.1441 

PK-GH 

20 

0.3550  ±  0.0235 

0.2497  ±0.0173 

0.2966 

BLK-GH 

20 

0.3037  ±  0.0279 

0.2356  ±0.0193 

0.2240 

Mean* 

100 

0.3895  ±0.0159 

0.2925  ±0.0125 

0.2492 

The  number  of  polymorphic  loci  is  ;  164 
The  percentage  of  polymorphic  loci  is  :  96.47 

Mean  values  of  Ht.  Hs  and  Gst  of  100  clones  from  10  Chinese  Arteinia 
parthenogenetica  populations  [See  Nei  (1987)  Molecular  Evolutionary  Ge- 
netics (p.  187-192)1 
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Rsq  =  0,5909 


Log  Km 

Figure  3.  Regression  line  based  on  log,,,  Gst  values  and  log,,.  Km 
(geographical  distance!  pairwise  between  10  subpopulations  of  Arteinia 
parthenogenetica.  There  is  a  signltlcant  correlation  of  Mest  of  regres- 
sion coefficient  (f  =  7.7887,  P  =  O.OdOl).  The  regression  equation  is 
LogGsl  =  0.2677Log  Km  -  1.5679.  R-  =  0.5909 

tance.  therefore  the  high  Gst  levels  may  be  results  of  genetic 
isolation  by  a  geographical  distance  barrier.  Conversely.  WZ.  FC 
and  WD  have  a  short  geographic  distance,  and  individuals  of  dif- 
ferent populations  may  exchange  very  frequently  by  migration.  Gst 
values  of  WZ.  FC  and  WD  were  lov\'.  which  indicates  the  presence 
of  low  level  genetic  differentiations  among  these  subpopulations. 
Although  the  gene  flow  could  not  be  estimated  among  Artemia 
parthenogenetic  strains,  genetic  differentiations  among  different 
strains  may  be  affected  by  a  geographical  isolation  barrier  and 
migrating  by  birds,  wind,  workers  of  salt  works  and  others  (Andy 
et  al.  200.5;  Browne  et  al.  199.3). 

In  recent  years,  a  large  amount  of  male  individuals  (40%  and 
above)  were  found  in  A.  parthenogenetica  from  the  Chinese 
coastal  salt  works,  it  was  believed  that  this  was  caused  by  eco- 
logical invasion  of  A.  franciscana  or  A.  sinica.  because  cysts  of 
A.  franciscana  or  A.  sinica  were  introduced  into  these  salterns  for 
aquaculture.  The  samples  in  this  study  were  collected  before  eco- 
logical invasion  occurred,  so  it  is  important  to  know  basal  data  of 
the  population  genetic  structure  and  clone  diversity  of  A.  parthe- 
nogenetica from  China.  Taxonomic  status  of  invader  and  popula- 
tion genetic  structure  need  to  be  studied  further. 
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THE  GROWTH  OF  JUVENILE  CHINESE  SHRIMP,  FENNEROPENAEVS  CHINENSIS  OSBECK, 
AT  CONSTANT  AND  DIEL  FLUCTUATING  TEMPERATURES 
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ABSTRACT  The  growth,  food  consumption,  food  conversion  efficiency  and  apparent  digestibility  coefficient  of  juvenile  Chinese 
shrimp,  Fennempenaeus  cbinensis  Osbeck  (body  weight  0.36  ±  0.04  g)  were  e.xamined  under  different  temperature  regimes.  The 
animals  were  .subjected  to  6  constant  temperatures  of  18°C,  22°C,  25°C,  28°C,  31°C  and  34°C  and  diel  fluctuating  temperatures  of  22 
±  2°C,  25  ±  2°C.  28  ±  2°C  and  31  ±  2°C.  The  results  showed  that  the  growth  rate  of  Chinese  shrimp  at  the  constant  temperature  regimes 
increased  from  1 8"C  to  3 1  °C.  whereas  decreased  significantly  at  34°C.  The  growth  rates  of  shrimp  at  22  ±  2°C,  25  ±  2°C  and  28  ± 
2'^C  were  significantly  greater  than  those  at  the  corresponding  constant  temperatures  of  22°C.  25°C  and  28°C.  respectively,  whereas 
no  significant  difference  was  found  between  3 1  +  2°C  and  3  TC.  As  compared  w  ith  those  at  constant  temperature,  the  mean  temperature 
at  which  ina.ximum  growth  rate  of  shrimp  occurred  shifted  to  cooler  temperature  at  diel  fluctuating  temperatures.  The  shrimp  consumed 
more  food  at  25  ±  2=C.  28  ±  2°C  and  31  ±  2  C  than  those  at  25"C.  28°C  and  3rCC.  respectively,  hut  no  significant  difference  in 
apparent  digestibility  coefficient  was  found  between  the  fluctuating  and  corresponding  constant  temperatures.  The  food  conversion 
efficiency  and  energy  assimilated  into  growth  as  percentage  of  energy  from  food  for  shrimp  at  22  ±  2-C.  25  ±  2°C  and  28  ±  2°C  were 
significantly  higher  than  at  the  corresponding  constant  temperatures.  Therefore,  more  food  consumption,  high  food  conversion 
efficiency  and  more  energy  partitioned  into  growth  might  contribute  to  the  enhanced  growth  rate  at  the  fluctuating  temperatures. 

KEY  WORDS:     constant  temperatures,  did  HucUialnig  temperatures,  growth,  energy  budget,  Fciiiiciopciicuiis  chiiicii.sis.  shrimp 


INTRODUCTION 

Tciiipcraltire  is  one  of  the  major  physical  factors  infltienciiiij 
the  growth  rates  of  ectotherms.  It  is  well  known  that  the  tempera- 
tnres  in  natural  aquatic  systems  fluctuate  diurnally  and  seasonally. 
Most  previous  studies  on  the  effects  of  temperatures  on  the  growth 
of  aquatic  animals  usually  have  been  conducted  under  constant 
temperature  regimes  with  an  implicit  assumption  that  growth  in 
fluctuating  temperatures  would  be  appro.ximated  by  growth  at  a 
constant  temperature  coinciding  with  the  average  temperature  of 
the  fluctuation.  These  studies  have  led  to  much  insight  into  the 
influence  of  temperature  on  the  grov\  th  of  aquatic  animals,  how- 
ever, the  growth  response  of  animals  subjected  to  a  fluctuating 
thermal  environment,  typical  of  those  normally  encountered  in 
nature,  would  not  been  e.xamined  (Hokanson  et  al.  1977,  Cox  & 
Coutant  1981).  For  example,  the  use  of  average  temperature  to 
characterize  growth  in  fluctuating  temperature  regimes  had  been 
questioned  by  Hokanson  et  al.  (1977). 

Until  now,  many  studies  have  been  conducted  to  investigate  the 
effects  of  fluctuating  temperatures  on  a  variety  of  aquatic  ecto- 
therms, such  as  zooplankton  iHalbach  147.^,  Van  As  et  al.,  1980), 
bivalves  (Widdows  1976,  Pilditch  &  Grant  1999)  and  crustaceans 
(Dame  &  Vemberg  1978,  Miao  &  Tu  1993,  Miao  &  Tu  1996),  and 
most  of  them  focused  on  fishes  (Biette  &  Geen  1980,  Cox  & 
Coutant  1981,  Diana  1984,  Konstantinov  et  al.  1989,  Lyytikainen 
&  Jobling  1998.  Lyytikainen  &  Jobling  1999,  Sieira  et  al.  1999, 
Zdanovich  1999,  Baras  et  al.  2000).  Because  of  the  differences  in 
species  and  thermal  regimes,  the  results  from  different  studies 
were  very  inconsistent. 

Chinese  shrimp  Fenneropenaeus  chinensis  (Osbeck  1765)  is 
the  most  impoitant  marine  species  cultured  in  China,  comprising 
approximately  80%  of  the  total  shrimp  production.  Chinese  shrimp 
are  mainly  distributed  in  the  Yellow  Sea  and  usually  migrate  for 
reproduction  and  overwintering  twice  a  year  in  Bohai  Sea,  Yellow 
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Sea  and  East  China  Sea  (Ge  &  Wang  1995,  Miao  &  Tu  1995). 
Thus,  not  only  Chinese  shrimp  have  experienced  temperatures 
diurnally  and  seasonally  fluctuations,  but  also  they  normally  are 
exposed  to  varying  temperatures  when  they  move  in  water  masses, 
vertically  and  horizontally,  during  feeding,  swimming  or  predator 
avoidance.  Until  now,  although  a  lot  of  studies  on  the  effects  of 
temperatures  on  the  growth  of  this  species  have  been  conducted, 
most  of  them  have  focused  on  the  effects  of  constant  temperatures 
(Zhang  et  al.  19S.3,  Wang  et  al.  1984.  Miao  &  Tu  1995.  Zhang  et 
al.  1998).  and  only  a  few  work  dealing  with  the  effect  of  fluctu- 
ating temperature  on  the  growth  of  shrimp  (Miao  &  Tu  1996)  was 
reported. 

In  a  previous  study,  it  was  found  that  the  oxygen  consumption 
of  Chinese  shrimp  at  a  fluctuating  temperature  of  27  ±  3°C  was 
significantly  lower  than  that  at  a  constant  temperature  of  27°C 
(Tian  et  al.  2004b).  whereas  the  growth  rate  of  shrimp  at  27  ±  3°C 
was  significantly  higher  than  at  the  corresponding  constant  tem- 
perature of  27°C  (Tian  2001 ).  which  implicated  that  there  could  be 
a  bioenergetie  mechanism  involved  in  this  difference  between 
fluctuating  thermal  regimen  and  corresponding  constant  tempera- 
ture. Based  on  this  assumption,  this  study  was  designed  to  evaluate 
the  growth  rate,  food  consumption  (FC).  food  conversion  effi- 
ciency and  energy  budget  of  Chinese  shrimp  at  diel  fluctuating 
temperatures  and  constant  temperature.  The  physiological  and 
bioenergetie  mechanisms  involved  in  the  optimization  of  shrimp 
growth  in  fluctuating  thermal  regimes  were  also  investigated. 

MATERIALS  AND  METHODS 

Experimental  Shrimp  and  Acflimation 

Chinese  shrimp  juveniles  were  obtained  from  the  pond  of  the 
Hongdao  Shrimp  Farm.  Qingdao,  P.R.  China.  The  shrimp  were 
cultured  in  aerated  fiberglass  tanks  with  seawater  and  maintained 
at  about  25'C  for  at  least  3  days.  Then  the  shrimp  were  acclima- 
tized to  various  constant  temperature  regimes,  18°C,  22°C,  25°C. 
28°C,  3I°C  and  34'-'C  at  1.5°C  per  day.  When  the  desired  tem- 
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perature  was  reached,  the  shrimp  were  further  kept  in  the  target 
temperature  for  three  days  before  the  experiment  started.  During 
acclimation,  the  shrimp  were  fed  twice  daily  to  satiation  with  a 
commercial  pellet  manufactured  by  the  Mawei  Fishery  Feed  Co. 
Ltd..  Fujian.  China  (43.39  ±  0.227,:  crude  protein.  9.74  ±  0.30% 
lipid.  9.91  ±  0.03%  ash.  16.88  ±  0.1 1%  energy  and  8.41  ±  0.06% 
moisture).  A  14  h  light;  10  h  dark  photoperiod  was  maintained. 

Experimental  Design  and  Facility 

The  thermal  treatments  included  6  constant  temperatures.  1  S'^C. 
22°C,  25''C.  28°C.  Sl'C  and  34°C.  and  four  diel  temperature  fluc- 
tuations with  daily  means  between  22  and  31.  There  were  four 
replicates  for  each  thermal  treatment.  In  the  fluctuating  tempera- 
ture treatments,  the  pattern  of  diel  temperature  fluctuations  imi- 
tated the  daily  natural  rhythm  of  field  water  temperature  at  the  site 
of  the  present  experiment  (36°rN,  120°3'E)  and  amplitude  of 
temperature  fluctuation  was  set  at  ±2°C.  The  minimum  tempera- 
ture was  set  at  0600  h.  and  increased  gradually  to  the  maximum  at 
1400  h.  then  was  decreased  to  the  minimum  again  at  0600  h  next 
day. 

During  the  experiment,  the  ambient  temperature  was  controlled 
at  16  ±  0.5 'C.  Four  glass  aquaria  (45  x  25  x  30  cm)  were  incubated 
in  a  water  bath  tank  ( 1 70  x  75  x  30  cm )  and  the  temperature  of 
aquaria  was  controlled  by  water  bath.  Each  aquarium  was  covered 
with  a  5-mm  screen  to  prevent  the  shrimp  jumping  out  of  the 
aquaria.  Two  recirculating  pumps  (35  W)  were  applied  in  each 
water  bath  tank  to  ensure  the  even  distribution  of  water  tempera- 
ture in  whole  tank.  Two  systems  were  applied  to  control  different 
water  thermal  regimes.  The  constant  temperature  was  maintained 
by  the  thermostatic  regulation  of  immersion  heaters  (WMZK-01 ). 
The  actual  temperature  was  daily  calibrated  with  a  mercury  ther- 
mal meter  to  the  nearest  0.1  °C.  In  the  treatment  with  fluctuating 
temperatures,  each  designated  temperature  range  was  controlled  by 
a  heating  and  cooling  coil. 

Experimental  Procedure  and  Management 

After  thermal  acclimation,  20  shrimp  were  randomly  chosen, 
weighed  individually  and  stocked  into  four  aquaria  for  correspond- 
ing constant  temperature  treatment  with  each  aquarium  holding 
five  individuals  after  24-h  feed  deprivation.  The  same  procedure 
was  applied  to  choose  shrimp  from  22"C.  25°C,  28°C  and  31°C 
thermal  acclimation  tanks  and  stock  into  aquaria  for  the  diel  tem- 
perature fluctuations  treatments,  i.e.,  22  ±  2°C,  25  ±  2°C,  28  ±  2°C 
and  31  ±  2°C,  respectively.  There  were  four  aquaria  for  each 
thermal  treatment.  Ten  shrimp  were  randomly  sampled  from  each 
corresponding  thermal  acclimation  tank  for  measurement  of  initial 
proximate  body  composition.  During  the  experiment,  the  shrimp 
were  fed  twice  daily  to  satiation  (at  0600  and  1800  h)  with  com- 
mercial pellets.  The  uneaten  feed  and  feces  were  separately  col- 
lected using  a  siphon  tube  within  1.5  h  after  feeding.  The  collected 
uneaten  feed  and  feces  were  settled  in  a  beaker,  and  then  the  water 
above  was  removed  carefully.  The  exuviae  (molted  exoskeletons) 
were  collected  at  times.  The  uneaten  feed,  feces  and  exuviae  were 
dried  at  65"C,  respectively,  and  kept  for  further  analysis.  FC  was 
estimated  from  the  difference  between  the  amount  of  food  applied 
into  the  aquarium  and  food  uneaten.  At  the  end  of  the  experiment, 
all  the  test  shrimp  were  collected  after  24-h  starvation  and  dried  at 
65°C  for  48  h. 

The  experiment  was  conducted  from  May  30.  2000  to  July  2. 
2000.  During  the  experiment,  water  exchanges  were  made  to  all 


treatments  at  the  same  time.  Aeration  was  provided  continuously 
and  one-half  to  two-thirds  of  the  water  volume  was  exchanged 
every  other  day  to  ensure  suitable  water  quality.  Seawater  used  in 
the  experiment  was  filtered  by  composite  sand  filter.  During  the 
course  of  the  experiment,  dissolved  oxygen  was  maintained  above 
6.0  mg/L.  the  pH  was  around  7.8.  ammonia  was  less  than  0.24 
nig/L.  salinity  of  seawater  was  within  28-30  ppt,  and  a  simulated 
natural  photoperiod  (14  L:10  D  light/  darkness)  was  maintained. 

Determination  of  Energy  Contents  and  Estimation  of  Energy  Budget 

The  energy  contents  of  the  whole  shrimp,  feed  and  feces  were 
measured  by  the  Parr  1281  Oxygen  Bomb  Calorimeter.  The  energy 
budget  was  calculated  as  the  following  equation  for  the  crustacean 
energy  budget  (Petrusewicz  &  Macfadyen  1970): 

C  =  G  +  F+U+E  +  R 

where.  C  is  the  energy  consumed  in  food;  G.  the  energy  deposited 
for  growth;  F.  the  energy  lost  in  feces,  U.  the  energy  in  excretion; 
£,  the  energy  spent  for  exuvia,  and  R.  the  energy  for  respiration. 
The  estimation  of  U  was  based  on  the  nitrogen  budget  equation 
(Levine  &  Sulkin  1979.  Lemos  &  Phan  2001): 

U  =  iCr^-G^-F^-  E^)  X  24,830 

where  C,^  is  the  nitrogen  consumed  from  food;  F^^.  the  nitrogen 
lost  in  feces:  G^,  the  nitrogen  deposited  in  shrimp  body;  E^-  the 
nitrogen  lost  in  molting;  24.830.  the  constant  of  energy  content  in 
excreted  nitrogen  (J/g).  The  nitrogen  contents  in  the  formulated 
feed,  shrimp,  feces  and  molting  shell  were  determined  by  the 
Kjeldahl  method. 

The  value  of  R  was  calculated  as  the  following  energy  budget 
equation: 

R = C-G-F-U-E 
Data  Calculation  and  Statistical  Analysis 

All  indices  were  calculated  as  follows:  specific  growth  rate 
(SGR,  %  /d)  =  100  X  (In  Wt  -  InVV'o)  / 1:  food  conversion  efficiency 
(FCE,  %)  =  100  x(Wt-Wo)  I  C:  apparent  digestibility  coefficient 
(ADC,  %)  =  100  X  {C-F)  I  C.  where.  Wt  and  Wo  are  the  final  and 
initial  weights  (g),  t  is  the  feeding  duration  (d).  C  is  daily  FC  (g), 
and  F  is  the  daily  fecal  production  (g). 

Experimental  data  expressed  as  aquarium  means  were  analyzed 
using  SPSS  10.0  (SPSS  Inc..  Richmond,  CA,  USA),  with  possible 
differences  among  data  being  tested  by  the  student's  /-test  and 
one-way  ANOVA.  Duncan  multiple  range  test  was  used  to  test  the 
differences  between  treatments.  P  <  0.05  was  accepted  as  the  level 
of  statistical  significance.  Log  transformations  were  used  to  ho- 
mogenize the  variance  of  body  weight  before  data  analyses.  Arc- 
sine  transformations  w  ere  used  for  feeding  rate.  FCE  and  apparent 
digestion  rate  to  normalize  the  data  distribution. 

RESULTS 

The  growth  rate  of  Chinese  shrimp  at  constant  temperatures 
increased  with  the  temperatures  from  18°C  to  31°C.  whereas  it 
decreased  significantly  at  34°C  (Table  1  and  Fig.  1 ).  Referred  to 
studies  of  Miao  and  Tu  ( 1993),  the  relationship  between  constant 
temperature  (T,°C)  and  SGR  of  Chinese  shrimp  was  best  described 
by  polynomial  regression  analysis: 

SGR  =  -0.0028T'  +  0.1976T-  -  4.3902T  +  32.4816 
R-  =  0.8217  F  =  39.90  /;  =  24 
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TABLE  1. 
Growth  of  Chinese  shrimp  at  constant  and  fluctuating  temperatures  (mean  ±  SE) 


Temperature 

No. 

Initial 

Final 

Duration 

Daily  Increment 

Treatments 

(  Cl 

Shrimp 

Weight  (g( 

Weight  (gl 

(d) 

(mg/d.ind) 

CT18 

18 

20 

0.35  ±  0.02 

0.52  ±  0.07 

33 

5.34  ±2.08 

CT22 

22 

20 

0.37  ±0.01 

0.67  ±  0.06 

33 

9.10±0.16 

CT25 

25 

20 

0.35  ±  0.02 

0.86  ±  0.09 

33 

15..54±  1.85 

CT28 

28 

20 

0.35  ±  0.02 

0.%  ±  0.08 

33 

18.67  ±3.23 

CT31 

31 

20 

0.36  ±  0.02 

1.07  +  0.08 

33 

21.43  ±0.70 

CT34 

34 

20 

0.33  ±  0.04 

0.63  ±  0.05 

33 

9.10  +  2.08 

FT22 

22  ±2 

20 

0.35  ±  0.03 

0.81  ±0.04 

33 

13.94±I.12 

FT25 

25  ±2 

20 

0.35  ±  0,06 

1.09  ±0.08 

33 

22.42+1.62 

FT29 

28  +  2 

20 

0.34  ±  0.02 

1 .32  ±  0.07 

33 

29.70  ±  1.67 

FT31 

31  ±2 

20 

0,35  ±0.01 

1.23  ±0.06 

33 

26.67  ±  0.5 1 

CT.  constanl  temperature;  FT.  Ouctiuiting  teiriperature. 


The  shrimp  exhibited  different  growth  trends  at  diel  fluctuating 
temperatures  compared  with  those  at  constant  temperature  regimen 
(Table  I  and  Fig.  1 ).  The  daily  increment  and  SGR  of  shrimp  at 
diel  fluctuating  temperatures  changed  from  1.3.94  mg  per  day  and 
2.549c  per  day  to  29.70  mg  per  day  and  4.1  K/r  per  day,  respec- 
tively. The  growth  rates  of  shrimp  at  22  ±  2=C.  2.5  ±  2°C  and  28 
±  2''C  were  significantly  greater  than  those  at  the  corresponding 
constant  temperatures  of  22°C.  25°C  and  28°C.  respectively, 
whereas  no  significant  difference  was  found  between  31°C  ±  2°C 
and  31°C  (P  <  0.05).  The  best  growth  occuned  at  28°C  ±  2°C 
under  fluctuating  temperature  regimen,  whereas  best  growth  oc- 
curred at  3 1  "C  under  constant  temperature  regimen.  Thus,  from  the 
growth  curves  of  shrimp,  it  can  be  seen  that  the  mean  temperature 
at  which  maximum  growth  rate  of  shrimp  occurred  shifted  to 
cooler  temperature  at  diel  fluctuating  temperatures  as  compared 
with  those  at  constant  temperature. 

Compared  with  coiresponding  constant  temperature,  FC  of 
shrimp  at  25  ±  2°C,  28  ±  2°C  and  31  ±  2"C  were  significantly 
higher  than  at  corresponding  constant  temperatures  {P  <  0.03); 
however,  no  significant  difference  was  found  between  22  ±  2°C 
and  22°C(P>  0.05)  (Fig.  2). 
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Figure  1.  SGR  of  Chinese  shrimp  at  constant  and  fluctuating  tem- 
peratures. Each  point  is  the  mean  ±SK  of  determinations  from  four 
replicates,  error  bars  represent  I  SE.  NS  means  no  significantly  dif- 
ference between  the  daily  mean  values  of  oxygen  consumption  of 
shrimp  for  the  two  patterns  of  fluctuating  temperature  regimen  and 
control  one  and  *  means  the  significant  difference  (/'  <  0,05),  CT, 
constant  temperature;  FT.  fluctuating  temperature. 


There  was  no  difference  in  ADC  between  diel  fluctuating 
temperature  and  corresponding  constant  temperature  (P  >  0.03, 
Fig.  3). 

Food  conversion  efficiencies  of  shrimp  at  fluctuating  tempera- 
tures of  22  ±  2°C,  25  ±  2°C  and  28  ±  2°C  were  higher  than  at  the 
corresponding  constant  temperatures  of  22°C,  25°C  and  28°C  (P  < 
0.05),  respectively,  but  there  was  no  significant  difference  between 
31°C  and  31  ±  2°C  (P  >  0.05)  (Fig.  4). 

Table  2  shows  the  patterns  of  energy  allocation  in  the  test 
shrimp  at  fluctuating  temperatures  and  corresponding  constant 
temperatures.  The  shrimp  at  the  fluctuating  temperatures  of  22  ± 
2°C,  25  ±  2"C  and  28  ±  2^C  assimilated  more  energy  for  growth 
than  those  at  constant  temperatures  of  22°C,  25°C  and  28°C  (f  < 
0.051,  respectively,  whereas  no  significant  difference  was  found 
between  31  ±  2°C  and  31°C  [P  >  0.03).  The  shrimp  at  28  ±  2°C 
spent  less  energy  in  respiration  than  those  at  28°C  (P  <  0.03 1.  No 
differences  were  found  between  the  fluctuating  and  corresponding 
constant  temperatures  in  the  allocation  of  consumed  energy  to 
feces,  excretion  and  exuvia. 

DISCUSSION 

The  positive  influence  of  fluctuating  temperatures  on  the 
growth  of  crustaceans  has  been  reported  in  cladocerans,  copepods, 
crabs  and  penaeid  shrimp.  The  development  and  growth  of  Daph- 
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Figure  2,  FC  rate  of  Chinese  shrimp  at  constant  and  fluctuating 
temperatures  For  treatment  abbreviations  and  symbols,  refer  to  Fig.  2. 
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Figure  3.  ADC  of  Chinese  shrimp  at  constant  and  fluctuating 
temperatures.  P'or  treatment  abbreviations  and  symbols,  refer  to  Fig.  2. 

niu  pulex  (De  Geerl.  PseudocaUuius  iiiiiiulns  (Kroeyer).  iiuid-crah 
Rhithnipaiiiipeus  licinissi  (Gould).  Chinese  mitten  crab  Eriocheir 
sinen.'iis  (H.  Milne  Edwards),  redtail  shrimp  F.  peniciUatiis 
(Alcockl  and  Chinese  shrimp  increased  at  moderate  diel  fluctuat- 
ing thermal  regimes  (Lock  &  Mclaren  1970.  Costlow  &  Bookhout 
1971.  Van  As  et  al.  1980.  Miao  &  To  1993.  Miao  &  Tu  1996. 
Wang  1999).  In  this  study,  the  shrimp  at  fluctuating  temperatures 
of  22  ±  2°C.  25  ±  2°C  and  28  ±  2°C  exhibited  higher  growth  rate 
than  those  at  corresponding  constant  temperatures  of  22°C,  25°C 
and  28°C,  and  better  growth  occuixed  at  28°C  ±  2°C.  In  compari- 
son, the  shrimp  at  31°C  grew  best  under  constant  tempera- 
ture regimes.  Thus,  the  mean  temperature  at  which  maximum 
growth  rate  of  shrimp  occurred  shifted  to  cooler  temperature  at 
diel  fluctuating  temperatures  as  compared  with  those  at  constant 
temperature,  which  is  similar  to  results  of  Hokanson  et  al.  (1977) 
and  Lyytikiiinen  and  Jobling  ( 1999)  in  rainbow  trout  Saliiio  gaini- 
neri  (Richardson)  and  Arctic  charr  Salvcliuua  iilpiiuis  (Linnaeus). 
The  growth  rate  of  shrimp  appeared  to  be  accelerated  at  fluctuat- 
ing temperatures  whose  mean  temperatures  are  below  the  corre- 
sponding constant  optimum  temperature  for  growth,  whereas  it 
retarded  at  fluctuating  thermal  regimes  whose  mean  temperatures 
are  above  the  constant  optimum  temperature  for  growth.  This  re- 
sult indicated  that  the  diel  fluctuations  within  the  range  normally 
selected  by  shrimp  (i.e..  physiological  optimum  and  lower)  were 
beneficial  to  growth.  Fluctuations  at  the  mean  temperatures  above 
the  physiological  optimum,  however,  might  inhibit  the  growth  of 
shrimp. 
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Figure  4.  FCE  of  Chinese  shrimp  at  constant  and  fluctuating 
temperatures.  For  treatment  abbre\iations  and  s>mbols.  refer  to  Fig.  2. 

The  mechanisms  for  the  enhancement  in  growth  of  crustacean 
at  diel  fluctuating  temperatures  were  still  investigated  less  thor- 
oughly. Dame  and  Veniberg  (1978)  showed  that  diel  fluctuat- 
ing temperature  regimes  significantly  depressed  oxygen  consmnp- 
tion  in  the  15°C  to  25°C  temperature  range  in  the  mud  crab 
Piinopeus  herbstii  (H.  Milne-Edwards)  and  the  fiddler  crab  Uia 
piii>ilator  [Base)  when  compared  with  rates  of  animals  subjected  to 
constant  acclimation  rates.  Because  this  depression  of  metabolic 
rates  occurs  over  that  portion  iif  the  yearly  temperature  range 
within  which  the  animals  are  most  active,  it  is  suggested  that  these 
organisms  use  energy  more  efficiently  when  subjected  to  natural 
cyclic  temperature  conditions  than  when  subjected  to  constant 
temperature  environments.  Tian  et  al.  (2004b)  also  obtained  the 
similar  result  in  Chinese  shrimp.  The  oxygen  consumption  of  Chi- 
nese shrimp  at  a  fluctuating  temperature  of  27-C  ±  3"C  was  sig- 
nificantly lower  than  that  at  a  constant  temperature  of  27°C,  which 
could  explain  the  increased  growth  at  same  fluctuating  tempera- 
tures partially  (Tian  2001).  In  this  study,  increased  EC  were  found 
in  shrimp  at  fluctuating  temperatures  of  25°C  ±  2°C  and  28"'C  ± 
2°C.  and  better  FCE  occun-ed  at  22  ±  2°C.  25  ±  2='C  and  28  ±  2°C, 
whereas  there  was  no  difference  in  ADC  between  diel  fluctuating 
temperature  and  corresponding  constant  temperature.  The  study  on 
energy  allocation  showed  that  the  shrimp  at  fluctuating  tempera- 
ture of  22  ±  2°C.  25  ±  2^C  and  28  ±  2' C  partitioned  more  energy 
for  growth  than  those  at  constant  temperatures  of  22°C,  25°C  and 
28°C.  respectively.  Thus,  the  enhancement  in  the  growth  of 
shrimp  in  the  present  study  could  mainly  be  ascribed  to  energetic 


TABLE  2. 
Allocation  of  the  consumed  energy  in  Chinese  shrimp  at  constant  and  fluctuating  temperatures  (mean  ±  SE) 


G/C 

F/C 

U/C 

E/C 

R/C 

Treatments 

(%) 

{%) 

(%) 

(%) 

(%) 

CT22 

13.94  ±  I..34' 

15.59+  1.12 

6.81  ±0.15 

0.80  ±  0.09 

62.86  ±3.12 

Fr22 

18.16±  1.12'' 

14.81  ±  1.23 

6.05  ±  1.02 

0.63  ±  0.04 

60.35  ±  2.41 

CT25 

13.82  ±0.48^ 

12.04  ±0.77 

7.06  ±0.26 

0.44  +  0.15 

66.64  ±  1.52 

FT25 

15.62  ±  0.26" 

13.56+1.02 

6.47  ±0.28 

0.28  ±  0.03 

64.06  ±1.91 

CT28 

12.35  ±1.56" 

1 1 .73  ±  1 .04 

7.03  ±  0.27 

0.51  ±0.11 

68.38  ±  1.44" 

FT28 

17.97+  1.58" 

10.43  ±  0.96 

6.41  ±0.20 

0.46  ±0.11 

64.72  ±  0.55" 

CT31 

12.14  ±0.57 

8.41  ±0.45 

7.61  ±0.06 

0.52  ±0.01 

71.32  ±0.41 

FT31 

12.66  ±0.21 

6.75  ±  1..54 

7.80  +  0.12 

0.41  ±0.01 

72.38  ±  1.31 

CT.  constant  temperature;  FT.  tluctualing  temperature.  R/C.  energy  for  respiration/energy  consumed  in  food;  G/C.  energy  for  growth/energy  consumed 
In  food;  E/C,  energy  for  exuvia/energy  consumed  in  food;  U/C.  energy  for  excrellon/energy  consumed  In  food;  F/C,  energy  for  faeces/energy  consumed 
in  food.  Means  with  different  letters  were  significantly  different  from  each  other  iP  <  0.051. 
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;Kl\;iiil;ii;e  ;it  optimal  diel  fliictiiatiiig  tempciaUiics,  high  FCE,  re- 
duced metabolism  and  more  energy  partitioned  into  growth  al- 
though more  FC  might  he  one  ot  mechanisms  for  increased  growth 
as  well. 
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DISTRIBUTION  AND  ABUNDANCE  OF  PELAGIC  SHRIMPS  FROM  THE  DEEP  SCATTERING 

LAYER  OF  THE  EASTERN  ARABIAN  SEA 


P.  K.  KARUPPASAMY,'*  N.  G.  MENON,"  K.  K.  C.  NAIR'  AND  C.  T.  ACHUTHANKUTTY' 

^National  Institute  of  Oceanography.  Regional  Center,  Kochi.  India:  'Central  Marine  Fisherie.s 
Research  Institute.  Kochi.  India 

ABSTRACT  The  sonic  scattering  layer  (SSL)  or  deep  ,scattering  layer  (DSL)  of  the  eastern  Arabian  Sea  of  India  is  found  in  depths 
between  surfaces  to  750  ni  with  varying  thicknesses  and  in  multiple  layers.  There  is  a  distinct  resident  community  of  pelagic  shrimps 
that  is  widely  distributed  in  the  DSL  biocomposition.  Pelagic  shrimps  formed  19%  of  the  total  biomass  and  47%  of  the  micronekton 
biomass  of  the  DSL.  Many  of  them  serve  as  important  food  resources  to  several  pelagic/mesopelagic  organisms.  Pelagic  shrimps 
concentrate  in  the  deep  scattering  layer  and  diurnally  migrate  in  the  water  column.  The  estimated  average  abundance  pelagic  shrimps 
ranged  between  0.04-106  /lOOOm'.  Shrimp  catches  were  higher  during  night  at  50-200  m  depth  than  day.  The  dominant  families 
encountered  in  the  catches  were  Thalassocarididae.  Pasiphaeidae.  Sergestidae  and  Oplophoridae.  Dominant  genera  of  pelagic  shrimps 
present  were  Gemiadas.  Sergestes.  Sergia,  Lucifer.  Opioptioriis.  Acainlwplnra.  Nciiuifocarcinus.  Leptochcla.  and  Thahissocari.s. 
Species  Sergestes  seminiuls.  Thallassocaris  crinata  and  LeptoclKla  rohiista  were  present  in  swarms 

KEY  WORDS:     pelagic  shrimps,  deep  .scattering  layer,  geographical  distribution,  vertical  migration,  swarming  behavior 


INTRODUCTION 

Since  the  challenger  expedition  ( 1873-1876).  the  occurrence  of 
bright  red  pelagic  shrimps  in  the  mid  and  deep  waters  of  the  ocean 
has  been  known.  Recently,  much  attention  has  been  paid  to  dis- 
cover their  role  in  the  productivity  of  the  ocean.  The  importance  of 
pelagic  shrimps  as  sonic  scatters,  food  for  larger  animals,  and  as 
agents  in  energy  transfer  to  the  deep  sea  is  well  documented 
(Omori  1974.  Kikuchi  &  Omori  1985).  Marine  organisms  aggre- 
gate at  specific  depths  in  the  ocean  and  the  scattered  sound  waves 
from  these  organisms  can  be  recorded  as  a  scattering  layer  on  the 
echogram  of  an  echo  sounder.  This  layer  is  referred  to  as  sound- 
scattering  layer  (SSL)  or  deep  scattering  layer  (DSL)  and  has  been 
observed  in  all  the  oceans  (Sameoto  et  al.  1985,  lida  et  al.  1996). 
Hays  (2003)  stated  that  the  DSL  organisms,  which  ascend  around 
dusk  and  descend  around  dawn  presumably  reflecting  the  predator- 
prey  tracking.  Often  discrete  layers  are  evident  at  different  depths, 
each  layer  composed  of  different  species  or  developmental  stages 
(Tarling  et  al.  2001).  The  DSL  is  a  layer  of  living  organisms, 
ranging  from  almost  microscopic  zooplanktons  like  copepods  to 
macroorganisms  like  shrimps,  squids  and  fishes  that  prey  from 
within  and  outside  the  DSL  (Ingmanson  &  William  1973).  Ac- 
cording to  Omori  ( 1974).  out  of  a  total  of  about  2.000  species  of 
shrimps  recorded  frotii  the  world  oceans,  as  many  as  210  species 
pass  their  complete  life  in  the  pelagic  realm.  In  Indian  waters,  the 
earliest  studying  on  the  taxonomy  of  pelagic  shrimps  was  that  of 
Alcock  ( 1901 )  who  listed  several  species  along  with  benthic  forms 
from  the  collection  of  the  marine  survey  ship  'investigator,"  Later 
Kemp  (1917.  1925),  Nataraj  (1942,  1947)  and  more  recently  Su- 
seelan  (1984)  have  recorded  many  more  species  from  the  west  and 
east  coasts  of  India  and  studied  their  taxonomy.  Pelagic  shrimp 
form  important  food  and  forage  to  oceanic  tuna,  flying  fishes 
(James  et  al,  1987.  Philip  1998)  and  a  number  of  fish  species 
inhabiting  the  shelf  waters  that  support  commercial  fishery.  Pe- 
lagic shrimp  are  considered  potentially  important  from  the  outer 
shelf  and  slope  waters  of  the  west  coast  of  India  (Venkatraman 
1960.  Suseelan  &  Nair  1990).  Therefore  a  detailed  investication 


was  earned  out  for  understanding  their  distribution  pattern,  abun- 
dance and  diel  vertical  migrations  in  the  eastern  Arabian  Sea. 

MATERIALS  AND  METHODS 

The  pelagic  shrimp  samples  were  collected  from  the  DSL  dur- 
ing tlie  10  cruises  of  FORV  Sugar  Sampada  as  part  of  a  DSL 
program  in  Indian  EEZ  between  May  1998  to  December  2000  in 
the  area  between  06-2  f'N  and  66-77"E  (Table  1 ),  Pelagic  shrimp 
catches  were  recorded  from  123  stations  (88%)  out  of  the  140 
stations  sampled,  covering  67  night  and  56  day  samplings  (Fig.  I). 
The  gear  used  for  the  collection  was  the  Isaac-Kidd  Midwater 
Trawl  (IKMT),  The  IKMT  was  designed  to  collect  meso/bathy 
pelagic  specimens  larger  and  more  active  than  the  specimens 
caught  by  plankton  nets  (Isaacs  &  Kidd  1951 ).  The  towing  speed 
was  maintained  at  3  knots.  Acoustic  detection  of  DSL  onboard  was 
facilitated  by  two  Echo  sounders  (Simrad,  EK  400  and  EK  200.  38 
KHz/120  Kh/),  The  IKMT  was  operated  by  observation  of  the 
DSL  in  the  echogram,  by  making  an  oblique  haul  for  30  min.  The 
sampling  depth  varied  between  50  and  750  m  and  hauling  depth 
depended  on  the  concentration  of  DSL  thickness  as  evidenced 
from  echograms.  The  catches  were  preserved  in  \09i  buffered 
formalin,  after  noting  the  volume,  immediately  after  the  haul. 
From  the  samples  pelagic  shrimps  were  sorted  out  and  were  used 
for  the  study.  Identification  of  pelagic  shrimps  was  done  using  the 

TABLE  1. 
FORV  Sagar  Sampada  cruise  details. 
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Figure  1.  Map  showing  day  and  night  stations  for  IKMT  collections 
from  the  DSL  of  the  Indian  EEZ  of  the  Arabian  Sea  during  May  1998 
and  December  2000. 

key  and  description  of  species  by  Alcock  ( 1901 ).  Hansen  ( 1919). 
Kemp  (1920).  Holthius  (19.S5).  Yaldwyn  ( 19.S7).  Kensley  (1971  a. 
b).  Jndukins  (1978).  Binkenroad  (19SI).  Suseelan  (1984)  and 
Fart'ante  and  Kensley  (1997).  The  pelagic  shrimp  abundance  was 
estimated  using  "Swept  area"  method  (Sparre  &  Vanema  1992). 
The  abundance  per  1  -degree  square  was  calculated  by  taking  into 
account  the  DSL  thickness  (m).  the  average  numerical  abundance 
of  shrimps  (No/1.000  m'')  in  the  collections  taken  from  that  area 
and  these  have  been  extrapolated  to  compute  the  biomass  for  catch 

TABLE  2. 
Multilayers  in  the  study  of  the  DSL. 
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TABLE  3. 

Total  DSL  biomass  (per/1,000')  of  numerical,  volumetric  and  Height 
from  the  DSL  biocomposition. 
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1  -degree  .square.  Because  the  sample  size  was  small  for  a  realistic 
estimation  of  biomass.  the  estimation  presented  here  is  only  an 
indication  of  the  resource  abundance  in  the  surveyed  area. 


RESULTS 


DSL  Characteristics 


The  deep  scattering  layers  are  found  throughout  the  surveyed 
area  in  the  Arabian  Sea.  Single  layers  are  found  more  frequently 
than  multiple  layers.  The  scattering  layer  is  generally  found  in 
depths  ranging  between  200-750  m  during  day  and  suiface  to  200 
m  during  night,  with  varying  thicknesses  and  in  multiple  layers 
both  day  and  night.  The  DSL  multiple  layers  were  recorded  at 
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Figure  2.  (;eographical  distribution  and  abundance  (per/1,000  m')  of 
pelagic  shrimps 
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three  locations  (Table  2)  with  \ai'ying  thickness  and  characters.  All 
three  multiple  layers  were  found  in  the  southern  regions  of  the 
Arabian  Sea.  The  multiple  layers  invariably  recorded  in  depths 
between  10-90  m.  20-250  m  and  40—100  m.  Collections  made  at 
different  times  of  day  and  night  indicated  that  discrete  bands  or 
layers  ascend  to  surface  from  the  upper  DSL  by  dusk  and  during 
the  day  it  descend  down. 

Geographical  Distribution  and  Abundance  of  Pelagic  Shrimps 

There  is  a  distinct  resident  community  of  pelagic  shrimps  found 
to  be  widely  distributed  in  the  DSL  biocomposition.  Of  the  total 
biomass,  pelagic  shrimps  formed  19%  of  the  total  biomass  and 
47%  of  the  micronekton  biomass  of  the  DSL.  The  result  showed 
that  the  pelagic  shrimps  numerically  formed  one  of  the  major 
components  of  the  micronekton  in  the  DSL  (Table  ?>).  Figure  2 
shows  the  general  distribution  of  the  pelagic  shrimps  (average 
values  for  each  1°  squares  were  plotted)  in  the  Arabian  Sea.  The 
north  ( 15-22°N)-south  (06-15°N)  compari.son  showed  an  increas- 
ing abundance  of  pelagic  .shrimps  towards  south  (64.8%  of  the 
total  catch).  The  nuinerical  abundance  ranged  from  0.04-106/ 
1,000  m'.  Along  the  southwest  coast  the  ma.ximum  biomass  re- 
corded was  at  08-74°  square  ( 106/1 ,000  m')  off  Vi/hinjam  and  off 
Cochin  (100/1,000  m""),  whereas  along  the  northwest  coast  high 
catches  was  recorded  off  Ratnagiri  region  (51/1.000  m').  The  fam- 
ily-wise estimated  average  biomass  for  the  whole  study  area  is 
presented  in  Figure  3.  During  the  night  the  families  Thalassocar- 
idae  and  Pasiphaeidae  were  more  abundant  (>20/l,000  m')  fol- 
lowed by  families  Sergestidae  (3.94/1.000  ni"*)  and  Luciferidae 
(3.94/1.000  m').  whereas  the  families  such  as  Opiophoridae,  Ben- 
thesicymidae.  Nematocarcinididae,  Pandalidae,  Penaeidae,  Sole- 
noceridae  and  Stenopodidae  were  recorded  in  small  numbers.  In 
the  day  catches  all  families  were  recorded  (<2. 5/1 ,000  m"")  in  small 
numbers.  This  showed  that  pelagic  shrimps  aggregate  mostly  dur- 
ing the  night. 

Vertical  Migration 

Changes  in  the  abundance  of  pelagic  shrimps  ni  the  IKMT 
catches  could  throve  litiht  on  the  nature  of  their  vertical  migration. 


0-50  m  51-200  m  201-300  m 

Depth  (m) 


above  300  m 


Figure  4.  Day  and  night  average  abundance  of  pelagic  shrimps  (No/ 
1.000  m'l 


To  study  the  variation  in  the  vertical  distribution  of  pelagic 
.shrimps,  the  data  arbitrarily  were  group  into  4-depth  realm  namely, 
0-50.  50-200,  200-300  and  >300  m  for  convenience  of  explana- 
tion. The  pelagic  shrimps  abundance  was  rich  at  depth-ranges 
50-200  m  (777/1000  m')  and  0-50  (554/1000  m')  and  low  catches 
were  yielded  from  below  300  m.  During  the  night,  they  were 
concentrated  more  in  the  upper  strata  (0-200  m)  and  during  the 
daytime  they  were  more  abundant  >20()  depth  (Fig.  4).  Among  the 
pelagic  shrimps,  the  dominant  groups  considered  for  vertical  dis- 


DAY 


>300 


00-50 


50-200  200-300 

Depth  (m) 


>300 


-  Pasiphaeidae 

-  Sergestidae 


-Thallassocarldae 
-Opiophoridae 


Figure  5.  Vertical  (numerical  average)  distribution  of  important  fami- 
lies of  pelagic  shrimps. 
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TABLK  4. 
Species  composition  of  Pelagic  shrimp  and  location  of  occurrence 


Species  Name 


Size  Range 
( mm  \ 


DSL  Depth 
(m) 


Latitude 

(  N) 


Longitude 

IE) 


Infra  order:  Penaeidea 
Super  family:  Penaeoidea 
Family:  Penaeidae 

I .  Pelagopenaeus  balboae 


1.  Fiinchalia  (htnae 
Family:  Benthesicymidae 

3.  Gennadas  praecos 

4.  G.  sordidus 

5.  G.  parvus 

6.  G.  scutatus* 
Family:  Solenoceridae 

7.  Hymenopemieus  atjiwulis 

8.  Solenocera  he.Mii 
Family:  Sergestidae 

9.  Sergesles  seminudus* 
10.  5.  semissis* 

11.5.  orienlalis* 

12.  Sergia  inous* 

13.  Aceles  japonicus 
Family:  Luciferidae 

14.  Lucifer  r^'pus"^ 

15.  L  penicdlifer* 

16.  L.  hanseni* 

17.  L.  orient  all  s* 
Infra  order:  Caridea 
Super  family:  Oplophoridea 
Family:  Oplophoridae 

18.  Oplophorus  lypux* 

19.  Acanthephyra  simguinea 


2{).  Meningndorii  sp 
21 .  Notosloniu.s  sp 


Super  family:  Nematocarcinoidea 
Family:  Nematocarcinidae 

22.  Nemalocarcinus  lenuirostris 


Super  family:  Pasiphaeoidea 
Family:  Pasiphaeidae 

23.  Leptochelu  (Lepiochela)  aculeoctiudara* 

24.  L  (Lepiochela)  robusta'^ 

25.  Psulhxrocaris  sp 
Super  family:  Pandaloidea 
Family:  Pandalidae 

26.  Plesionika  mania 

11.  P.  alcocki 


Family:  Thalassocarididae 

28.  Thalassocaris  crinala* 
Infra  order:  Stenopodidea 
Family:  Stenopodidae 

29.  Stenoptts  sp 


60  and  70 


60 

60 
20-40 

40 
26-^2 

25^0 
40 

26-46 
15-35 
15-35 
30-60 
20-25 

0.2-10 
0.2-10 
0.2-10 
0.2-10 


6-50 
30-75 


50 
40-45 


13-24 


10-30 

10-35 

35 


25-35 
26-35 


5-15 


40 

50 

200 

60 

60 

50 

350 

50 

50 

to  700 

370 

205 

50 

to  350 

50 

to  400 

50 

to  350 

50  to  500 

30 

50 

to  750 

50 

to  750 

50 

to  750 

50  to  750 

50-750 
750 
120 
210 
750 
750 
750 
750 
100 


750 
100 
260 
400 


50-750 

50-750 

750 


100 
180 
180 
280 
245 
350 
400 

50-750 


13° 

00' 

12° 

30' 

12° 

59' 

17" 

30' 

07° 

07' 

07° 

07' 

10° 

31' 

07° 

07' 

13° 

09' 

16^ 

30' 

16°  78' 


11° 

26' 

10° 

31' 

09° 

59' 

14° 

31' 

11° 

26' 

14° 

31' 

11° 

26' 

10° 

21' 

14° 

31' 

\b' 

14' 

17° 

30' 

07° 

59' 

14°  31' 


07°  59' 
14°  31' 
12'=  28' 
11°  49' 
14  31' 
10°  19' 
OT  59' 


69° 

57' 

73° 

30' 

69° 

58' 

67° 

24' 

77° 

12' 

68° 

32' 

77° 

12' 

77° 

12' 

73° 

40' 

72° 

14' 

73°  85' 


67° 

34' 

68° 

32' 

72° 

or 

67- 

32' 

67° 

34' 

67° 

32' 

67° 

34' 

75° 

34' 

67° 

32' 

72° 

15' 

70° 

25' 

74° 

02' 

67°  32' 


76°  00' 
74°  09' 
74'=  09' 
74°  26' 
73°  08' 
75°  28' 
74°  02' 


73°  06' 


^  Species  were  coilecled  Ironi  the  area  between  06-2  IN  and  b6-77'E. 
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TABLE  5. 
Swarming  species  locution  and  their  numerical  abundance  of  eastern  Araliian  Sea 


Species 


Nunihers 
(/l(H)(l/m') 


Depths 

(M) 


Latitude 


Longitude 


Daj/Night 


Month 


Leptochela  rohiixki 


TIntlhi.sMiriiris  i  rinulii 


Sergestes  scminuth 


25 

250 

08°29'N 

73°30'E 

Day 

May 

49 

10 

10°29'N 

73°30'E 

Night 

May 

257 

50 

10°29'N 

73"30'E 

Night 

May 

99 

90 

10°29'N 

73°30'E 

Night 

May 

30 

100 

16°14'N 

72°15'E 

Night 

November 

28 

50 

08°30'N 

73°25'E 

Night 

May 

302 

75 

OS'SS'N 

74°34'E 

Night 

December 

47 

100 

10°20'N 

73°26'E 

Night 

December 

29 

430 

14°29'  N 

74<'09'  E 

Day 

April 

26 

40 

08°00'N 

75°0O'E 

Day 

September 

dae.  Pasipl 

laeidae.  Thalassc 

)car- 

DISCUSSION 

idae  and  Oplophoridae  (Fig.  5).  Night  catches  of  pelagic  shrimps 
belonging  to  all  families  from  surface  waters  (0-200  m)  exceeded 
the  day  catches.  Catches  from  these  depths  were  higher  during  the 
day  than  at  night.  Some  groups  migrate  to  the  shallowest  depths 
possible  at  night,  whereas  the  deeper-water  forms  prefer  to  migrate 
only  to  mid  depths.  For  example  shrimp  belonging  to  Oplo- 
phoridae family  were  not  captured  either  during  day  or  night  from 
the  0-50  m  depth  range.  They  were  caught  from  200- .300  m-depth 
range  during  both  day  and  night. 

Species  Composition 

The  pelagic  shriinps  of  the  DSL  were  made  up  of  29  species 
belonging  to  19  genera  and  II  families.  Shrimps  belonging  to 
genera  Opli>phorus.  Gennadas.  Sergestes.  Leptochela  and  Accm- 
tlu'phyra  were  dominant  in  the  DSL  catches  (Table  4).  Out  of  the 
29  species  obtained,  16  were  restricted  to  a  few  locations  and  13 
were  represented  along  the  entire  eastern  Arabian  Sea.  The  survey 
results  showed  that  the  caridean  shrimps,  particularly  Accmthep- 
liyra  scmfiuiiwa.  Meningodoni  sp.  Notostoiniis  sp.  Psalliyocaris  sp, 
Plesioiiika  luurtia  and  P.alcocki.  were  recorded  only  from  the 
southern  parts.  The  species  Funchalia  dana,  Solenocera  he.xtii. 
Accliis  japoiiitiis,  and  Neinatocarciniis  teiiunislris  were  only  from 
the  northern  parts  and  all  other  species  were  distributed  along  the 
entire  Arabian  Sea. 

Swanniiif;  Ihlutrior 

The  swarming  nature  of  pelagic  shrimps  was  evident  from  the 
strong  concentration  on  various  occasions  during  this  study.  In  the 
oceanic  waters  Siergestes  seiniiiiids.  Thallassocaiis  criiiatci  and 
Leptochela  mhiista  occurred  in  swanns  (Table  5).  Swarining  na- 
ture was  noticed  mostly  in  the  lower  latitudes,  and  only  a  few 
swanns  were  noticed  in  the  northern  region  at  16''14'N,  72°I5'E. 
In  some  of  the  hauls,  shrimps  formed  more  than  75%  of  the  total 
catch.  Lcptocheala  rohiista  was  found  at  5  locations  both  during 
day  and  night,  with  maximuin  abundance  at  I0"29'N,  73°30'E  in 
the  depth  of  50  and  90  m  (256  &  99/1.000  m')  respectively.  The 
Thallassocaris  cr/iiaia  was  present  only  in  the  night  collections  at 
3  locations,  and  the  depth  of  occurrence  ranged  between  50-100  m 
and  was  caught  during  May  and  December  with  a  maximum  of 
302/1,000  m-'  at  08"88'N,  74°34'E.  The  species  Sergestes  scw- 
imids  was  found  at  two  locations  during  the  day  collections  at 
depths  between  40-430  m  during  April  and  September.  The  abun- 
dance was  <30/l.000  m"*  for  these  species. 


The  deep  scattering  layers  are  found  in  depth  between  surface 
and  750  m  with  the  varying  thicknesses  and  in  multiple  layers 
throughout  the  survey  of  the  eastern  Arabian  Sea.  Barham  ( 1957) 
found  that  in  Monterey  Bay  the  number  of  layers  changes  through- 
out the  year.  Herring  et  al.  ( 1998)  recorded  distinct  multiple  layers 
in  the  upper  350  m  during  the  daytime  off  Oman  coast.  The  strik- 
ing feature  noticed  during  this  study  was  the  presence  of  a  high 
density  of  pelagic  shrimps  throughout  the  eastern  Arabian  Sea.  The 
quantitative  richness  of  the  DSL  in  the  Arabian  Sea  is  mainly 
caused  by  the  presence  of  micronektonic  organisms  like  pelagic 
shrimps,  swarming  crabs,  cephalopods  and  epi-mesopelagic  fishes. 
Among  the  pelagic  crustaceans  occuiring  in  the  scattering  layers  of 
the  sea,  shrimps  appear  to  occupy  a  prime  position  numerically 
(Suseelan  &  Nair  1990).  Their  distribution  in  fact  shows  a  clear 
north-south  variation  as  the  abundance  increased  from  north  to 
south.  The  southern  region  was  found  to  be  more  productive  com- 
pared with  the  northern  region  of  Arabian  Sea,  where  their  abun- 
dance was  rather  patchy  and  productive  areas  were  less  extensive. 
Overall  biomass  estimations  showed  that  the  maximum  population 
densities  were  recorded  off  Vizhinjam  (106/1,000  tir  )  and  off 
Cochin  (100/1,000  nr').  Of  the  total  19*  of  the  pelagic  shrimps 
recorded  from  the  DSL,  species  such  as  Leptochela  robusta,  Serg- 
estes seminude  and  Thallassocaris  crinanta,  which  are  of  high 
forage  value,  appeared  in  seasonal  swarms  during  day/night.  Their 
swarming  is  strongly  seasonal  and  the  fishing  seasons  correspond 
with  the  swarming  periods.  A  study  on  the  day-night  variations  in 
abundance  revealed  a  pronounced  vertical  migration  of  these  ani- 
mals, being  more  concentrated  in  night  samples  than  day.  Herring 
et  al.  (1998)  found  that  decapods  (particularly  species  of  Genna- 
das. Plesionika  and  Sergestes)  contributed  more  to  the  biovolume 
among  the  micronekton  of  the  DSL.  Shrimps  feed  actively  at  night, 
however  physiological  evidence  suggests  that  the  lower  meso  and 
bathypelagic  species  are  able  to  maintain  their  predatory  activities 
throughout  range  of  migration,  by  day  as  well  as  by  night  (Pearcy 
&  Foi-ess  1966).  Waterman  et  al.  (1939)  stated  that  diurnal  vertical 
migrations  have  long  been  known  to  play  an  important  part  in  the 
lives  of  pelagic  organisms.  At  night  the  animals  were  more  densely 
packed  in  the  depth  ranges  of  0-200  m.  whereas,  during  the  day 
these  animals  usually  appeared  at  depths  >200  m.  Diel  vertical 
migrations  of  pelagic  shrimps  are  often  extensive,  hence  acceler- 
ating the  vertical  flux  of  organic  matter  and  recycling  of  chemical 
substances  through  the  water  column  (Kikuchi  &  Omori  1985). 
Because  fish  such  as  tuna  feed  on  pelagic  shrimps,  a  positive 
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relationship  between  the  abundance  of  these  two  groups  could  be 
expected  (Alverson  1961 ).  Among  caridean  shrimps  recorded  dur- 
ing the  present  study,  a  species  that  deserves  special  attention  is 
Leptoclieala  robiisra.  which  was  caught  in  large  quantities 
throughout  the  west  coast.  This  species  is  reported  to  form  impor- 
tant forage  to  tuna  and  other  pelagic  fishes  in  the  Lakshadeep  and 
neighboring  seas  (George  &  Paulinose  1973.  James  et  al.  1987). 
According  to  George  et  al.  (1977)  the  maximum  density  of  tuna 
and  allied  fishes  in  Indian  EEZ  is  in  the  southwest  coast  and  the 
oceanic  islands.  It  is  therefore  reasonable  to  presume  that  the  high 
productivity  of  pelagic  shrimps  might  influence  the  abundance  of 
tunas  and  allied  fishes  in  these  regions.  The  observation  was  made 
bv  James  et  al.  (1987)  that  oceanic  tunas  that  feed  heavily  on 


Li'plnchclci  robtisia  is  indicative  of  selective  feeding  of  tunas  on 
such  species  of  pelagic  shrimps.  Voracious  feeding  on  species  of 
these  genera  by  tuna  (albacore)  and  fin  and  sei  whales  {Bal- 
aenopteni  horealis)  has  been  reported  from  the  pacific  waters 
(Omori  &  Kawamura  1972.  Omori  1974). 
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INDICATORS  OF  PERFORMANCE  IN  THE  FISHERY  FOR  SHRIMP  PALAEMON  SERRATUS 

(PENNANT)  IN  IRISH  COASTAL  WATERS 
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ABSTRACT  A  commercial  fishery  for  shrimp  Palaemon  serratus  occurs  on  the  south  and  west  coasts  of  Ireland.  Two  tempor;il 
phases  were  identified:  expansion  from  the  mid  1970s  to  the  late  1980s  when  ma.\imum  national  landings  were  less  than  150  t  annually; 
and  a  second  phase  since  1990  when  most  years  yielded  more  than  200  t.  Ma.\imum  landings  of  548  tons  were  reached  in  1999.  Three 
indicators  of  fishery  performance  are  examined:  total  annual  landings,  weight  landed  per  vessel  per  day  and  the  average  weights  of 
individual  shrimp  in  October  and  December,  reconstructed  from  processors'  records  of  graded  shrimp.  Total  landings  and  daily 
landings  weights  coiTelated  positively,  whereas  both  correlated  negatively  with  average  individual  shrimp  weight  in  October  and 
December  over  a  l.^-year  period.  Periodic  and  possibly  cyclical  recruitment  events  are  identified  as  a  contributor  to  improved  yield. 

KEY  WORDS:     PciUieiiioii  serratus.  Palaemon  elegans.  Ireland,  inshore,  shrimp  fishery 


INTRODUCTION 

A  trap  (creel)  fishery  for  shrimp  commenced  in  the  \icinity  of 
Baltimore,  southwest  Ireland  in  the  mid  1970s  (McPadden  1979). 
It  subsequently  expanded  eastwards  along  the  south  and  north- 
wards along  the  we.st  coasts.  The  species  making  up  the  majority 
of  the  landings  was  Palaemon  serrauis  (Pennant),  the  smaller  P. 
elegans  accounting  for  less  than  1%  of  landings  by  number  (Fahy 
et  al.  1998a).  Cole  ( 1958)  and  Forster  ( 1951 )  desciibed  P.  serratus 
as  having  a  pronounced  southern  distribution  in  Britain  and  the 
majority  of  landings  in  Ireland  came  from  the  south  west  (Fahy  & 
Gleeson  1996)  (Fig.  1). 

Shrimp  are  fished  in  plastic  Chinese-hat-ended  traps  baited 
with  whitefish  or  pelagic  fish  offal.  Ben-ied  females  fetch  the  best 
prices  and  are  targeted  by  the  fishery.  These  are  most  accessible 
and  concentrated  inshore  duiing  the  autumn  when  growth  is  fast 
and  an  individual  could  double  its  weight  in  four  to  five  months 
(Fahy  &  Gleeson  1996).  However,  shrimp  are  poorly  selected  by 
the  square  mesh  used  in  creels  (Fahy  et  al.  1998b);  all  sizes  above 
55  mm  total  length  (which  was  the  threshold  at  which  recruitment 
commenced)  are  generally  retained. 

The  growth  and  longevity  off.  serratus  have  been  investigated 
by  a  number  of  workers:  SoUaud  (1916)  believed  the  species  lived 
for  five  or  six  years;  Cole  (1958)  thought  it  probable  it  survived  for 
four  but  Forster  (1951.  1959)  favored  two  and  Figueras  (1986) 
described  the  expected  life  span  as  three  years. 

Significant  elements  in  the  life  cycle  reconstructed  from  data  in 
Fahy  and  Gleeson  (1996)  and  corroborated  in  Fahy  et  al.  1998b  are 
presented  in  Figure  2  on  which  the  traditional  fishing  season  (Au- 
gust to  January)  is  marked  with  rectangles  whose  shading  indicates 
its  relative  importance  to  the  industry  (0-group  shrimp  are  har- 
vested and  sold  but  they  realize  low  prices,  shrimp  in  their  second 
autumn  are  the  principal  target  and  are  most  valuable,  whereas 
female  shrimp  that  might  be  in  their  third  autumn  are  infrequent). 
Shrimp  hatch  in  May  and  first  recruit  to  the  creels  the  following 
August  and  September.  Discarding  was  an  exceptional  practice 
during  the  period  under  review  (the  majority  of  fishers  sold  the 
unsorted  contents  of  their  creels),  hence  0-group  animals  were 
retained  in  the  landings.  Currently  fishing  also  takes  place  up  to  6 
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n  m  offshore  when  the  females  migrate  into  deeper  water  during 
the  colder  months  after  the  end  of  the  year. 

MATERIALS  AND  METHODS 

Total  landings  of  shrimp  were  collected  by  the  government 
department  responsible  for  fisheries  (currently  the  Department  of 
Communications.  Marine  and  Natural  Resources)  on  a  national 
scale  (Fig.  3). 

Details  of  shrimp  purchases  and  grading  were  obtained  from 
five  processors,  labeled  A  to  E.  These  processors  purchased 
shrimp  from  a  wide  geographic  range  and  several  contemporane- 
ously bought  landings  from  the  same  area.  Processors  mechani- 
cally sorted  shrimp  using  vibrating  screens  into  four  or  five  size 
grades  at  least  five  1-kg  samples  of  each  of  which  were  obtained 
and  analyzed  in  the  Marine  Institute. 

In  the  laboratory  samples  were  disaggregated  by  sex;  females 
have  a  faster  growth  rate  than  males.  Individual  measurements  of 
total  length  from  the  tip  of  the  rostrum  to  the  end  of  the  telson  were 
noted  (0.1  mm),  the  shrimp  having  been  straightened  against  a 
rigid  surface  and  individual  weights  (0,1  g)  were  recorded.  Length 
frequencies  separated  by  sex  were  predominantly  bimodal  with  the 
two  modes  interpreted  as  the  0  and  1-y  groups.  However  some 
females  exceeding  24  mo  in  age  may  also  have  been  present  but 
not  identifiable  in  the  length  frequencies.  The  bimodal  length  fre- 
quencies were  sliced  (separated  at  the  lowest  length  frequency)  to 
divide  year  classes.  The  consequence  for  the  average  shrimp 
weights  of  altering  the  proportions  of  the  two  age  groups  was 
modeled. 

Definitions  of  grades  varied  from  one  buyer  to  another  and  the 
average  weights  of  corresponding  grades  among  processors  dif- 
fered; to  maintain  consistency  of  product,  a  processor  maintained 
his  sorting  screen  characteristics  from  one  year  to  another.  Table  1 
contains  the  average  weights  of  shrimp  per  grade  analyzed  by  the 
Marine  Institute  and  used  throughout  the  period  of  the  investiga- 
tion to  estimate  the  average  individual  weight  of  shrimp  landed. 

Processors  provided  details  of  the  weight  composition  of 
graded  shrimp  in  the  landings  they  purchased  (the  actual  weights 
of  grades  I— 4  or  5  after  screening)  together  with  dates  and  places 
of  purchase,  and  from  these  and  the  average  weight  of  shrimp 
within  a  grade  the  average  weights  of  shrimp  captured  from  an 
area  in  a  specific  time  period  was  calculated  according  to  the 
formula: 
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Figure  I.  Map  of  Ireland  on  which  the  count)  houndaries  are  marked, 
showing  the  extent  of  inshore  shrimp  llsheries  (black)  and  places 
where  shrimp  landings  were  recorded  by  the  Department  of  Commu- 
nications, Marine  and  Natural  Resources  (I)CMNR)  between  1995  and 
2(103  inclusive  Ixl.  Numbers  1-8  refer  to  the  areas  from  which  data  on 
shrimp  grading  and  daily  landing  weight  per  vessel  were  obtained. 
Places  referred  to  In  the  text  are  identified. 


2  (GrWtJ*  AvWtJ) 


where  GrWtJ  is  the  proportion  of  stock  at  this  grade  and  AvW'lJ 
is  its  average  individual  weight.  1  was  the  largest  and  //  the  small- 
est grade. 

The  time  period  to  which  average  weights  referred  was  depen- 
dent on  factory  procedure:  landings  might  be  sorted  daily  or 
weekly  and  some  archived  data  were  for  landings  bought-in  over 
a  month. 

The  average  individual  weight  in  October  and  December  was 
calculated  using  all  consignments  in  these  months.  Grading  was 
not  always  undertaken  by  a  processor  and  such  data  as  existed 
were  not  always  made  available.  In  1991  grading  details  of  3%  of 
total  landings  were  obtained;  the  following  year  this  increased  to 
98<7f.  Thereafter  it  fluctuated  between  207f  (in  199.^  and  2001 )  and 
50%  (in  1995),  averaging  at  35%  over  the  period.  In  all  162  esti- 
mates of  October  and  December  weights  were  made  and  these 
were  distributed  among  92  combinations  of  processor,  area  and 
year  from  1991  to  2003  (Table  2). 

The  majority  of  shrimp  were  fished  mainly  by  small  inshore 
vessels  (<10  m)  ere  wed  by  two  persons  fishing  300-500  creels. 
Logbooks  were  not  maintained  in  this  fishery.  Records  of  daily 
landings  by  a  single  vessel,  which  were  then  consigned  to  a  pro- 
cessor, were  obtained  from  the  same  geographical  range  and  from 
the  same  companies  by  scrutiny  of  payment  records;  individual 
boats  were  not  identified.  An  estimated  3%  of  all  landings  were 
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Figure  1.  Elements  of  the  shrimp  life  cycle  of  relevance  to  the  inshore 
autumn  commercial  fishery  whose  duration  (.August  to  .lanuary)  is 
represented  by  rectangle  on  the  top  panel.  Relative  importance  of 
successive  years  is  indicated  by  intensity  of  shading.  (Jrowth  of  females 
and  males  is  shown  as  the  mean  ±1  SD  of  the  disaggregated  and  sliced 
length  frequencies  converted  to  weight.  The  last  panel  shows  the  sex 
ratio  (from  Fahy  &  Gleeson  19%  and  Fahy  et  al.  1998b). 


reported  as  daily  landings  in  1991  and  257f  the  following  year.  An 
average  of  13%  of  total  landings  were  reported  as  daily  landings 
overall.  Daily  consignment  numbers  averaged  1.076  annually  and 
ranged  from  347  in  1991  to  1.906  in  1994. 

The  areas  from  which  shrimp  were  purchased  (numbered  1-8) 
are  shown  in  Figure  I .  Area  I  is  in  County  Galway.  area  2  is 
County  Kerry,  areas  3-7  are  in  County  Cork,  and  area  8  is  County 
Waterford. 

The  statistical  package  used  in  the  work  was  SPSS  1 1.0. 


■  Total  landings 

-Daily  landings  by  a  single  vessel,  kg 


1975  1980  1985  1990  1995  2000 

Figure  3.  Total  landings  (.Source:  DCMNR),  1975  to  2()()3  and 
average  weight  of  daily  landings  by  vessels  fishing  shrimp, 
2003. 
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TABLK  1. 

Average  indi\idual  weights  (g)  of  shrimp  in  grades  sorted  b\  iMe 
processors.  The  averages  are  of  Ine  or  more  samples  of  eacli  grade. 


Grades/Processors 

A 

B 

C 

D 

E 

1 

7.4 

9.3 

6.2 

S.3 

1  I..5 

2 

4.7 

7.0 

4.5 

.5.9 

7.2 

3 

3.3 

2.4 

3.1) 

3.7 

4.4 

4 

2  "• 

1.8 

I..S 

2.9 

2.(1 

5 

T    T 

RESULTS 

The  PdUu-mim  shrimp  fishery  in  Ireland  is  conducted  close 
inshore  in  the  autumn  and  it  is  concentrated  on  the  south  west  of 
the  country.  Few  shrimp  are  harvested  in  the  Irish  Sea  (Fig.  I ).  A 
fishery  exists  in  the  northwest  where  shrimp  accumulated  in  stor- 
age bo.xes  are  periodically  collected  for  processing,  which  is  also 
carried  out  mainly  in  the  southwest.  Between  1995  and  2003  the 
counties  that  provided  the  data  on  which  this  investigation  is  based 
recorded  93%  of  the  total  landings  of  shrimp  (Galway.  20%. 
Kerry.  23%,  Cork  45%  and  Waterford.  6%  ). 

The  fishery  targeted  1 -group  shrimp  (Fig.  2),  especially  fe- 
males, which  are  twice  as  heavy  as  males  during  their  second 
autumn.  The  fishery  was  mainly  conducted  from  August  to  Janu- 
ary when  1 -group  females  moved  close  inshore.  Females  outnum- 
ber males  in  landings,  the  majority  of  which  are  harvested  within 
I  n  m  of  the  coast.  Not  all  females  have  reached  their  asymptotic 
length  at  this  age  however  and  they  continue  their  growth  in  deeper 
water  during  the  colder  months.  Very  few  females  survive  to  con- 
tribute to  the  next  fishing  season.  Investigations  on  shrimp  in 
southwest  Ireland  in  the  midl990s  supported  Forster's  interpreta- 
tion of  life  expectancy  for  practical  assessment  purposes  although 
the  longevity  of  some  few  females  might  exceed  24  mo  ( Fahy  & 
Gleeson  1996). 

Annual  landings  (Fig.  3)  had  2  phases:  a  period  of  low  catches 
up  to  19X9  (142  t  in  1982  was  exceptional)  and  a  subsequent 
period  of  expanded  catches;  other  than  in  1992  when  they  totaled 
164  and  in  1993  269  t.  landings  of  shrimp  exceeded  300  t  per 
year  during  the  latter  period.  In  1999  landings  peaked  at  548  t 
after  which  they  fell  lo  1  15  t  in  2002,  recovering  again  to  413  t  in 
2004. 

Mean  daily  landings  per  boat  over  the  period  were  34  kg  (rang- 
ing from  23  kg  in  1992  to  45  kg  in  1998)  and  analysis  of  weight 
frequency  over  the  period  recorded  90%  was  less  than  75  kg  [ii  = 

TABLE  2. 

The  origin  of  average  individual  shrimp  v\eighls  in  October  and 
December. 


Processors/Areas 

1 

2 

3 

4 

5 

6 

7 
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Totals 

A 

7 

-) 

9 

5 

4 

~t 

7 

36 
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7 

9 

16 
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2 

2 

4 
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11 

11 

E 

13 

8 

4 

25 

E 

13 

8 

4 

25 

TiitaK 

II 

20 

10 

9 

9 

6 

11 

16 

92 

12.669.  between  1990  and  2003).  Landings  of  as  low  as  2  kg  were 
recorded  and  the  upper  end  of  the  range  was  at  250  kg  (Fig.  3). 
Daily  average  consignment  weights  correlated  significantly  with 
total  landings  (r-  =  0.353,  ;/  =   14.  P  =  0.0251). 

All  processor/area/year  combinations  of  data  covering  the  pe- 
riod September  to  December  were  considered  in  this  analysis 
and  for  these  the  average  individual  shrimp  weights  in  October 
and  Deceinber  were  calculated.  Selections  of  these  data  sets  are 
shown  in  Figure  4  to  illustrate  the  nature  of  the  data.  In  the  ma- 
jority of  panels  there  was  some  increase  in  weight  in  the  autumn 
months  and  the  average  individual  weight  frequently  declined  co- 
inciding with  the  move  of  females  into  deeper  water  in  the  colder 
months. 

Forster  (1951),  Cole  (1958),  Sollaud  (1916)  and  Desbrosses 
( 1951 )  identified  a  number  of  variations  in  growth  and  biology  of 
Palaemonid  shrimp,  which  might  be  attributed  to  location  (sex 
ratio  favors  females  in  rocky  areas  and  males  where  the  substratum 
provides  less  cover,  for  example)  so  the  average  individual  weights 
were  examined  for  bias,  which  might  be  linked  to  processor  or 
area.  Average  individual  weights  were  higher  in  areas  1  (4.95  g) 
and  8  (4.92  g)  than  elsewhere  (3.9-4.2  g).  In  the  rocky  environ- 
ment of  Connemara  (area  I)  shrimp  are  known  to  be  of  better 
commercial  quality  because  of  the  higher  incidence  of  berried 
females.  All  records  from  area  I  were  provided  by  processor  D. 
Two  processors,  A  and  B,  handled  shrimp  from  area  8  and  both 
provided  a  similar  weight  range.  Area  8  includes  the  only  area  in 
which  fishers  were  known  to  have  graded  their  catches.  An  analy- 
sis of  variance  found  a-significant  difference  between  processor 
and  average  shrimp  weight  (df  =  3,  F  =  3.420,  P  =  0.019)  and 
between  area  and  average  shrimp  weight  (df  =  6,  F  =  2.740,  P  = 
0.015)  but  average  shrimp  weights  in  samples  from  the  same  area 
handled  by  different  processors  did  not  differ  significantly  (df  = 
4,  F  =   1.685,  P  =  0.157). 

Areas  I  and  8  had  higher  average  shrimp  weights,  but  data  from 
these  areas  were  more  plentiful  in  some  years  than  others  hence, 
when  they  did  occur  they  might  have  distorted  the  results  in  those 
years,  so  samples  from  areas  I  and  8  were  excluded  from  all 
further  analyses,  and  147  average  individual  shrimp  weights  were 
used  in  the  remaining  calculations. 

Average  individual  shrimp  weights  displayed  periodic  trends 
during  the  study  period;  between  1991  and  1995  average  indi- 
vidual weights  in  October  and  December  rose  (x-var  =  0.365;  n 
=  29,  r-  =  0.0384,  P  =  0.0003),  from  1995  to  1998  they  declined 
(x-var  =  -0.189,/!  =  30,  r"  =  0.152,  P  =  0.033 )  and  froin  1998 
until  2001  they  increa.sed  again  (x-var  =  0.315,  n  =  52,  i~  = 
0.270,  P  <  0.0001)  (Fig.  5).  A  trough  occurred  in  1998  and  the 
average  weights  tended  downward  again,  though  not  significantly, 
between  2001  and  2003. 

Average  individual  shrimp  weight  correlated  negatively  with 
daily  consignment  weight  (;i  =  147,  i"  =  0.0816,  P  =  0.0005) 
and  national  landings  (ii  =   147,  r^  =  0.071 1,  P  =  0.001). 

A  correlation  of  average  shrimp  weight  with  time,  superim- 
posed on  the  data  in  Figure  6,  suggests  an  increase  in  average 
shrimp  weight  over  the  period  of  the  study. 

The  relationship  between  the  propoilion  O-group  and  average 
individual  shrimp  weight  was  modeled  on  the  composition  of 
shrimp  samples  provided  in  October  and  November  by  processor 
A.  Disaggregated  into  males  and  females  the  length  frequency 
compositions  were  sliced  into  0  and  I -groups.  In  the  model  the 
proportion  of  0-y  shrimp  was  increased  and  the  consequent  aver- 
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Figure  4.  Examples  of  the  seasonal  distribution  of  average  slirimp  weiglits  in  landings  from  four  areas  in  five  years.  On  each  the  area  and 
processor  arc  identified.  The  examples  are  selected  to  illustrate  the  type  of  data  used  in  the  calculations:  panel  a.  is  of  bulked  dally  landings, 
which  were  graded  on  a  weelily  basis,  b  and  d  arc  individual  daily  landings,  which  were  graded  on  a  weekly  basis,  e  and  f  are  daily  landings, 
which  were  graded  on  a  daily  basis  and  c  is  graded  material  archived  on  a  monthly  basis. 


age  individual  shrimp  weight  was  noted  (Fig.  7).  An  inverse  rela- 
tionship between  average  shrimp  weight  and  the  proportion  of 
O-group  shrimp  also  suggested  that  the  recruitment  of  O-group 
shrimp  influenced  yield. 
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Figure  5.  Range  and  mean  values  of  average  shrimp  weights  in  Octo- 
ber and  December  as  reported  by  five  processors  (above)  from  eight 
areas  (below). 


DISCUSSION 

Expanding  from  the  midl970s.  the  inshore  fishery  for  shrimp 
reached  its  maximum  geographical  extent  in  the  early  1990s.  The 
fishery  is  unregulated. 

The  maximum  average  individual  weight  in  a  shrimp  catch 
from  the  inshore  fishery  is  recorded  in  the  late  autumn,  between 
October  and  December.  Average  individual  weight  is  influenced 
by  the  sex  ratio  within  the  catch,  whether  it  has  been  sorted  to 
remove  O-group  individuals  and  the  relative  proportions  of  0  and 
1 -group  animals  represented  (Fahy  &  Gleeson  1996.  Fahy  et  al. 
1998b). 

Annual  shrimp  landings  correlated  positively  with  daily  land- 
ings suggesting  that  the  latter  reflected  changes  in  shrimp  abun- 
dance. Greater  abundance  of  a  target  species  attracts  additional 
fishing  effort  and  that,  in  turn,  increases  yield.  While  logbooks 
were  not  maintained  in  this  fishery,  it  is  possible  to  obtain  an 
estimate  of  fishing  effort  from  the  average  daily  and  total  annual 
landings.  Using  these  data  fishing  days  annually  would  have  av- 
eraged 9.266  between  1991  and  2003  and  ranged  from  .3,263  in 
2002  to  13,6.'i0  in  1994.  Fishing  effort  is  strongly  correlated  with 
total  landings  (/;  =   13.  r'  =  0.6919.  P  =  0.0004). 

Successful  fishing  could  be  based  on  a  strong  l-y  class  of 
higher  first  sale  value  or  an  abundant  0-y  class  contributing  greater 
volume  but  less  unit  value.  In  the  analysis  annual  landings  and 
daily  consignment  si/e  both  conelated  negatively  with  average 
shrimp  weight  in  October  and  December  suggesting  that  increased 
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Figure  6.  Trends  in  the  average  weights  of  shrimp  in  October  and 
December,  1991  to  2003.  Short-term  sequential  regressions  and  the 
long-term  linear  trends  are  shown  and  the  variables  for  the  latter  are 
given. 

I;indings  were  caused  by  greater  proportions  ot'0-gnuip  shrimp  and 
increased  recruitment. 

Figure  7  illustrates  how  a  decreasing  average  shrimp  weight 
signals  this  recruitment  but  is  not  a  sensitive  indicator.  Modeled 
average  shrimp  weights  were  5.45  g  when  they  consisted  of  only 
1 -group  animals;  demonstrable  change  was  brought  about  by  the 
addition  of  an  equal  weight  of  0-group  shrimp,  which  reduced  the 
average  weight  to  approximately  half  (2.85  g).  Doubling  the  ad- 
dition of  0-group  shrimp  further  reduced  the  average  weight  to 
2.42  g  (by  a  further  0.44  g)  and  tripling  it  reduced  the  average 
weight  to  2.27  (by  an  additional  0.15  g).  In  terms  of  numbers, 
working  from  the  data  shown  in  Figure  2.  the  addition  of  6:1 
0-group  to  I -group  could  increase  the  total  weight  of  a  consign- 
ment in  the  autumn  fishery  by  300%. 

An  investigation  of  the  commercial  shrimp  fishery  (Fahy  & 
Gleeson  1996)  provided  some  analyses  of  the  age  and  sex  com- 
position of  graded  shrimp  but  had  limited  access  to  quantitative 
factory  grading  data.  Without  disaggregating  for  sex,  they  sliced 
the  length  frequency  distributions  at  three  points  (65,  70  and  75 
mm)  to  separate  the  0  and  1 -groups.  At  the  time  (early  1990s)  there 
would  have  been  a  low  incidence  of  0-group  shrimp  in  the  landings 
anyway,  but  the  slice  point  was  also  too  far  to  the  left,  85  mm 
would  have  been  more  appropriate.  Fahy  and  Gleeson's  review  of 
the  fishery  in  the  1990s  considered  it  well  managed.  However, 
they  noted  the  tendency  for  the  autumn  fishery  to  extend  over  a 
longer  period,  a  trend  that  has  since  accentuated.  The  pursuit  of 
shrimp  offshore  during  the  colder  months  of  the  year  has  also 
intensified  as  stock  depletion  of  other  inshore  species  and  the 
capitalization  of  the  inshore  sector  have  progressed. 

Fahy  and  Gleeson  (1996)  reported  that  shrimp  are  berried  for 
much  of  the  year:  1-group  females  become  ovigerous  in  the  au- 
tumn but  O-group  come  into  berry  the  following  spring.  Berried 
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Figure  7.  Modeled  inverse  relationship  between  average  shrimp 
weight  and  the  proportion  of  0-group  shrimp  in  the  landings. 

females  are  the  most  commercially  valuable  category  of  shrimp 
and  confining  the  fishery  to  the  autumn  allowed  the  surviving 
0-group  cohort  to  reproduce.  They  expressed  concern  that  a  fishery 
extending  over  much  of  the  year  could  deplete  shrimp  spawning 
stock  biomass. 

The  gradual  upward  trend  in  average  weights  since  the  fishery 
completed  its  full  expansion  in  the  early  1990s  (Fig.  6)  may  indi- 
cate a  trend  towards  lower  recruitments.  Episodic  larger  recrtiit- 
ments  are  associated  with  shrimp  of  small  average  size  and  low 
value;  larger  shrimp  are  more  valuable  and  their  exploitation 
offshore  when  stocks  are  at  a  low  level  combined  with  their 
exploitation  during  the  spring  reproductive  phase  could  culminate 
in  growth  overfishing,  and  this  may  now  be  a  reality.  A  precau- 
tionary approach  to  prevent  growth  overfishing  is  required  and 
an  obvious  initiative  would  be  the  restoration  of  the  traditional 
fishery  confining  exploitation  to  inshore  waters  in  the  autumn 
months. 
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DISTRIBUTION  OF  THE  SEA  URCHIN  HEMICENTROTUS  PULCHERRIMUS  ALONG  A 
SHALLOW  BATHYMETRIC  GRADIENT  IN  ONAGAWA  BAY  IN  NORTHERN  HONSHU,  JAPAN 

YUKIO  AGATSUMA,'*  HIROKAZU  YAMADA"  AND  KAZUYA  TANIGUCHi' 

^  Lahoniiorx  of  Marine  Plant  Ecoloi^y.  Graduate  School  of  Agricultural  Science,  Tohoku  University. 
Aoha.  Sendai.  Miyagi  981-H555.  Japan:  'Shizuoka  Prcfectural  Fisheries  Expcriiiicnud  Station.  Izu 
Branch.  Shiraluuna.  Shinwdu  4I5-0UI2.  Japan 

ABSTRACT  Distribution  of  the  sea  urchin  Hemiccnlivms  inddierrimiis  was  monitored  monthly  or  bimonthly  from  April  1998  to 
May  1999  at  a  100  nr  permanent  site  in  intertidal  to  subtidal  zones  at  depths  of  up  to  2.8  m  in  Onagawa  Bay.  northern  Honshu,  Japan. 
Factors  causing  seasonal  demographic  changes  were  analyzed  from  vertical  algal  vegetation,  sea  urchin  size,  gonad  development,  and 
gut  content.  The  highest  density  of  H.  ptilclicrrinnix  was  found  on  algal  turf  on  boulders  at  the  depth  of  0-0..1  m.  Migration  of  adult 
.sea  urchins  on  crustose  corallines  at  the  depth  of  0.3-2.8  m  to  the  algal  turf  and  subsequent  inhabitation  in  more  suitable  boulder  habitat 
are  suggested  from  November  to  March,  when  Acmsoriiim  iwlyneiirmn.  which  is  their  main  food,  grew  dominantly.  As  the  high  gut 
content  of  crustose  coralline  of  the  sea  urchins  on  crustose  corallines  resulted  in  significantly  lower  gonad  indices,  it  is  likely  that 
migration  is  caused  by  their  high  foraging  activity  for  A.  polyneiirum  to  ensure  gonad  development.  The  growth  of  the  sea  urchins  on 
algal  turf  was  ensured  by  Chondnis  spp.  as  main  food. 

KEY  WORDS:  sea  urchin.  Heinuciuroius  piilchcrriiiiiis.  distribution,  gonad  development,  gut  conlcnt.  migration,  Acrosoiliiiii  pol\- 
iicimim. 


INTRODUCTION 

The  sea  urchin  Hcnuccntratiis  puUhcrrinuis  (A.  Agassiz  1863) 
is  fotiiid  ill  intertidal  and  subtidal  zones  from  Kytishu  to  Rebun 
Island,  Htikkaido,  Japan  and  in  Korea  and  China  (Shigei  199.^, 
Agatsunia  2001a),  This  sea  urchin  is  an  important  fisheries  re- 
source in  shallow  waters  in  the  coastal  regions  of  the  southern 
Japan  Sea  from  Fukui  Prefecture.  The  brands  "Echizen  Uni"  in 
Fukui  Prefecture  and  "Shimonoseki  Uni"  in  Yamaguchi  Prefecture 
are  well  known,  hi  Fukui.  stones  were  introduced  in  1910  to  en- 
hance the  sea  urchin's  habitat  (Andrew  et  al.  2002,  Agatsuma  et  al, 
2003),  Adult  sea  urchins  with  poor  gonad  development  have  been 
transplanted  to  kelp  forests,  where  gonad  development  improves 
(Andrew  et  al,  2002,  Agatsuma  et  al.  2003).  In  addition,  seed 
production  was  initiated  in  a  Yamaguchi  hatchery  in  the  1960s 
(Sakai  et  al.  2003),  The  seeds  (juveniles)  of//,  piilvhcrrimus  were 
released  in  .Saga,  Shimane  and  Fukui  Prefectures,  and  the  number 
exceeded  1000,000  individuals  in  1993.  releases  ranged  from 
390.000-890,000  individuals  until  2000  (Agatsuma  et  al..  2003). 

Quantifying  seasonal  patterns  in  density  and  size  distributions 
among  different  habitats  is  necessary  for  managing  and  sustaining 
populations  of  sea  urchins.  In  addition,  the  seasonal  habitat  selec- 
tion relative  to  age  and  associated  with  algal  assemblage  as  food 
resources  that  ensure  growth  and  gonad  development  should  also 
be  clainfied.  In  shallow  waters  in  the  Sea  of  Japan.  Hokkaido. 
0-y-old  Strongyldcentrutiis  niidus  inhabit  crustose  coralline  com- 
munities where  the  larvae  settle  (Taniguchi  et  al.  1994,  Sano  et  al, 
1998)  throughout  the  year.  Sea  urchins  that  are  >1  y  old  migrate  to 
the  kelp  Lamiiuuiu  religiosa  bed  in  an  inteilidal  zone,  where  their 
gonads  are  ensured  to  develop  for  reproduction  from  summer  to 
autumn.  They  then  return  to  the  crustose  corallines  to  avoid  the 
strong  wave  action  in  winter  (Agatsuma  2001b).  A  similar  sea- 
sonal migration  of  5.  iiiidiis  is  also  found  in  Pacific  coastal  waters, 
where  an  Eisenia  bieyelis  forest  grows  in  subtidal  shallow  v.'aters 
(Sano  et  al.  1998.  Sano  et  al.  2001).  Adult  Paraeemrotus  lividiis 
migrate  from  a  pebble  area  where  larvae  settle  to  a  Cynwdocea 
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nodosa  sea  grass  bed  in  relation  to  a  change  in  food  habit  (Fernan- 
dez et  al.  2001 ).  The  migration  of  Sphuereehinus  granulans  from 
Phyniatolithon  communities  to  Zoslera  marina  or  macroalgal  beds 
is  also  related  to  changes  in  food  habit  (Guillou  &  Michel  1993). 
Loxechimis  albus  with  >45  mm  diameter  also  migrate  from  the 
intertidal  zone  where  larvae  settle  to  brown  macroalgal  beds  at  a 
depth  of  4-15  m  (Contreras  &  Castilla  1987).  However,  except  for 
5.  nndiis.  the  principal  purpose  for  migration  is  not  clear.  And  that, 
there  is  no  known  reason  for  sea  urchins  to  migrate,  and  the  foods 
that  they  forage  have  not  been  identified  by  analysis  of  their  gut 
content.  In  the  life  history  of//,  pulcherrimiis.  seasonal  changes  in 
the  vertical  distributions  and  the  algal  foods  in  relation  to  algal 
vegetation  are  also  tinknown. 

In  the  present  study,  we  monitored  the  density  and  test  diameter 
of  a  H.  pulcherrimus  population  in  relation  to  the  depth,  bottom 
characteristics,  and  vertical  algal  vegetation  from  intertidal  and 
subtidal  zones  in  the  Pacific  near  shore  waters  of  northeastern 
Honshu.  An  analysis  of  the  gut  content  was  undertaken  to  deter- 
mine the  foods  for  gonad  development  and  growth.  Consequently, 
the  factors  contributing  to  seasonal  demographic  changes  were 
suggested. 

MATERIALS  AND  METHODS 

Site  Characteristics 

A  monthly  or  bimonthly  survey  was  conducted  in  the  intertidal 
and  subtidal  zones  at  Sashigahama  (38°28'N.  141°29'E)  in  Ona- 
gawa Bay.  Miyagi.  from  April  1998  to  May  1999  (Fig.  1 ).  Previ- 
ously, a  study  site  was  determined  from  predominance  of  //.  pul- 
cherrimus by  SCUBA  diving  observation.  A  survey  was  per- 
formed using  one  fixed  transect  (."iO  m  long  x  2  m  wide)  as  the 
study  site  placed  perpendicularly  to  the  coast  line. 

In  April  1998.  the  bottom  profile  at  the  study  site  was  sketched 
precisely  using  a  1  x  I  m  quadrat  by  SCUBA.  Depth  was  measured 
with  a  water-pressure  gauge  (Japan  Aqualung  Co..  Ltd.)  at  an 
interval  of  I  m  along  the  leaded  rope  placed  at  the  center  of  the 
study  site,  and  compensated  at  the  level  of  the  shallowest  water. 
Algal  vegetation  at  the  study  site  in  each  quadrat  was  observed 
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Figure  1.  Location  of  tlie  study  site  in  Onagawa  Bay  in  nortliern 
Honshu,  Japan. 

using  SCUBA  and  video-recorded  ( Handycam.  DCR-TRV7.  Sony 
Corporation).  Unidentified  algae  in  the  field  were  collected  and 
identified  in  the  laboratory. 

The  mean  surface  water  temperature  every  ten  days  during  the 
present  study  and  the  averages  for  .^0  y  from  1968-1997  were 
referred  to  the  data  at  Enoshima  (38°24'N.  14r36'E)  near  the 
study  site,  measured  by  Miyagi  Prefecture  Fisheries  Research  and 
Development  Center. 

Density  and  Size  Analysis 

In  the  study  site,  a  1  x  1  m  quadrat  was  used,  and  the  test 
diameter  of  H.  pulcherrimiis  was  measured  in  each  quadrat  with  a 
vernier  caliper  (1  mm  accuracy);  the  results  were  recorded  on 
aqua-notes  by  SCUBA.  The  sea  urchins  were  replaced  in  the  same 
quadrates.  No  survey  was  performed  at  a  distance  of  0-25  m  in 
January  1999  because  of  the  high  wave  action. 

StrongyioceiUrotiis  inidiis  and  S.  inlenneditts  also  distributed  in 
the  study  site  and  their  density  in  each  quadrat  was  also  recorded. 
Throughout  the  year,  5.  mulus  was  found  on  deep  crustose  coral- 
lines with  density  of  4.5-8.4  individuls/m".  Low  density  of  <2.5 
individuls/m^  was  found  for  S.  inreniicdiiis. 

Gonad  Analysis 

To  determine  the  gonad  development  and  feeding  habits  during 
the  study,  except  for  April  1998.  a  50  m  leaded  rope  was  set  up  at 
a  distance  of  15  m  west  of  the  site,  where  similar  algal  vegetation 
was  observed.  Twenty  specimens  of  H.  pitlcheniiiuis  larger  than  3 
cm  in  diameter,  which  exceeds  the  mature  size  {Kawana  1938), 
were  collected  from  algal  turf  along  the  line.  Similarly.  5-10  speci- 
mens were  collected  at  crustose  corallines.  The  test  diameter  and 
body  weight  (g  wet  weight)  were  measured  using  a  vernier  caliper 


(0.1  mm  accuracy)  and  an  electronic  balance  (0.01  g  accuracy). 
Gonad  wet  weight  was  also  measured  (O.Olg  accuracy),  and  gonad 
index  (gonad  weight  x  100/body  weight)  was  calculated.  Part  of 
the  gonad  was  preserved  in  20%  formalin  for  24  h.  and  after  that, 
in  10%  formalin.  Using  standard  histological  techniques,  serial 
cross  sections  (6  ixm)  were  cut  through  the  center  of  a  gonad  and 
stained  with  Mayer's  hematoxylin  and  eosin.  Histological  sections 
were  classified  according  to  Fuji  ( 1960):  Stage  I,  recovering;  Stage 
II,  growing;  Stage  III,  premature;  Stage  IV,  mature;  and  Stage  V, 
spent. 

Gul  Content  Analysis 

Five  specimens  with  a  test  diameter  in  excess  of  3  cm  were 
used  to  analyze  the  gut  content  on  algal  turf  and  crustose  coral- 
lines. The  gut  content  for  each  individual  was  obtained  and  filtered 
on  a  nylon  net  with  a  mesh  size  of  350  |a.m.  The  component  of 
fractions  <350  (jim  was  excluded  because  it  was  difficult  to  sort. 
First,  the  components  were  divided  into  three  groups,  algae,  ani- 
mals and  minerals,  according  to  shape,  color,  and  hardness  with 
the  use  of  a  stereomicroscope.  Furthermore,  algae  were  classified 
into  a  family,  genus,  or  species  from  its  specific  cell  structure 
using  a  dissecting  microscope.  After  that,  each  food  item  sorted 
was  sucked  on  filter  paper  (Whatman  GF/C)  and  dried  for  1 2  h  at 
80°C  in  a  hot-air  convection  oven  and  then  weighed  using  a  mi- 
crobalance  ( I  mg  accuracy). 

Statistical  Analysis 

Statistical  difference  in  densities  of  H.  piilclicnimiis  at  each 
four  of  the  characterized  areas  in  the  study  site  among  months  and 
the  densities  among  four  areas  was  analyzed  by  two-way  repeated 
ANOVA  and  Scheffe's  multiple  comparison  test.  Significant  dif- 
ference in  the  gonad  indices  on  algal  turf  and  crustose  corallines 
among  months  was  analyzed  by  one-way  factorial  ANOVA  and 
Scheffe's  multiple  comparison  test.  The  difference  in  indices  be- 
tween the  two  vegetation  types  were  analyzed  by  unpaired  Mest 
after  confirming  no  significant  difference  in  variance  between 
them  by  F-test.  All  the  data  showed  nomial  distribution  and  ho- 
mogeneous variance  by  Shapio-Wilk's  VV-test  and  Cochran's  test, 
respectively. 

RESULTS 

Site  Characteristics  and  Seanater  Temperature 

At  the  study  site,  boulders  formed  >50%  of  the  substrata  at  the 
study  site  at  distances  of  10-17.  25-34.  and  42-50  m.  In  the  other 
areas,  undulating  rocks  with  ditches  and  holes  in  addition  to  boul- 
ders were  present  (Fig.  2). 

The  depth  and  seasonal  changes  in  the  vegetation  of  the  dom- 
inant algae  with  these  coverage  of  ca.  >50%  in  the  study  site  are 
shown  in  Figure  3.  The  area  at  a  distance  of  0-10  m  is  in  the 
intertidal  zone.  Subsequently,  the  area  sloped  gently  from  10-24  m 
at  depths  of  up  to  0.3  m  and  steeply  from  24-50  ni  at  depths  of 
0.3-2.8  m.  From  the  upper  to  the  lower  intertidal  zone.  Gloiopeltis 
fiirccitci,  Aiuilipiis  japoniciis.  and  Sargassiim  fiisifoniiia  grew  all 
year  round.  Sargassiiin  tlmnbergii  generally  grew  below  5.  fusi- 
fonnis.  except  for  the  period  from  September  to  December,  when 
Chandria  crassicaulis  grew  dominantly.  From  the  lower  intertidal 
zone  to  the  subtidal  gentle  slope  at  depths  of  up  to  0.3  m.  Chondrus 
occUatus  and  C  verrucosus  grew  dominantly  from  April  to  De- 
cember. However,  their  growth  zone  was  reduced  to  the  lower 
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Figure  2.  Bottom  profile  at  the  study  site  sketched  using  a  I  x  1  m  quadrat.  Dashed  lines  represent  rocks  with  ditches  or  holes. 


intertidal  zone  in  March  and  May  the  folknvini;  year.  From  Sep- 
tember to  December.  Grateloiipia  Uvida  and  Acrasitiium  polyueu- 
riiin  coloni/ed  the  Chondrus  growth  zone.  In  March  and  May,  A. 
polyneuniin  grew  dominantly  at  a  depth  of  0-0.2  m.  Sargassum 
yezoensc  and  S.  micracanthum  grew  on  rocks  at  a  depth  of  0.3  m 
all  year  round.  Those  sargasso  algae  grew  abundantly  in  June  and 
July.  After  dieback,  the  holdfasts  and  stipes  remained  from  Sep- 
tember to  Match.  At  the  deeper  zone  of  >0.3  m,  crustose  corallines 
dominated,  whereas  Dilophus  okamurae  grew  at  a  depth  of  2.1-2.8 
111  from  September  to  March  and  dominantly  from  October  to 
January.  The  study  site  was  characterized  by  depth,  algal  vegeta- 
tion, and  bottom  character;  the  intertidal  zone,  the  algal  turf  with 
gentle  slope  at  the  depth  of  0-0.3  m,  the  upper  steep-sloped  crus- 
tose coi-allines  at  the  depth  of  0.3-1.0  m,  and  the  lower  steep- 
sloped  crustose  corallines  at  the  depth  of  1.0-2.8  m. 

E.xcept  for  the  period  from  February  to  April  and  August,  the 
water  temperature  during  this  study  was  markedly  higher  than  the 
average.  In  particular,  the  deviation  showed  high  values  of  3.8°C 
in  late  December  1998  and  2.0-2.4°C  in  January  and  late  April 
1999  (Fig.  4). 

Vertical  Distribution 

Seasonal  changes  in  the  density  of  H.  piikhciriitius  on  the  4 
characterized  areas  in  the  study  are  shown  in  Figure  5.  Significant 
difterence  in  the  density  among  4  areas  (df  =  3,  MS  =  3951.505, 
F  =  163.587,  P  <  0.0001 )  and  month  (df  =  9.  MS  =  9.898,  F  = 
4.529,  P  <  0.0001)  was  found.  Significant  correlation  between  the 
area  and  month  was  also  found  (df  =  27,  MS  =  75.719,  F  = 
6.872,  P  <  0.0001 ).  The  densities  on  algal  turf  were  significantly 
higher  than  those  on  the  other  areas  throughout  the  year  [P  <  0.01 ). 
There,  the  sea  urchins  were  found  beneath  the  boulders.  Stibse- 
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Kijjure  3.  Depth  and  seasonal  changes  in  the  vegetation  of  the  domi- 
nant algae  with  these  coverage  of  ca.  >5()'/f  at  the  study  site  charac- 
terized by  the  four  areas,  intertidal  zone,  algal  turf,  upper  crustose 
corallines  and  lower  crustose  corallines. 
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quently.  their  densities  on  upper  criistose  corallines  were  signifi- 
cantly higher  than  those  on  interlidal  and  lower  crustose  corallines, 
with  the  exception  of  September  1998  and  March  and  May  1999 
{P<0.0\). 

The  densities  on  the  intertidal  zone  were  low  all  year  round.  On 
algal  turf,  the  densities  from  April  to  December  1 998  ranged  from 
14.4-17.9  indi\iduals/nr.  and  no  significant  difference  was  found 
{P  >  0.05).  Then,  the  density  significantly  rose  to  28..^  indi\  iduals/ 
m-  in  March  (f  <  0.05).  In  May.  it  was  also  higher  than  from  April 
to  November  the  previous  year  (P  <  0.05). 

On  the  upper  crustose  corallines,  the  densities  from  November 
1998  to  January  1999  were  significantly  higher  than  those  from 
May  to  September  1998  {P  <  0.05).  In  addition,  those  in  December 
and  January  were  higher  than  that  in  October  iP  <  O.Ol).  In  par- 
ticular, in  January,  the  density  reached  a  peak  of  1  1 .6  indi\'iduals/ 
nr.  Whereas,  it  significantly  fell  in  March  and  May  1999.  when  it 
reached  a  peak  on  algal  turf  (P  <  0.01). 

On  the  lower  crustose  corallines,  the  densities  were  low  all  year 
round.  In  January,  the  density  reached  a  peak  of  3.3  individuals/ 
ni".  significantly  higher  than  that  each  month  the  previous  year, 
with  the  exception  of  November  {P  <  0.01).  The  density  in  No- 
vember was  higher  than  those  in  May,  June,  and  September  1998 
(P  <  0.05).  The  density  in  March  and  May  1999  was  significantly 
lower  than  that  in  January  ^P  <  0.01 ).  as  observed  on  the  upper 
crustose  corallines.  Thus  a  marked  increase  in  the  density  of  ur- 
chins on  the  algal  turf  from  November  to  March  was  found. 

The  density  on  the  algal  turf  in  March  1999  was  significantly 
higher  than  that  in  April  1998  (P  <  0.01 ),  whereas  that  on  the  upper 
crustose  corallines  showed  a  significantly  low  value  (P  <  0.05). 

Size  Frequency  Distribution 

Changes  in  the  test  diameter  frequency  distribution  of  H.  piil- 
cherrimus  in  each  of  the  4  areas  are  shown  in  Figure  6.  At  each 
area,  sea  urchins  of  30-39  mm  test  diameter  were  predominant.  On 
algal  turf,  the  mode  of  test  diameter  distribution  clearly  shifted 
from  36-38  mm  to  40-42  mm  from  June  to  December  1998.  On 
the  other  hand,  the  sea  urchins  with  32-36  mm  in  test  diameter 
increased  and  llie  mode  shifted  to  34-38  mm  in  March  and  May 
1999,  v\'hcn  the  sea  urchin  densities  rose  sianificantly.  On  the 
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Figure  5.  Seasonal  changes  in  the  density  of  Hemicenlrolus  pulclierri- 
inus  at  the  four  areas,  intertidal  zone,  algal  turf,  upper  crustose  cor- 
allines, and  lower  crustose  corallines,  at  the  study  site.  \  ertical  bars 
represent  standard  deviations.  N.D.  represents  no  data. 

upper  crustose  corallines,  the  mode  was  around  40  mm  from  June 
to  October,  whereas  urchins  of  30-38  mm  test  diameter  increased 
from  November  to  January.  Moreover,  sea  urchins  of  32-36  mm 
test  diameter  were  clearly  found  in  each  area  in  April  and  May 
1998. 


Gonad  Development  Process 

The  gonad  development  of  the  sea  urchins  was  classified  into 
fi\e  stages  from  histological  observation  as  shown  in  Figure  7.  and 
the  seasonal  changes  on  algal  turf  and  crustose  corallines  were 
shown  in  Figure  8.  From  June  to  September,  the  gonads  of  the  sea 
urchins  at  each  algal  community  were  in  the  recovering  stage,  with 
small  numbers  of  oocytes  and  spermatocytes,  with  nutritive 
phagocytes  filling  the  lumen  (Fig.  7.  lA.  IB).  Then,  they  pro- 
gressed from  the  growing  stage  (Fig.  7,  2A,  2B),  with  increasing 
numbers  of  oocytes  or  spermatocytes  along  the  acinal  wall  in 
October,  to  the  mature  stage  (Fig.  7.  4A.  4B).  in  which  most  of  the 
lumen  is  filled  with  ova  and  spermatozoa,  in  December  or  January. 
For  long  periods  from  January  to  June,  the  spent  stage  continued, 
with  some  relict  ova  and  spermatozoa  and  empty  spaces  in  the 
lumen  (Fig.  7.  5A.  5B). 

Seasonal  chances  in  the  conad  indices  of  the  sea  urchins  at  each 
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Figure  6.  Seasonal  changes  in  the  test  diameter  frequency  distribution  of  Hemiceiilrolus  piilcherrimiis  at  the  four  areas,  intertidal  zone,  algal  turf, 
upper  crustose  corallines,  and  lower  crustose  corallines,  at  the  stud>  site. 
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O,  ovum;  Sc,  spermatocyte;  Sz,  spermatozoa;  I.,  lumen.  Scale  bars  represent  10(1  pm. 
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Figure  8.  Seasonal  changes  in  the  gonad  de\  elopmental  stage  of  Heiiii- 
centrotus  pukherrimus  al  algal  turf  and  crustose  corallines. 

community  are  shown  in  Figure  9.  At  each  coniiiiunity.  a  signifi- 
cant seasonal  difference  in  gonad  indices  was  found  (Algal  turf: 
df  =  9,  MS  =  371.4.  F  =  35.956.  P<  0.0001,  Crustose  coralline: 
df  =  9,  MS  =  32.1.  F  =  3.968.  P  <  0.0026).  There  was  no 
statistical  difference  in  the  gonad  indices  al  algal  turf  from  May  to 
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Figure  1.  Seasonal  changes  in  the  gonad  indices  of  Hemicentrnlus  piil- 
clunimiis  at  algal  lurf  and  crustose  corallines.  \  ertical  hars  represent 
standard  deviations. 


September  1998.  when  those  ranging  from  1  1.9-13.8  were  in  the 
recovering  stage  (P  >  0.05).  Then,  the  indices  significantly  rose  to 
18.5  in  October,  when  gonad  development  was  in  the  growing  and 
premature  stages  {P  <  0.01).  The  indices  significantly  fell  to  the 
minimum  value  of  5.4  in  March  1999  {P  <  0.05)  and  remained  at 
that  value  until  May.  The  gonad  indices  on  crustose  corallines 
ranged  from  5.0-11.2  from  May  1998  to  January  1999,  and  no 
seasonal  difference  in  the  indices  was  found  (P  >  0.05).  In  March, 
the  indices  showed  a  minimum  value  of  2.5,  similar  to  those  found 
on  algal  turf.  E.xcept  for  June.  December,  and  January,  the  gonad 
indices  on  algal  lurf  were  higher  than  those  al  crustose  corallines 
(P<0.05). 

Gut  Coiileiils 

The  gut  contents  of  H.  piikhernmus  at  each  algal  community 
are  identified  as  shown  in  Table  1.  In  the  gut  contents  of  sea 
urchins  on  algal  turf,  the  algae  of  15  species.  7  genera  and  2 
unidentified  taxa  were  found.  These  were  small  algae,  except  for 
Surgassiim  spp.  The  seagrass  Zosteraceae,  the  attached  diatom 
Bacillariophyceae,  a  terrestrial  plant,  and  animals  such  as  Gas- 
tropoda, Bivalvia,  and  Crustacea  were  also  found.  In  those  com- 
ponents, Sciri;assiim  spp..  Chondnis  spp.,  Acrosoriitm  polyneimtm. 
and  Crustacea  occurred  all  year  round.  On  crustose  corallines,  a 
similar  nimiber  of  species,  genera  and  taxa  of  algae  occurred  de- 
spite the  fact  that  few  algal  species  grow,  and  the  other  compo- 
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TABLE  1. 
(Jul  contents  of  Hemiceiitroiiis  puUhcinmiis  at  algal  turf  (open  circles!  and  crustosc  corallines  (filled  circles). 


1998 

1999 

Species 

May 

Jun. 

Jul. 

Sep. 

Oct. 

Nov. 

Dec. 

Jan. 

.Mar. 

.May 

Viva  pcriiiMi 

o« 

0 

o 

Cladophora  cdiichoplwria 

o 

Cmlium  hiihhsii 

• 

0» 

0  • 

Ralfsia  spp. 

• 

^  • 

0'  • 

''  • 

o» 

o» 

o» 

o» 

Dictxota  (iichotoina 

o 

o 

o  • 

0 

o 

o« 

o 

Dihiphus  okwmtme 

• 

o« 

o» 

o» 

o» 

o» 

oa 

o» 

o» 

Elachixla  okainitmc 

• 

Siirgiissum  spp. 

o« 

o» 

o 

o« 

0» 

o» 

o» 

o» 

o» 

o« 

Crustose  corallines 

• 

.  • 

~  • 

'  • 

:  • 

J  • 

oa 

o» 

o« 

oa 

Coralliiui  spp. 

o« 

Gelidiiim  elegans 

o» 

o» 

o» 

0« 

o 

■ 

• 

o» 

• 

Clumdnis  spp. 

o 

0« 

o« 

o» 

o« 

0« 

o« 

o» 

o« 

o» 

Carpopcllis  spp. 

o» 

o 

o» 

o 

o 

o 

Hypiu-a  spp. 

• 

Ahiifi-ltiopsis  Jlahcllifoniiii 

o« 

o» 

0 

A.  poratioMi 

o» 

o 

o 

PlfH'aiiiiitm  It'lfiiihae 

o« 

o« 

o» 

• 

0» 

0* 

0 

Uimeiuaria  cutciuira 

o 

oa 

o* 

o« 

o» 

o 

o 

• 

L.  hcikodulensi.s 

o» 

o 

o 

o« 

o 

• 

o« 

Helerosiphoniii  puUliiv 

0» 

0« 

• 

Acrosonum  polyncttruni 

o» 

o» 

o» 

o» 

o» 

o» 

o» 

o» 

o» 

o» 

Laiirencia  spp. 

• 

oa 

Piilysiphimia  spp. 

o 

SymphxocUulia  Uithiscida 

o» 

o 

o 

o 

o 

0 

0 

S.  mairhwjtioides 

o« 

• 

Zosteraceae 

o 

o« 

o« 

o» 

o» 

• 

0» 

o» 

o» 

o« 

Bacillariophyceae 

o 

Terrestrial  plant 

o 

0 

• 

o* 

o« 

• 

o 

• 

Hydrozoa 

o» 

o 

Br>'ozoa 

o* 

• 

o« 

o« 

o 

Gastropoda 

• 

o» 

o 

o 

0 

Eunialacostraca 

0» 

o  • 

o  • 

o 

o 

o 

Crustacea 

o» 

0  • 

o« 

o» 

o« 

o» 

o» 

o» 

o» 

0« 

Feather  of  terrestrial  insect 

• 

Feather  of  bird 

0 

o 

Plastic 

o 

• 

• 

o 

Others* 

o» 

o  • 

o  • 

o  • 

0» 

o  • 

o  • 

o« 

o» 

o 

'  Residual  matters  including  the  unclassified  plants  and  ;ininials,  and  sand. 


nents  were  similar  tn  those  liiuiid  on  algal  turf.  Crustose  coralline, 
A.  polyncuruiii.  and  Crustacea  occurred  all  year  round. 

The  seasonal  changes  in  the  mean  weight  percentage  of  each  of 
the  6  main  algal  components  to  total  gut  contents  are  shown  in 
Figure  10.  On  algal  turf,  Chondrus  spp.,  .4.  pidyiwiinini.  and  Siir- 
gassiim  spp.  showed  high  percentages,  reflecting  the  dominant 
vegetation.  The  percentage  of  Chondrus  spp.  was  high  from  July  to 
October.  From  November  to  March,  the  percentage  of  A.  polyneu- 
rum  ranged  30%  to  40%,  higher  than  that  of  five  other  algae.  In 
May  1999,  the  percentage  of  Sargassiim  spp.  abruptly  rose  to  49%, 
in  contrast  to  fall  in  that  of  A.  polyneiinnn.  On  crustose  corallines, 
a  high  percentage  of  crustose  coralline  was  found  all  year  round: 
particularly,  the  percentage  reached  49%  to  78%  from  October  to 
May.  In  June,  July  and  September,  that  percentage  fell  to  <217f.  In 
June,  the  percentage  of  Scirgassiim  spp.  abruptly  rose  to  42%, 
higher  than  that  of  other  algae.  In  September,  C.  huhhsii  also 


showed  high  percentage.  The  percentage  of  crustose  coralline  in 
May  1999  was  higher  than  that  in  May  1998. 

DISCUSSION 

The  densest  habitat  of  H.  pidclierriimis  was  found  on  algal  turf 
at  a  depth  of  0-0.3  m,  where  boulders  dominated.  Similarly,  a 
dense  distribution  beneath  boulders  in  shallow  waters  is  found  in 
other  regions  in  Japan  (reviewed  by  Agatsuma  2001a).  However, 
their  low  density  on  crustose  corallines  at  a  depth  of  >1 .0  m  with 
boulders  shows  that  the  distribution  of  H.  pitlchciriiiuis  is  not 
restricted  by  the  factor  of  bottom  characteristics  alone.  The  sea- 
sonal changes  in  density  suggest  that  the  sea  urchins  migrate  from 
crustose  corallines  to  algal  turf  from  November  to  March.  Juvenile 
H.  piilclieiriinns  with  O.S— 4..S  mm  in  test  diameter  were  observed 
in  Amphima  dilatata  and  the  roots  of  Phyllospadix  japoniciis  in 
shallow  waters  of  the  Japan  Sea,  Fukui  (Kawana  1938).  However, 
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Figure  10.  Seasonal  changes  in  the  mean  weight  percentage  of  each  of 
six  algal  species  as  the  main  components  in  the  gut  contents  of  Heiiii- 
centrotus  piilcherrimus  at  algal  turf  and  crustose  corallines. 


it  is  unknown  where  the  larvae  settle  and  metamorphose.  The 
migration  from  crustose  corallines  raises  the  possibility  that  the 
larvae  settle  on  crustose  corallines,  as  do  Slroiigyloceutrotiis  piir- 
puratiis  and  S.  franciscciiiKs  (Cameron  &  Schroeter  1980.  Rowley 
1989),  S.  midus  (Taniguchi  et  al.  1994.  Sano  et  al.  1998).  and  S. 
droebachiensis  (Balch  &  Scheibling  2000). 

The  gonads  of  Strongylocentrotus  spp.  in  a  kelp  forest  grow 
larger  than  they  do  in  ban-en  grounds  (Agatsuma  2001b.  Conor 
1973.  Lang  &  Mann  1976.  Pearse  1980.  Wharton  1980.  Johnson  & 
Mann  1982.  Keats  et  al.  1984,  Scheibling  &  Stephenson  1984, 
Sivertsen  &  Hopkins  1995,  Meidel  &  Scheibling  1998).  The  dif- 
ference in  gonad  mass  is  caused  by  food  availability  at  each  habitat 
(Lang  &  Mann  1976.  Sivertsen  &  Hopkins  1995).  Meidel  and 
Scheibling  (1998)  clarified  the  difference  between  the  food  avail- 
ability of  S.  droebachiensis  in  kelp  {Lainiuciria  longicruris)  forest 
and  barren  grounds  from  quantitative  gut  content  analysis. 

In  the  present  study,  gut  content  analysis  showed  that  the  fo- 


liose  algae  Cliuiidnis  spp..  .4.  polyneuniiii.  and  Siiigiissiiiw  spp. 
were  main  foods  for  H.  piilcheniuiiis  on  algal  turf.  The  high  per- 
centage of  crustose  coralline  in  the  gut  contents  of  the  sea  urchins 
on  crustose  corallines  results  in  lower  gonad  indices  than  those  on 
algal  turf.  From  changes  in  size  frequency  distributions,  seasonal 
growth  was  clearly  found  from  June  to  December.  In  the  gut 
contents  of  the  sea  urchins  on  crustose  corallines  during  this  pe- 
riod, the  percentage  of  crustose  coralline  was  lower  than  that  in 
other  months,  as  Sargassitin  spp..  Codium  Imbhsii  and  the  other 
algae  were  supplied  as  drift  algae  from  shallow  waters.  It  is  more 
likely  that  those  drift  algae  contribute  the  growth  of  the  sea  urchins 
on  crustose  corallines.  The  down-shift  in  the  modal  size  of  sea 
urchins  on  the  algal  turf  during  the  migration  period  could  be 
attributed  to  the  immigration  of  smaller,  low-growing  ones  from 
crustose  corallines  in  deeper  waters.  In  addition,  the  growth  of  sea 
urchins  on  algal  turf  is  considered  to  be  mainly  supported  by 
Clioiulnis  spp..  which  showed  a  high  weight  percentage  in  the  gut 
contents  until  October. 

The  histological  observation  of  gonad  and  the  seasonal  changes 
in  gonad  indices  show  that  spawning  occurs  from  January  to  May, 
reaching  a  peak  from  January  to  March,  as  it  does  in  other  regions 
in  western  Japan  (Agatsuma  2001a).  Conad  size  reached  a  peak 
corresponding  to  maturation  and  spawning  from  October  to  March. 
The  rise  in  the  weight  percentage  of  crustose  coralline,  which  was 
more  than  approximately  50%  in  the  gut  contents  of  the  sea  ur- 
chins on  crustose  corallines  after  September,  is  related  to  a  de- 
crease in  the  supply  of  drift  algae  from  shallow  waters.  Therefore, 
these  findings  suggest  that  the  grazing  activity  switched  to  an 
active  and  mobile  mode,  as  found  in  5.  purpwatus  and  S.  fran- 
ciscaiuis  (Mattison  et  al.  1977.  Russo  1979.  Harrold  &  Reed  1985) 
and  EvecliiiiKS  clilorotiius  (Andrew  &  Stocker  1986).  and  the 
movement  to  algal  turf  in  shallow  waters  was  triggered.  As  A. 
polxiu'urum  grew  dominantly  from  October  to  March  and  showed 
a  high  percentage  in  the  gut  contents,  this  alga  can  be  considered 
to  be  food  that  ensures  gonad  development  and  success  in  the 
reproduction  of  the  sea  urchins  that  migrate  from  crustose  coral- 
lines to  algal  turf.  Thus,  it  is  suggested  that  the  migration  is  related 
to  the  search  for  the  algal  food  A.  polyneunim. 

In  the  meanwhile,  the  density  oi  H.  pidchenimiis  on  algal  turf 
in  March  1999  was  higher  than  that  in  April  and  May  1998.  In 
addition,  the  percentage  of  crustose  coralline  in  the  gut  contents  on 
crustose  corallines  in  May  1999  was  significantly  higher  than  that 
in  May  1998.  These  results  may  suggest  that  much  higher  water 
temperatures  during  winter  in  1999  than  those  of  average  years 
reduced  the  algal  communities  as  found  in  Oshika  Peninsula  near 
the  study  site  in  1980s  (Taniguchi  1991 ).  causing  algae  to  subse- 
quently drift,  and  resulted  in  the  migration  of  many  sea  urchins 
with  poor  gonad  development  to  shallow  waters.  For  the  sympatric 
sea  urchin  S.  luidiis.  no  0-1-y-old  juveniles  with  a  food  habit  of 
attached  diatoms  and  small  algae  migrate  from  crustose  corallines, 
where  larvae  settle,  to  a  kelp  (L.  religiosa)  forest  (Agatsuma 
2001b).  In  the  present  study,  the  pattern  of  migration  of  juvenile  H. 
pidchenimiis  is  unclear,  as  few  juveniles  of  test  diameter  less  than 
10  mm  were  observed.  Maturation  size  is  considered  to  be  at  26 
mm  in  test  diameter  in  Fukui  (Kawana  1938).  Whereas,  the  dif- 
ference in  maturation  size  among  localities  and  maturation  age  is 
unknown.  The  changes  in  test  diameter  distribution  may  suggest 
that  over  2-y-old  urchins  with  a  test  diameter  of  32-36  mm  were 
the  ones  that  mainly  migrated.  Thus,  it  is  unclear  whether  those 
migrating  sea  urchins  correspond  to  the  first  maturation-size 
group. 
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After  the  migration  of  H.  pulclicrniiuis.  no  return  to  ertistose 
corallines  was  observed.  The  residence  of  H.  pulchcniiiiiis  on 
alszal  turf  is  likelv  to  be  related  to  food  supply,  but  it  additionally 
ensures  a  suitable  habitat  beneath  boulders,  which  reduce  the  ac- 
tion of  the  waves.  In  addition,  a  study  on  the  morphological  char- 
acteristics with  thick  test  in  relation  to  attachment  strength  of  the 
foot  tube,  and  tolerance  of  test  and  spine  from  abrasion  would 
contribute  to  understanding  their  adaptation  to  a  habitat  in  shal- 
lower waters.  In  the  areas  in  Yaniaguchi  and  Kanagawa  Prefec- 
tures where  H.  pidchenimus  is  observed,  the  large  brown  algae 
Sargassaceae  and  Laminariales  grow  sympatrically  (Agatsuma 
2001  a).  The  interactions  between  specimens  of  H.  pulcherrinnis 
and  the  marine  forest  should  be  studied  seasonally. 

Significant  gonad  enhancement  of  H.  piilchcniiuiis  on  algal 
turf  was  found  from  September  to  October.  The  maximum  gonad 
index  of  18.5  in  October  coincides  with  that  of  17-19  at  the  fishing 
groLinds  in  Saga,  where  the  most  rapid  growth  in  western  Japan 
was  reported  (llo  et  al.   1989,  Shimazaki  et  al.   19S7),  although 


lower  than  that  of  2.'i  in  Oshoro  Bay,  Hokkaido  (Agatsuma  & 
Nakata  2004).  The  seasonal  growth  and  gonad  enhancement  on 
algal  turf  are  likely  to  be  caused  by  Clwndnis  spp.,  which  grew 
dominantly  and  showed  a  high  percentage  in  gut  contents.  There- 
fore, the  dietary  effect  of  Cltmulnis  spp.  and  A.  polyneuritm  as  the 
main  food  for  migrating  sea  urchins  on  growth  and  gonad  devel- 
opment should  be  evaluated  by  means  of  a  rearing  experiment. 
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ABSTRACT  The  parasites  l^erkiii.\iis  spp.  are  relatively  easily  and  inexpensively  detected  in  host  tissues,  but  available  methods  to 
detect  free-living  planktonic  stages  are  technologically  complex  and  expensive.  As  a  result,  few  studies  have  been  conducted  to  detect 
and  quantify  free-living  stages  during  transmission.  Here,  we  describe  an  adaptation  of  Ray  fluid  thioglycollate  medium  (RFTM)  assay 
to  detect  and  enumerate  Perkinsus  spp.  parasites  in  environmental  water  samples.  Recovery  of  in  vitro  cultured  P.  marimis  was 
successful,  but  recovery  rates  were  low.  Filtration  of  water  samples  captured  significantly  more  cultured  P.  marinus  cells  than 
centrifugation.  Lipid  supplementation  during  RFTM  incubation  enhanced  recovery  of  cultured  P.  marimis.  but  not  of  naturally 
occurring  Perkinsus  spp.  parasites.  Comparisons  between  the  modified  RFTM  filtration  method  and  a  more  complex  immunoassay 
revealed  that  the  two  methodologies  were  equally  sensitive,  indicating  that  the  RFTM  filtration  method  may  be  confidently  applied  to 
en\  ironmental  water  samples  to  determine  relative  concentrations  of  Perkinsus  spp.  parasites. 
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Perkinsus  marimis.  derm(^.  disease,  oyster.  RFTM.  planktonic.  filtration 


INTRODUCTION 

The  protozoan  parasite  Perkinsii.'i  thai  are  pathogenic  to  a  va- 
riety of  shellfLsh  worldwide  (Bower  et  al.  1994).  Most  notable  in 
North  America  is  Perkin.sus  marimis  Levine.  a  protozoan  en- 
doparasite  that  causes  dermo  di.sease  in  the  eastern  oyster.  0-((,v- 
sostrea  virginica  Gmelin.  The  parasite  is  common  from  Maine  to 
Mexico  (Krantz  &  Jordan  1996)  and  is  responsible  for  mass  oyster 
mortalities  in  Delaware  Bay.  Chesapeake  Bay.  and  the  Gulf  of 
Mexico  (Ford  &  Tripp  1996).  It  has  long  been  known  that  direct 
transmission  of  P.  marinus  to  C.  virginica  occurs  via  the  water 
column  (Ray  1954),  but  few  attempts  have  been  made  to  develop 
and  apply  methods  to  detect  P.  marimis  in  the  water  column.  As  a 
result,  knowledge  about  planktonic  stages  of  P.  marimis  and  the 
processes  that  affect  this  important  life  cycle  phase  is  limited. 
Applications  of  an  immunoassay  (Dungan  &  Roberson  1993)  and 
the  polymerase  chain  reaction  (PCR)  in  combination  with  species- 
specific  molecular  genetic  probes  to  quantify  planktonic  stages  in 
environmental  v\  ater  samples  have  met  with  varying  success  (Rob- 
erson &  Dungan  1994,  Yarnall  1998,  Ragone  Calvo  et  al.  2003. 
Audemard  et  al.  2004).  These  methods  are  technologically  com- 
plex, not  readily  available  to  many  laboratories  and  expensive. 
This  study  describes  the  adaptation  of  Ray  fluid  thioglycollate 
medium  (RFTM)  assays  for  enumerating  planktonic  stages  o^  Per- 
kinsus spp.  parasites  from  environmental  water  samples. 

Since  the  discovery  of  P.  marimis  in  the  1940s  (Mackin  et  al. 
1950).  detection  and  enumeration  methods  have  focused  on  cat- 
egorizing infections  within  oyster  tissue.  These  methods  include 
histology,  tissue  smears,  the  RFTM  assay,  a  polyclonal  immuno- 
assay and  various  molecular  genetic  probes.  Tissue  smears  and 
histological  methods  that  were  initially  used  to  diagnose  infections 
(Mackin  et  al.  1950)  were  soon  replaced  by  the  RFTM  assay  (Ray 
1952,  1966).  During  this  assay,  the  parasite  enlarges  and  develops 
a  thick  cell  wall  that  stains  blue-black  with  Lugol's  iodine,  facil- 
itating its  detection.  The  RFTM  assay  is  easy  to  perform,  inexpen- 
sive and  sensitive  when  combined  with  NaOH  digestion  of  the 
sample  (Choi  et  al.  1989,  Bushek  et  al.  1994).  It  is  not  species- 
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specific,  but  it  appears  to  be  genus-specific  and  remains  the  most 
commonly  used  tnethod  for  detection  of  Perkinsus  spp.  infections 
in  molluscan  hosts  (Bower  &  McGladdery  2003). 

The  RFTM  assay  has  been  adapted  to  quantify  P.  marinus  in 
tissues  (Choi  et  al.  1989).  hemolymph  (Gauthier  &  Fisher  1990). 
and  entire  individuals  (Bushek  et  al.  1994,  Fisher  &  Oliver  1996). 
Of  particular  relevance  to  quantifying  P.  marinus  and  other  Per- 
kinsus spp.  in  plankton  is  the  discovery  by  Choi  et  al.  ( 1989)  that 
oyster  tissues,  bacteria  and  most  other  contaminants  may  be  di- 
gested away  with  2M  NaOH  leaving  a  suspension  of  parasites 
(actually  only  the  cell  walls)  that  may  be  stained  and  counted. 
Fisher  and  Oliver  (1996)  demonstrated  that  NaOH  digestion  does 
not  affect  the  thick  cell  wall  that  P.  marinus  develops  during 
RFTM  incubation.  Two  assumptions,  however,  must  be  made  to 
use  the  RFTM  assay  quantitatively.  First,  all  life  stages  are  as- 
sumed to  enlarge  during  incubation  and  to  stain  with  Lugol's  io- 
dine for  detection  (Ray  1952).  Early  comparisons  between  the 
RFTM  method  and  histology  revealed  that  all  identifiable  stages  of 
P.  marimis  occurring  within  host  oysters  enlarged  in  RFTM  (Ray 
1954.  Stein  &  Mackin  1957).  Additional  support  for  this  assump- 
tion was  provided  when  Ragone  Calvo  and  Burreson  ( 1994)  were 
unable  to  detect  any  previously  unknown  stages  of  P.  marinus  with 
a  polyclonal  anti  P.  marinus  antiserum  applied  to  histological 
samples.  The  second  assumption  is  that  no  proliferation  occurs 
during  incubation  in  RFTM.  By  monitoring  P.  marinus  counts  and 
enlargement  Ihrotighout  incubation  in  RFTM.  Ray  (1952)  and 
Stein  and  Mackin  (1957)  provided  evidence  to  support  this  as- 
sumption. In  addition,  extensive  efforts  to  culture  P.  marinus  con- 
tinuously in  RFTM  were  unsuccessful  (Ray  1954.  Proktip  1950, 
Mackin  &  Boswell  1956).  Under  these  assumptions,  NaOH  diges- 
tion of  RFTM  incubated  tissues  is  routinely  used  to  quantitatively 
enumerate  P.  marinus  in  many  laboratories. 

We  applied  RFTM  incubation  and  NaOH  digestion  to  environ- 
mental water  samples  as  a  method  to  enumerate  planktonic  stages 
of  P.  marinus.  After  initial  attempts  yielded  positive  (<5  cells/ 
liter)  results,  a  series  of  experiments  was  conducted  to  determine 
the  efficiency  of  the  method  and  to  identify  possible  improve- 
ments. The  goal  was  to  develop  a  simple,  inexpensive  method  to 
quantify  P.  marinus  from  environmental  water  samples  using  tools 
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generally  ii\ailuble  to  laboratories  capable  of  pertorming  standard 
RFTM  assays. 

METHODS  AND  RESULTS 

Five  experiments  were  conducted  sequentially  to  examine  \ari- 
ous  aspects  of  the  assay.  The  first  three  experiments  were  per- 
formed with  /;;  vitro  cultured  P.  mariiuis  to  determine  the  effi- 
ciency of  and  possible  improvements  to  the  method,  whereas  the 
latter  two  experiments  examined  naturally  occuning  P.  inariniis  in 
environmental  water  samples.  Because  results  of  each  experiment 
were  used  in  designing  subsequent  experiments,  methods  and  re- 
sults are  presented  together  for  each  experiment.  All  data  were 
analyzed  using  SYSTAT  statistical  software  (Wilkinson  1998). 


treatments  (Tukey.  P  <  0.001.  Fig.  1).  Centritugation  recovery 
decreased  with  increasing  centrifugal  force;  x650  g  centritugation 
resulted  in  a  significantly  higher  parasite  recovery  than  x5858  g 
centritugation  (Tukey.  P  =  0.018).  but  recovery  at  the  interme- 
diate velocity  did  not  differ  significantly  from  either  extreme.  Lo- 
gistically.  centritugation  was  more  time  consuming  than  filtration, 
requiring  45  min  to  concentrate  samples  compared  with  1  .'i  min  for 
filtration.  Because  filtration  was  more  efficient  than  centritugation, 
subsequent  experiments  used  the  filtration  method  only. 

Experiment  2 
Recovery  EfTiciencv 


Experiment  I 

Centrifugation  Versus  Filtration 

This  experiment  was  designed  to  determine  if  there  was  a  dif- 
ference in  recovery  of  parasite  cells  collected  via  centrifugation  or 
filtration.  Replicate  samples  (500  niL)  of  l-|j.m  filtered  seavvater 
(FSW)  were  spiked  with  1-mL  aliquots  of  in  vitro  cultured  P. 
marinus  cells  that  had  been  maintained  in  .ATCC  1S86  medium 
(www.atcc.org)  with  minor  modifications  described  in  Bushek  et 
al.  (2000).  After  mixing  the  parasites  in  each  sample,  they  were 
recovered  as  pellets  via  centrifugation  (x650  g,  x260.^  g,  or  x5858 
g  for  15  min. ;;  =  2  per  treatment)  or  filtered  (vacuum  pressure  = 
175  mm  Hg,  ;;  =  3)  onto  a  Gelman  GN-Metricel  0.45-|xni  mem- 
brane. Pellets  and  filters  were  transfened  to  15-niL  conical  cen- 
trifuge tubes  containing  10  niL  RFTM  fortified  with  10  |xL  of 
penicillin-streptomycin  (Sigma  P-0781 )  to  retard  bacterial  growth. 
After  incubation  at  room  temperature  for  one  week  in  the  dark,  the 
samples  were  pelleted  at  x823  g  for  15  min.  Centrifuged  samples 
were  resuspended  in  5  mL  0.2-(xm  FSW.  stained  with  Lugofs 
iodine  and  placed  on  a  Gelman  GN-Metricel  Membrane  filter  pa- 
per (0.45  p.m  pore  size)  under  lOOx  magnification  for  enumeration 
(Fisher  &  Oliver  1996).  Filtered  samples  were  resuspended  in  2M 
NaOH  (Choi  el  al.  1989)  to  digest  the  filter  (2  h  at  60°C),  then 
washed  twice  in  0.2-|jLm  FSW.  resuspended  in  5  niL  0.2-p.m  FSW. 
stained  v\ith  Lugol's  iodine  and  enumerated  with  a  Hausser  count- 
ing chamber  under  lOOx  magnification.  The  enumeration  of  fil- 
tered samples  differed  from  centrifuged  samples  because  small 
portions  of  the  filter  that  remained  after  digestion  obscured  the 
parasites  when  counted  on  a  Gelman  GN-Metricel  Membrane  fil- 
ter. The  Hausser  counting  chamber  slowed  processing  because 
samples  were  no  longer  coplanar,  but  eliminated  the  problem  of 
filter  particulates  obscuring  parasites.  Enumerating  all  parasites  in 
these  samples  required  focusing  through  layers  of  the  medium. 

/;;  vitro  cultured  P.  marinus  were  recovered  and  successfully 
enumerated  from  all  centrifugation  and  filtration  samples.  The 
parasites  were  more  difficult  to  detect  than  expected  because,  com- 
pared with  parasites  in  oyster  tissues,  relatively  little  enlargement 
occuned  during  RFTM  incubation,  and  staining  with  Lugol's  io- 
dine was  weak.  Although  the  initial  concentration  of  parasites  used 
to  obtain  initial  aliquots  had  not  been  precisely  determined,  the 
percentage  of  cells  recovered  was  much  lower  than  expected, 
based  on  earlier  cell  counts  from  the  in  vitro  cultures.  Unfortu- 
nately, this  oversight  precluded  an  estimate  of  recovery  efficiency. 
Nevertheless,  because  equal  aliquots  from  the  same  parasite  sus- 
pension were  used,  it  was  clear  that  significantly  more  parasites 
were  consistently  recovered  with  filtration  than  v\  ith  centrifugation 


This  experiment  involved  a  series  of  treatments  designed  to 
measure  recovery  efficiency  and  identify  potential  sources  of  para- 
site loss.  In  addition,  because  enlargement  and  staining  were  lower 
than  expected  in  Experiment  1 ,  each  treatment  was  duplicated  with 
RFTM  that  was  supplemented  1:100  (v/v)  with  lipid  concentrate 
(-i-lipids).  Nickens  et  al.  (2002)  reported  that  the  addition  of  lipids 
may  increase  enlargement  and  cell  wall  development  of  in  vitro 
cultured  P.  marinas  during  RFTM  incubation.  The  lipids  used  for 
supplementation  (GIBCO  BRL  21900-030)  were  derived  from 
cod  liver  oil  and  supplemented  with  cholesterol,  Pluronic  F-68, 
DL-a-tocopherol  acetate  and  Tween  80.  Treatment  I  (water  -l- 
filter  +  RFTM)  and  treatment  2  (water  -i-  filter  +  RFTM  -I-  lipids) 
replicated  the  entire  RFTM  filtration  methodology  used  in  Experi- 
ment 1 .  except  that  samples  consisted  of  only  200-mL  FSW  and 
v\ere  spiked  with  known  concentrations  of  viable  cultured  P.  mari- 
nas clones  (4.04  x  10"  cells  of  isolate  LA22  clone  8,  5.64  x  10^ 
cells  i^<(  isolate  LA25  clone  2,  and  3.97  x  10^^  cells  of  isolate  LA25 
clone  4;  These  isolates  were  derived  from  oysters  collected  from 
the  Gulf  coast  of  Louisiana,  USA  and  provided  by  J  LaPeyre).  In 
treatments  3  (filter  +  RFTM)  and  4  (filter  +  RFTM  -I-  lipids), 
parasites  were  added  directly  to  the  filter  without  applying  a 
vacuum.  These  treatments  tested  the  effects  of  handling  the  para- 
sites (i.e.,  moving  parasites  from  culture  medium  into  seawater  and 
capturing  them  on  the  filter).  In  treatments  5  (RFTM)  and  6 
(RFTM  -I-  lipids),  parasites  were  added  directl\  to  RFTM  to  de- 
termine if  the  filter  or  NaOH  digestion  interfered  v\  ith  enlargement 
and  detection  of  the  parasites.  Because  no  filter  was  used  in  treat- 
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Klijure  I.  Centrifugation  (x65(»g,  x2(i()3  g.  and  x5858g)  versus  filtra- 
tion (vacuum  pressure  =  175  mm  Hg)  of  water  samples  for  recovery 
and  enumeration  of  P.  marinus.  Error  liars  represent  one  SEM.  Treat- 
ments yvith  the  same  letter  are  not  significantly  different  at  a  =  0,05. 
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ments  5  and  6.  there  was  no  need  to  peilorni  the  NaOH  digestion 
step. 

The  percentage  of  parasites  recovered  was  calculated  for  each 
treatment  then  arcsine  transformed  to  normalize  the  data  for  analy- 
sis of  variance  (Sokal  &  Rohlf  1981).  The  variables  filter,  water 
and  lipids  were  examined  for  differences  in  recovery.  A  treatment 
involving  water  but  no  filter  would  have  completed  a  3-way 
ANOVA;  however,  this  treatment  was  not  possible  to  test  without 
centrifugalion.  which  would  have  confounded  the  experiment.  The 
absence  of  this  treatment  resulted  in  lost  degrees  of  freedom  for  the 
3-way  ANOVA.  Therefore,  the  3-way  interaction  between  filter, 
water  and  lipids:  and  the  2-way  interaction  between  filter  and 
water,  were  removed  as  suggested  for  a  fractional  factorial  design 
in  which  data  cells  are  missing  (Wilkinson  I99S). 

The  recovery  efficiency  of  the  RFTM  filtration  method  used  in 
Experiment  I  (treatment  1)  was  suiprisingly  low;  2.71%  ±  0.42 
(Table  I ).  Lipid  supplementation  resulted  in  significantly  higher 
recovery  across  all  treatments  (Table  2.  Fig.  2).  The  addition  of 
lipids  increased  the  number  of  parasites  detected  and  generally 
increased  the  intensity  of  staining,  but  did  not  increase  enlarge- 
ment of  the  cells.  The  ANOVA  in  Table  2  indicated  a  significant 
effect  of  adding  the  cultured  cells  to  water  before  capturing  them 
on  a  filter.  Inspection  of  Figure  2  indicates  that  treatments  I  and  2. 
when  parasites  were  first  diluted  in  FSW.  resulted  in  considerably 
lower  recovery  than  their  respective  treatments  (3  and  4)  when 
parasites  were  added  directly  to  filters.  Recovery  was  intermediate 
when  parasites  were  added  directly  to  RFTM  (Fig.  2).  Because 
recovery  for  treatments  5  and  6  was  not  greater  than  recovery  for 
other  treatments,  cell  loss  was  not  attributed  to  effects  of  NaOH 
digestion. 

Experiment  .? 

Lipid  Dose  Effects 

This  experiment  was  designed  to  determine  if  a  higher  concen- 
tration of  lipids  would  further  enhance  recovery  of  in  vitrn  cultured 
P.  marinus.  Nine.  200-mL  samples  of  FSW  were  spiked  with 
known  concentrations  of  viable  cells  from  one  of  three  discrete  P. 
imiriniis  isolates  ( 10.2  x  l(F  cells  of  ATCC  50768;  7.53  x  10'  cells 
of  ATCC  50889  and  4.57  x  10'  cells  of  ATCC  50776).  Lipid  dose 
treatments  included  no  lipids  (control).  I;  100  (v/v)  lipids/RFTM. 
and  1;10  (v/v)  lipids/RFTM.  Lipids  were  added  to  RFTM  prior  to 
sample  incubation.  Three  replicate  samples  were  tested  per  treat- 
ment and  a  different  P.  imiriiuis  isolate  was  used  for  each  replicate 
to  ensure  results  were  not  isolate  specific.  Water  samples  were 
filtered  and  processed  following  the  procedure  outlined  in  Experi- 

TABLE  1. 

RecoMTv  efricienc)  of  the  RFTM  filtration  method.  Recovery  rates 

for  Experiment  2,  Treatment  I.  Ihe  recn\er>  rale  for  eacli  replicate 

is  indicated. 


P.  marinus 
Isolate 


P.  marinus 
Added 


/'.  marinus 
Recovered 


Percent 
Recovery 


8 


LA 
LA25  -  2 
LA25-4 


40,4  X  K)-" 
56.4  X  lO-* 
39.7  X  lO-* 


14  X  10" 
1.5  X  lO-* 
8.0  X  10' 


.^.467 
2.661 
2.(BI 


Mean 

t(SEM) 


4_s.,s  X  K)-" 
K(54.4x  10-) 


1.2  X  10" 

(2.2  X  lO'l 


2.1  \"c 
:  (0.421 


TABLE  2. 

ANOVA  result.s  for  Experiment  2.  Asterisk  and  bold  indicate 

significant  effects  at  a  =  (1.(15.  df  =  degrees  of  freedom,  SS  =  sum  of 

squares,  MS  =  mean  squares. 


Source  of  Variation 


df 


SS 


MS 


F-Ratio 


P-Value 


Water* 
Lipids* 

Filter 

Water  x  Lipids 
Lipids  X  Filter 
Ernir 


0.254 

0.2.'i4 

5.707 

0,034 

0.229 

0.229 

5.137 

0.043 

0.154 

0. 1 54 

3.462 

0.087 

0.025 

0.025 

0.558 

0.469 

0.002 

0.002 

0.055 

0.818 

12 


0.534 


0.045 


ment  2.  treatment  1.  After  recovery  rates  were  calculated,  a  1-way 
ANOVA  and  a  control  versus  lipid  contrast  were  used  to  examine 
lipid  dose  effects. 

Results  showed  that  both  lipid  dosage  treatments  recovered 
more  parasites  than  the  control  (Fig.  3),  but  the  increase  was  not 
significant  (1-way  ANOVA.  P  =  0.555).  A  contrast  of  control 
versus  lipid  treatments  was  also  not  significant  (P  =  0.346).  Al- 
though not  significant,  recovery  was  lower  for  the  higher  lipid 
concentration.  Recovery  in  the  1:100  treatment  was  similar  to 
treatment  2  in  Experiment  2.  That  is,  variability  within  treatments 
was  high  and  may  be  attributed  to  lipid  addition,  differences  be- 
tween the  P.  marinus  isolates,  or  both.  Additional  experiments  that 
include  more  isolates  than  were  available  at  the  time  of  these 
experiments  are  needed  to  resolve  the  soince  of  variation. 

Experiment  4 

Environmental  Water  Sample  Enumeration  and  Lipid  Dose  Effects 

This  experiment  was  essentially  identical  to  Experiment  3,  but 
the  methods  were  applied  to  environmental  water  samples  rather 
than  in  vitro  cultured  P.  marinus.  Three  environmental  water 
samples  (500-mL  each)  were  collected  August  22,  1998  from  Oys- 
ter Landing,  North  Inlet,  South  Carolina  using  two  automated 
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Figure  2.  I'erkinsus  marinus  cell  recover)  for  treatments  in  Experi- 
ment 2.  Parasites  were  diluted  in  FSW  then  filtered  in  treatments  1 
and  2,  added  directly  to  fillers  for  treatments  3  and  4.  and  added 
directl)  to  RFTM  for  treatments  5  and  6.  A  K>  lipid  supplement 
(1:100  v/vl  to  RF'TM  was  added  to  Treatments  2.  4,  and  6.  Data  are 
means  ±  SEM  of  three  replicates. 
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Figure  3.  Lipid  dose  effects  on  cultured  P.  iiiaiintis  cell  recovery. 
Three  lipid  concentrations  were  tested:  control  =  no  lipids,  1:10(1  (v/v) 
lipids/RFTM.  and  1:10  (v/v)  lipids/RKTM.  Data  are  means  ±  SEM  of 
three  discrete  clones  for  each  treatment.  No  significant  differences 
existed  among  treatments  iP  =  0.555). 

ISCO  water  samplers.  Each  sample  was  prefiltered  through  a  25- 
jj.m  nylon  mesh,  divided  into  three  equal  aliquots.  and  then  pro- 
cessed as  described  for  Experiment  3  using  the  same  lipid  treat- 
ments. Because  P.  marinus  is  the  only  species  of  Perkinsus  that 
has  been  documented  to  occur  in  South  Carolina  (Reece  et  al. 
1997.  2001),  all  cells  positive  per  the  RFTM  assay  were  consid- 
ered to  be  P.  marinus.  Counts  were  standardized  to  parasites  per 
liter  and  then  !og,o-transformed  to  nonnalize  the  distribution  for  a 
1-way  ANOVA  (Sokal  &  Rohlf  1981).  Tukey  multiple  compari- 
sons were  used  to  differentiate  significance  levels  among  treat- 
ments, and  a  control  versus  lipid  contrast  was  calculated  to  test  the 
effect  of  adding  lipids. 

Unambiguous  positives  were  obtained  from  all  environmental 
water  samples.  Cells  were  easily  detected  and  enumerated,  ranged 
in  size  from  I0-3S  \x.m.  and  stained  blue-black  with  Lugol's  io- 
dine. A  1-way  ANOVA  revealed  a  significant  difference  between 
the  environmental  water  sample  lipid  dose  treatments  (P  =  0.001 ). 
The  1:100  (v/v)  lipid  treatment  recovered  significantly  more  para- 
sites than  the  1;10  (v/v)  lipid  treatment  (141  ±  19  cells  L"'  versus 
3  ±  2  cells  L"',  Tukey  P  =  0.001 ).  but  not  significantly  more  than 
the  no-lipid  control  (89  ±  34  cells  L^',  Tukey  P  >  0.05).  The 
control  treatment  also  produced  a  recovery  rate  significantly 
greater  than  the  1:10  (v/v)  lipid  treatment  (Tukey  P  =  0.003).  A 
contrast  comparing  the  control  versus  both  lipid  treatments  was 
significant  (P  =  0.030);  however,  as  a  result  of  the  low  recovery 
in  the  1:10  treatment  the  combined  lipid  effect  was  to  decrease 
recovery  compared  with  the  control.  These  data  indicate  that  10% 
(v/v)  lipid  additions  may  inhibit  recovery.  Variability  across  the 
treatments  was  low  compared  with  Experiments  2  and  3. 

Experiment  5 

Comparison  of  RFTM  Filtration  and  Immunoassay  Methods 

Prior  to  this  work,  the  only  other  attempts  to  enumerate  plank- 
tonic stages  of  P.  marinus  used  a  polyclonal  immunoassay  with 
near  genus-level  specificity  (Roberson  &  Dungan  1994,  Ragone 
Calvo  et  al.  2003,  but  see  Bushek  el  al.  2002).  The  present  experi- 
ment was  conducted  to  compare  detection  of  planktonic  P.  mari- 


nus \  ia  the  polyclonal  immunoassay  and  the  RITM  filtration 
methods.  Paired  environmental  water  samples  (500-mL)  were  col- 
lected September  26,  1998  from  Oyster  Landing,  North  Inlet, 
South  Carolina  using  two  automated  ISCO  water  samplers.  The 
paired  samples  were  processed  using  the  RFTM  filtration  and  the 
immunoassay  methods.  All  samples  were  prefiltered  through  25- 
|jini  nylon  mesh.  RFTM  samples  were  processed  as  described  for 
Experiment  2,  treatment  1 .  The  immunoassay  samples  were  pro- 
cessed using  methods  described  by  Bushek  et  al.  (2002).  which  is 
a  modification  of  the  protocol  described  by  Dungan  and  Roberson 
(1993).  Briefly,  the  samples  were  concentrated  at  xUK)  g  for  15 
min  and  resuspended  in  sterile  FSW  with  10%  buffered  formalin. 
Particulates  were  then  captured  on  a  1.0-p.m  pore  size  black  poly- 
carbonate filter  in  a  Swinnex-13  membrane  filter  unit,  washed 
lliree  times  with  phosphate  buffered  saline  (PBS),  blocked  with  a 
blocking  buffer  for  30  min  and  tlien  washed  with  phosphate  buff- 
ered saline  containing  Tween-2()  (PBST).  The  primary  antibody 
(rabbit  antiP.  marinus)  was  applied  for  30  min  then  washed  with 
PBST  before  the  secondary  antibody  (goat  antirabbit-FlTC)  was 
applied.  After  30  min,  the  sainple  was  washed  with  PBST,  coun- 
terstained  with  Evan  blue,  washed  with  PBS,  and  finally  mounted 
on  slides  to  enumerate  parasites  via  epifluorescence  microscopy. 
Using  this  procedure,  the  nucleus  of  any  Perkinsus  spp.  parasites 
present  fluoresced  bright  green,  making  them  distinguishable  from 
other  cells  and  debris.  Counts  from  both  the  immunoassay  and 
RFTM  assays  were  standardized  to  parasite  cells  per  liter  and 
results  were  compared  using  a  paired  f-test. 

The  RFTM  and  immunoassay  methodologies  for  enumeration 
of  Perkinsus  spp.  parasites  were  not  significantly  different  (Paired 
r-test  for  means  P  =  0.411,  Table  3).  This  indicated  that  both 
methods  were  equally  sensitive. 

DISCUSSION 

In  contrast  to  Yarnall  et  al.  (20(30),  we  successfully  detected 
and  enumerated  P.  marinus  in  samples  collected  from  enzootic 
waters  using  standard  RFTM  methods.  Yarnall  (1998)  reveals  that 
Yarnall  et  al.  (2000)  used  centrifugation  to  concentrate  their 
samples  in  which  their  PCR  assays  did  not  yield  enough  DNA  for 
quantitation.  Interestingly,  a  nearby  contemporaneous  study  using 
a  flow  cytometric  immunoassay  estimated  planktonic  P.  marinus 
concentrations  of  200-400  parasites  L^'  (Ragone  Calvo  et  al. 
2003).  Our  comparison  of  detection  via  RFTM  versus  the  immu- 
noassay indicated  that  both  methods  were  equally  sensitive  when 
applied  to  enviionmental  water  samples.  In  this  study,  centrifuga- 

TABLE  3. 

Comparison  of  RFTM  filtration  method  and  immunoassay  method. 
Each  replicate  represents  paired  water  samples  taken  at  the  same 

lime  with  automated  ISCO  water  samplers.  The  nuniher  of 

Perkinsus  spp.  parasites  delected  is  reported  for  each  metiiod.  The 

methods  were  not  significantly  different  (a  =  0.05). 
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tion  was  less  efficient  than  filtration,  which  may  acciuint  lor  the 
lack  of  detection  by  Yainall  et  al.  (2000)  when  lesnlts  from 
Ragone  Calvo  et  ai.  (2003)  indicated  that  the  parasite  was  abun- 
dant. A  more  recent  study  using  improved  molecular  genetic  tools 
was  able  to  quantify  P.  inaiiniis  with  PCR  methods  from  the  same 
area  as  the  Yarnall  et  al.  (2000)  study  (Audemaid  et  al.  2004). 

It  should  he  noted  that  the  RFTM  and  immunoassay  methods 
are  genus-specific  and  may  detect  other  species  if  present.  Hence, 
as  species-specific  molecular  methods  become  more  widely  avail- 
able (e.g.,  Audemard  et  al.  2004)  they  may  be  necessary  where 
multiple  species  occur.  It  may  also  be  valuable  to  compare  species- 
specific  and  genus-specific  methods  in  samples  collected  over 
space  and  time.  .Such  experiments  will  provide  insight  into  the 
inter  and  intragenus  cross-reactivity  of  the  methods  as  well  as  the 
co-occurrence  of  Perkinsus  species. 

The  low  recovery  of/;;  vitro  cultured  parasites  in  this  study  was 
disconcerting,  but  may  not  be  relevant  to  enumerating  Perkinsus 
spp.  abundances  from  environmental  samples.  Compared  with 
parasites  obtained  from  infected  hosts,  it  was  clear  that  cultured 
cells  did  not  enlarge  or  stain  well  after  incubation  in  RFTM.  This 
difference  indicates  that  in  vitro  cultured  P.  marimis  cells  are 
physiologically  different  from  cells  harvested  from  infected  hosts. 
Bushek  et  al.  ( 19^7)  found  that  /;;  vitro  cultured  cells  appeared  to 
have  a  reduced  ability  to  survive  injection  into  oysters,  and  Ford  et 
al.  (2002)  clearly  demonstrated  a  reduction  in  viitilence  following 
in  vitro  culture  using  the  same  culture  methods  used  in  the  present 
study.  Our  attempts  to  identify  steps  in  the  methodology  that  ac- 
count for  cell  loss  were  largely  unsuccessful,  leading  us  to  the 
conclusion  that  cell  loss  is  largely  a  result  of  handling  the  ceils, 
possibly  from  the  shock  experienced  by  cells  when  transferred 
from  culture  medium  to  FSW.  This  may  paHly  explain  the  loss  of 
virulence  reported  by  Ford  et  al.  (2002),  as  they  similarly  trans- 
ferred parasites  from  culture  medium  to  seawater  and  then  into 
hosts.  Interestingly,  enlargement,  staining  and  recovery  of  cultured 
P.  maritius  improved  with  the  addition  of  lipids  (1:100  v/v);  albeit 
not  always  significantly,  indicating  potential  deficiencies  in  the 
culture  medium.  Regardless,  the  RFTM  assay  and  an  independent 
polyclonal  immunoassay  performed  similarly  with  environmental 
samples  indicating  approximately  equal  detection  efficiencies. 

Based  on  the  earlier  results  and  discussion,  the  RFTM  filtration 
method  is  a  simple,  inexpensive  method  for  enumerating  Perkinsus 
spp.  parasites  in  environmental  water  samples.  Several  additional 
refinements  of  the  method  have  resulted  in  a  simpler  and  less 
time-consuming  RFTM  filtration  method  (Fig.  4).  Specifically, 
washing  and  resuspension  of  the  pelleted,  NaOH-hydrolyzed 
samples  in  deionized  water  rather  than  FSW  was  convenient,  ef- 
ficient and  did  not  affect  sample  storage  (Gauthier  &  Fisher  1990). 
In  addition,  stained  samples  may  be  read  on  a  Hausser  counting 
chamber  at  40x  magnification  instead  of  lOOx  magnification  be- 
cause the  natural  cells  enlarge  more  during  RFTM  incubation  than 
in  vitro  cultured  cells,  stain  characteristically  and  are  easily  ob- 
served under  4()x  magnification.  This  dramatically  decreased  the 
time  required  to  scan  the  counting  chamber.  Lipids  were  not  added 
to  the  final  protocol  because  it  was  not  clear  from  the  results  of 
Experiments  3  and  4  that  lipids  actually  iinproved  the  overall 
recovery  of  planktonic  parasites  because  of  the  high  variability  and 
reduced  recovery  in  1:10  (v/v)  lipids/RFTM  samples. 

Direct  water  borne  transmission  of  P.  marinus  was  discovered 
more  than  50  y  ago  (Ray  1954).  yet  little  is  known  about  the 
free-living  stages  of  this  or  any  other  Perkinsus  species  that  afllict 
various  molluscs  around  the  globe.  As  these  protozoan  pathogens 
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Figure  4.  Flow  chart  ol'  the  adupted  RFTM  filtration  method. 


continue  to  plague  shellfisheries.  the  need  to  better  understand 
their  dispersal  and  transmission  dynamics  continues  to  grow.  A 
thorough  understanding  of  these  dynamics  can  be  achieved  only 
through  investigations  exploring  the  timing  and  fate  of  free-living 
planktonic  stages  during  transmission.  The  experiments  discussed 
in  this  study  outline  a  simple  method  to  detect  and  enumerate 
planktonic  stages  of  Perkinsus  spp.  The  method  adapts  the  well- 
known  and  extensively  applied  RFTM  method  that  is  known  to 
detect  all  species  of  the  genus  Perkinsus.  Hence,  the  method 
should  be  readily  accessible  to  most  laboratories  that  already  use 
RFTM  assays.  Whereas  the  RFTM  filtration  method  provides  a 
simple  and  inexpensive  methodology  for  enumerating  P.  marinus 
in  environmental  water  samples,  the  absolute  efficiency  of  the 
method  remains  questionable.  Nonetheless,  the  RFTM  filtration 
method  may  be  used  to  indicate  relative  differences  in  parasite 
numbers. 
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ABSTR.ACT  The  bacterium.  Vibrio  tapetis.  is  the  aeliological  agent  of  Brown  Ring  Disease  (BRD).  which  affects  the  Manila  clam. 
Vcnentpis  iRiulitiipfs)  philippiimnim.  Two  PCR  assays  for  detection  of  V.  mpeiis  were  applied  to  a  sample  of  52  Manila  clams,  and 
evaluated  m  comparison  with  the  more  traditional  V.  mpeiis  detection  method  of  microbiological  isolation  and  characterization,  as  well 
as  the  traditional  BRD  diagnostic  technique  of  shell  valve  analysis.  The  pathogen  was  detected  in  15.49r  of  the  sample  using  the  PCR 
assay  of  Rodriguez  et  al.  (200.3,  2006)  in  50<;'(  of  the  sample  using  the  PCR  assay  of  Paillard  et  al.  1 20061  and  in  36.5%  of  the  sample 
by  microbiological  methods.  Whereas  shell  valve  analysis  was  the  least  sensitive  technique,  detecting  BRD  in  7.7%  of  the  sample,  it 
was  an  essential  diagnostic  tool  because  it  was  the  only  technique  that  identified  the  disease,  rather  than  the  aetiological  agent.  None 
of  the  four  techniques  was  sufficient  on  its  own  for  effective  BRD  diagnosis;  rather  various  combinations  of  two  techniques  were  the 
minimum  required.  The  combination  of  shell  valve  analysis  with  the  assay  of  Paillard  et  al.  (2006)  proved  to  be  the  most  sensitive  and 
rapid  of  those  tested.  Shell  valve  analysis  was  the  most  time-efficient  and  cost-effective  technique,  whereas  microbiological  charac- 
terization was  the  most  time-consuming,  and  PCR  detection,  using  either  set  of  primers,  the  most  expensive.  These  results  may  need 
to  he  considered  in  light  of  diagnosis  and  management  of  BRD. 

KEY  WORDS:     brown  ring  disease.  Vihno  tapetis.  Venenipis  (Rmlikipes)  pliilippinanim.  diagnostics.  PCR,  microbiology 


INTRODUCTION 

The  Manila  clam.  Venenipis  (Riiditape.s)  philippwanim  (Ad- 
ams &  Reeve,  1850),  is  the  second  most  important  cultivated  mol- 
lusc species  in  the  world,  contributing  20%  of  the  total  world 
aquaculture  production  of  molluscs  (FAO  2002),  Globally,  pro- 
duction of  the  Manila  clam  has  increased  by  60%  from  1997  to 
2002  (FAO  2002).  In  Europe,  production  takes  place  predomi- 
nantly in  Italy,  France.  Spain  and  the  United  Kingdom.  Ireland's 
Manila  clam  production,  though  small,  has  been  steadily  increas- 
ing in  recent  years,  with  an  output  of  181  tons  achieved  in  2004 
(Parsons  2005).  The  increase  in  production  worldwide,  with  its 
concentration  of  large  quantities  of  clams  in  confined  areas,  has 
facilitated  the  proliferation  of  pathogens  such  as  Perkinsiis  sp.  (in 
Asia)  (Park  &  Choi  2001.  Park  et  al.  2006a)  and  Vibrio  tapetis  (in 
Europe  and  Asia)  (Paillard  2004.  Park  et  al.  2006bl.  Consequently, 
there  is  a  need  for  rapid,  effective  and  accurate  techniques  for  the 
diagnosis  of  Manila  clam  diseases. 

Brown  ring  disease  (BRD)  caused  by  the  bacterial  pathogen.  V. 
tapetis.  is  not  regulated  for  disease  control  under  existing  Euio- 
pean  Union  (EU)  legislation,  nor  is  it  a  disease  notifiable  to  the 
Office  International  des  Epizootics  (OIE).  Nevertheless,  since  the 
early  1990s,  it  has  been  responsible  for  mass  mortalities  in  the 
clam  cultivation  industry  in  Europe,  and  has  been  diagnosed  from 
the  majority  of  clam  cultivation  areas  (Paillard  &  Maes  1990, 
Castro  et  al.  1992,  Paillard  et  al.  1994.  Robledo  et  al.  1994,  Castro 
et  al.  1995,  Figueras  et  al,  1996.  Castro  et  al.  1997.  Novoa  et  al. 
1998,  Clarke  1999,  Allam  et  al,  2000b). 

Diagnostic  methods  for  BRD  have  traditionally  involved  ex- 
amination of  the  interior  shell  valves  for  analysis  of  conchiolin 
deposition,  as  described  by  Paillard  &  Maes  (1994).  Histopathol- 
ogy  is  not  useful  for  BRD  diagnosis  because  tissue  lesions  are  not 
systematically  observed  in  diseased  clams  (Paillard  et  al.  1994) 
and  alterations  of  the  digestive  gland  and  mantle  are  observed  only 
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in  the  more  advanced  stages  of  the  disease  (Plana  &  Le  Pennec 
1991,  Paillard  et  al.  1994,  Paillard  2004).  Notwithstanding  the 
analysis  of  shell  valves  for  BRD  signs,  all  other  diagnostic  tech- 
niques focus  on  detection  of  the  aetiological  agent,  V.  tapetis. 
rather  than  the  disease  itself.  Bacteriological  isolation  procedures 
are  in  place  and  have  resulted  in  the  isolation  of  V.  tapetis  from 
BRD-affected  clams  from  France,  England  and  Galicia,  northwest- 
em  Spain  (Paillard  &  Maes  1990,  Borrego  et  al.  1996,  Novoa  et  al. 
1998,  Allam  et  al.  2000b).  An  immunological  assay  was  developed 
in  southwestern  Spain,  which  demonstrated  that  V.  tapetis  was  the 
aetiological  agent  of  BRD  in  this  region  (Castro  et  al.  1997).  An 
enzyme-linked  immunoassay  (ELISA).  using  monoclonal  antibod- 
ies, which  react  specifically  with  V.  tapetis.  is  also  available  for 
identification  of  the  bacterium  (Noel  et  al.  1996). 

Molecular  techniques  are  now  available  for  detection  of  V. 
tapetis.  in  the  form  of  two  polymerase  chain  reaction  (PCR)  as- 
says, each  of  which  amplifies  a  specific  target  region  of  V.  tapetis 
DNA  (Rodriguez  et  al.  2003.  2006.  Paillard  et  al.  2006).  Previous 
studies  on  other  pathogens  in  other  bivalves  have  indicated  that 
PCR  amplification  has  the  ability  to  detect  a  higher  prevalence  of 
a  pathogen  than  traditional  diagnostic  methods  (Carnegie  et  al. 
2000.  Harwood  et  al.  2004,  Lynch  et  al.  2006). 

The  aims  of  this  study  were  to  apply  V.  lapetis-specific  PCR 
assays  for  V.  tapetis  detection  and  to  evaluate  them  against  the 
more  traditional  detection  method  of  microbiological  isolation  and 
characterization,  as  well  as  the  traditional  BRD  diagnostic  tech- 
nique of  shell  valve  analysis;  and  to  assess  which  technique,  or 
combination  of  techniques,  is  most  suitable  for  BRD  diagnosis  and 
V.  tapetis  detection  in  terms  of  efficiency  of  detection,  time  re- 
quired and  cost-effectiveness. 

MATERIALS  AND  METHOD.S 

Clams 

A  sample  of  52  clams,  of  25-30  mm  in  length,  was  obtained 
from  Mulroy  Bay,  Donegal,  northwest  Ireland,  in  April  2005,  from 
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a  cultured  stock  in  which  BRD  was  suspected.  Clams  were  placed 
in  a  cold  room  at  4°C  prior  to  dissection,  to  encourage  relaxation 
of  their  adductor  muscles,  for  easier  opening  of  the  shell  valves. 
After  opening  of  the  valves,  over  200  |xL  of  extrapallial  fluid 
(EPF)  was  extracted  from  each  individual  by  inserting  a  needle 
between  the  mantle  and  interior  shell  valve.  The  EPF  was  placed 
in  a  labeled  eppendorf  tube.  The  soft  parts  of  the  animal  were 
discarded.  The  shell  valves  were  retained,  labeled  and  left  to  dry 
for  24  h. 

Macroscopic  and  Microscopic  Analysis  of  BRD  on  Shell  Valves 

The  stage  of  progression  of  BRD  on  the  shell  valves  was  moni- 
tored according  to  the  classification  system  of  Paillard  &  Maes 
(1994),  in  which  the  syndrome  is  characterized  by  two  stages, 
which  may  occur  simultaneously  in  a  given  individual:  a  conchio- 
lin  deposit  stage  (CDS),  in  which  layers  of  an  organic  conchiolin 
deposit  are  laid  down  between  the  mantle  edge  and  periostracal 
lamina,  and  a  shell  repair  stage  (SRS).  in  which  the  clam  lays 
down  layers  of  shell  on  top  of  the  conchiolin  deposit,  for  repair  and 
recovery  from  the  disease.  CDS  index  is  based  on  the  use  of  a 
scale,  which  takes  into  account  the  extent  and  thickness  of  the 
brown  ring  deposit.  For  example.  CDS  1  (Stage  1 )  is  not  visible  to 
the  naked  eye  and  can  be  seen  only  with  a  microscope.  CDS  2 
(Stage  2)  corresponds  to  a  limited  deposit  and  CDS  .^  through  to 
CDS  7  to  more  extensive  deposits  on  the  inner  shell  surfaces. 
Three  stages  of  shell  repair  are  defined:  SRS  1  conesponds  to  the 
initial  accumulation  of  calcified  material;  SRS  2  to  the  partial 
covering  of  the  deposit  by  wide  calcified  plates  and  SRS  3  to  the 
completely  covering  of  the  deposit  by  shell  layers.  When  the  pro- 
cesses of  conchiolin  deposition  (CDS)  and  shell  repair  (SRS)  are 
considered  together,  three  phases  of  the  disease  are  defined:  Phase 
1  corresponds  to  development  of  the  disease  and  is  characterized 
only  by  accumulation  of  conchiolin;  Phase  2  is  characterized  by 
the  simultaneous  occurrence  of  both  processes  in  a  given  indi- 
vidual; and  Phase  3  conesponds  to  the  end  of  the  recovery  process, 
when  the  individual  has  completely  covered  the  conchiolin  deposit 
(Paillard  &  Maes  1994). 

Microbiological  Isolation  and  Characlcrization  of  Vibrio  tapetis 

One-hundred  micro  liters  of  EPF  from  each  individual  was 
spread,  using  a  "hockey  stick"  spreader,  on  a  Thiosulfate  Citrate 
Bile  Sucrose  (TCBS)  (Oxoid  Ltd.)  agar  plate  and  incubated  for 
24  h  at  18°C.  TCBS  agar  is  selective  for  Vibrio  species;  V.  tapetis 
is  saccharose-negative  on  TCBS  agar  and,  as  such,  appears  as  a 
green  colony.  Four  green,  saccharose-negative  colonies  from  each 
TCBS  plate  were  selected  and  isolated  on  marine  agar  to  obtain 
pure  cultures.  They  were  subsequently  stored  in  vials  of  IS^r 
glycerol/85'7f  marine  broth  at  -80°C  until  further  characterization. 
All  the  remaining  colonies  were  collected  from  each  TCBS  plate, 
placed  in  eppendorf  tubes  containing  1  niL  sterile  distilled  water 
(in  order  that  each  tube  contained  the  colonies  of  an  individual 
clam)  and  stored  at  -20'C  until  further  analysis  by  PCR. 

Isolated  colonies  were  characterized  by  a  series  of  standard 
morphological,  physiological  and  biochemical  tests  (Cowan  1974, 
Smibert  &  Krieg  1981,  West  &  Col  well  1984.  Borrego  et  al. 
1996).  All  biochemical  tests  were  performed  using  marine  agar 
(DIFCO)  unless  otherwise  stated  and  the  incubation  temperature 
was  18  ±  rC  unless  otherwise  stated.  The  tests,  and  the  criteria  for 
characterization  as  V.  tapetis.  are  listed  in  Table  1 .  The  ingredients 
and  recipes  used  in  each  test  are  described  in  Appendix  3.  The  type 
V.  tapetis  strain,  CECT  4600  was  used  as  a  positive  control  for  all 


TABLE  L 
Characterization  tests  for  Vibrio  tapetis  isolates 


Growth  ni: 

Omr  NaCl 

Negative 

\5'7c  NaCl 

Positive 

2.09^  NaCl 

Positive 

6.0% 

Negative 

Growth  at: 

4°C 

Positive 

22°C 

Positive 

3()''C 

Negative 

Gram  Reaction 

Negative 

Motility 

Positive 

Morphology 

Curved  Rods 

Oxidase 

Positive 

Oxidation/Fermentation 

Fermentative 

Catalase 

Positive 

Su.sceptibility  to  0/129  (  L'^Oia.g) 

Susceptible 

Amino  Acids: 

Arginine  Dihydrolase 

Negative 

Lysine  Decarboxylase 

Negative 

Ornithine 

Negative 

Decarboxylase 

Amylase 

Positive 

Gelatine  Liquefaction 

Positive 

Lipase 

Positive 

Esculine 

Positive/Negative 

Nitrate  Reduclion 

Positive 

Indole 

Positive 

Gas  from  Glucose 

Negative 

tests.  Isolates,  which  did  not  meet  the  V.  tapetis  criteria,  were 
eliminated  from  further  tests  as  results  became  available.  Colonies 
that  met  the  requirements  for  characterization  as  V.  tapetis.  had 
their  identities  confirmed  by  PCR  detection  of  V.  tapetis  DNA 
(Rodriguez  et  al.  2003.  2006). 

PCR  Detection  of  Vibrio  tapetis 

Two  PCR  assays  were  used  for  the  detection  of  V.  tapetis:  the 
first,  developed  by  Rodriguez  et  al.  (2003.  2006),  uses  template 
DNA  extracted  from  bacterial  colonies,  and  the  second,  developed 
by  Paillard  et  al.  (2006),  employs  template  DNA  extracted  from 
the  EPF  of  clams. 

Rodriguez  Assay  (200.^  20(161 

Colonies  from  TCBS  plates,  in  suspension  in  sterile  distilled 
water,  were  thawed.  DNA  from  individual  clams  was  extracted 
using  InstaOene  Matrix  (BIO-RAD)  according  to  manufacturers' 
instructions  and  stored  at  -20"C  until  required  for  PCR  reactions. 
PCR  amplification  of  template  DNA  (at  a  concentration  of  1-3  |xg) 
was  undertaken  using  one  Pure  Taq  Ready-To-Go  PCR  Bead  ( Am- 
ersham  Biosciences)  in  every  reaction:  each  bead  contained  1.5 
units  of  Taq  polymerase,  10  niM  Tris-HCl  (pH  9.0),  50  niM  KCl, 
1  niM  MgCL  and  200  mN  each  dNTP.  For  a  25-|xL  reaction,  the 
bead  was  combined  with  2  pmol  (1  |jlL)  of  forward  primer,  2  pmol 
( 1  ^lL)  of  reverse  primer,  22  p,L  of  sterile  distilled  water  and  1  p,L 
of  DNA  template  solution.  DNA  from  V.  tapetis  CECT  4600  was 
used  as  a  positive  control  and  distilled  deionized  water  was  used  as 
a  negative  control.  Amplification  was  performed  in  a  Hybaid  ther- 
mal cycler  programmed  as  follows:  an  initial  denaturation  step  at 
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94°C  for  3  mill;  35  cycles  of  94  C  for  60  sec.  64  C  for  60  sec  and 
72°C  for  90  sec;  and  a  final  cycle  of  72°C  for  5  min.  The  PCR 
products  were  electrophoresed  on  a  2%  agarose  gel.  stained  with 
ethidium  bromide  and  photographed  under  UV  light.  A  50-2.000 
bp  ladder  {Sigma  Chemical  Company)  was  used  as  a  molecular 
marker.  In  cases  where  either  the  positive  or  negative  control  was 
not  confinned  by  PCR  as  positive  and  negative  respectively,  the 
results  were  discarded  and  the  analysis  repeated.  PCR  results  were 
graded  as  either  negative  or  positive. 

Paillard  Assay  (2006) 

DNA  was  extracted  from  100  |xL  of  EPF.  of  each  of  the  52 
clams,  using  the  chelex  method  (Saulnier  et  al.  2000).  PCR  leac- 
tions  were  carried  out  in  a  total  volume  of  50  (jlL.  including  10  mM 
Tris-Cl.  50  mM  KCI  containing  200  yiM  of  each  dNTP.  1 .5  mM 
MgCK.  400  M.M  of  each  primer.  VtF  and  VtR.  0.2U  of  Taq  DNA 
polymerase  (Sigma)  and  200  ng  of  genomic  DNA  (5  |xL  of  tem- 
plate DNA).  DNA  from  V.  rapc-ris  CECT  4600  was  used  as  a 
positive  control  and  distilled  deioni/ed  water  was  used  as  a  nega- 
tive control.  PCR  amplification  was  performed  in  a  Hybaid  ther- 
mal cycler  and  the  thermal  cycle  consisted  of  an  initial  denatur- 
ation  step  at  94°C  for  3  min.  followed  by  35  cycles  of  94°C  for  60 
sec.  63°C  for  60  sec  and  72°C  for  45  sec.  The  PCR  products  were 
electrophoresed  on  a  29c  agarose  gel,  stained  with  ethidium  bro- 
mide and  photographed  under  UV  light.  A  50-2.000  bp  ladder 
(Sigma  Chemical  Company)  was  used  as  a  molecular  marker.  In 
cases  where  either  the  positive  or  negative  control  was  not  con- 
firmed by  PCR  as  positive  and  negative  respectively,  the  results 
were  discarded  and  the  analysis  repeated.  PCR  results  were  graded 
as  either  negative  or  positive. 

Comparison  of  Techniques  for  Diagnosis  of  BRD  and  Dctectiiin  of 
Vibrio  tapetis 

The  results  of  screening  for  BRD  by  shell  analysis.  V.  hiperis 
detection  by  bacteriological  techniques  and  V.  tapetis  detection  by 
two  PCR  assays  were  subsequently  compared.  A  chi-square  test 
was  used  to  ascertain  if  there  were  significant  differences  in  the 
detection  rate  between  each  diagnostic  technique. 

RESULTS 

Macroscopic  and  Microscopic  Analysis  of  BRD  on  Shell  \'ahes 

Prevalence  of  BRD  in  the  sample  of  52  clams  was  7.7%  as 
classified  by  the  system  of  Paillard  &  Maes  (1994);  48  did  not 


exhibit  BRD  symptoms.  Of  the  lour  symptomatic  clams,  one  dis- 
played CDS  2  and  no  shell  repair,  and  so  was  in  Phase  I  of  BRD; 
two  clams  exhibited  CDS  3  and  SRS  I.  and  thus  were  in  Phase  2 
of  BRD  and  the  fourth  clam  showed  CDS  5  and  SRS  I  and  was 
thus  also  in  Phase  2  of  BRD.  Two  (50%)  were  BRD/V.  tcipetis- 
positive  by  other  diagnostic  techniques:  Table  2  shows  that  none  of 
the  shell  analysis  positives  were  detected  by  microbiology;  one 
was  detected  by  the  Rodn'guez  assay  and  two  were  detected  by  the 
Paillard  assay.  There  appeared  to  be  no  correlation  between  stage 
of  disease  and  detection  by  other  techniques:  the  clam  displaying 
CDS  5  and  one  of  the  clams  displaying  CDS  3  were  not  detected 
as  positive  by  any  of  the  other  methods;  the  second  clam  exhibiting 
CDS  3  was  positive  by  both  PCR  assays;  whereas  the  individual 
showing  CDS  2  was  positive  by  the  Paillard  assay.  Two  (50%)  of 
the  animals  positive  by  shell  analysis  were  not  detected  as  positive 
by  any  other  technique.  Of  48  animals  negative  by  shell  analysis. 
31  (64.6%)  were  deemed  positive  by  one  or  more  of  the  other 
techniques. 

Microbiological  Isolation  and  Characterization  of  Vibrio  tapetis 

From  52  TCBS  plates,  each  plate  representing  an  individual 
clam,  a  total  of  208  suspected  Vibrio  colonies  were  isolated.  After 
salt  and  temperature  tests  (Table  1 ),  162  colonies  were  eliminated. 
Following  characterization  by  the  remaining  tests,  a  total  of  23 
isolates  from  19  individuals  were  identified  as  V.  tapetis.  Sixteen 
of  the  23  (70%)  isolates  were  derived  from  individual  clams, 
whereas  two  isolates  originated  from  each  of  two  clams,  and  three 
isolates  originated  from  one  individual.  Overall.  V.  tapetis  was 
detected  in  19  individuals  (36.5%)  of  the  sample.  13  (68%)  of 
which  were  also  detected  by  at  least  one  other  technique.  Table  2 
shows  that  none  of  the  microbiology  V.  /((/)cf/\-positive  individuals 
was  positive  by  BRD  shell  analysis,  three  were  positive  by  the 
Rodri'guez  assay  and  13  by  the  Paillard  assay.  Six  (32%)  of  the 
microbiology  positives  were  not  detected  by  any  of  the  other  tech- 
niques and  17  (52%)  microbiology  negatives  were  deemed  posi- 
tive by  one  or  more  techniques. 

PCR  Detection  of  Vibrio  tapetis 

Rodriguez  Assay  (2003;  2006) 

V.  tapetis  was  detected  in  15.4%  (8  individuals)  of  the  sample. 
Six  (75%)  of  these  positives  were  also  positive  by  other  diagnostic 
methods,  of  which,  one  was  detected  by  BRD  shell  analysis;  three 
by  microbiology;  and  six  by  the  Paillard  assay  (Table  2).  Twenty- 


TABLE  2. 

Comparison  of  positive  and  negative  results  hetween  four  techniques  for  diagnosis  of  Brown  Ring  Disease/detection  of  Vibrio  tapetis  in  a 

sample  of  Manila  clams,  \  enerupis  (Rtiditapcs)  philippinarum.  The  first  column  shoHS  the  numbers  of  positi>es  and  negatives  detected  by 

each  indi\idual  technique  and  the  following  colunms  show  the  comparati>e  numbers  of  positives  and  negati>es  detected  by  each  of  the 

remaining  techniques,  n  =  52. 


Positives  and  Negatives 

Shell 

Shell 

Microbiolog) 

Microbiology 

Rodriguez 

Rodriguez 

Paillard 

Paillard 

Detected  by  Each  Technique 

Analysis  + 

Analysis  - 

+ 

- 

PCR  + 

PCR- 

PCR  + 

PCR- 

Paillard  PCR +  (26) 

2 

24 

13 

13 

6 

20 

Paillard  PCR -(26) 

2 

24 

6 

20 

2 

24 

Shell  Analvsis  +  (4) 

0 

4 

1 

3 

2 

2 

Shell  Analysis -(48) 

19 

29 

7 

41 

24 

24 

Microbiology  +  (19) 

0 

19 

3 

16 

13 

6 

Microbiology  -  (33) 

4 

29 

5 

28 

13 

20 

Rodriguez  PCR +  (8) 

1 

7 

3 

5 

6 

2 

Rodriguez  PCR -(441 

3 

41 

16 

28 

20 

24 
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six  (59%)  of  the  negatives  by  tlie  Rodriguez  assay  were  not  con- 
firmed by  any  of  tlie  otlier  techniques. 

Paillard  Assay  (2006) 

V.  tapetis  was  detected  in  50%  (26  individuals)  of  the  sample. 
Seventeen  (65%)  of  the  26  positives  were  confirmed  by  other 
diagnostic  methods,  of  which  2  were  detected  by  BRD  shell  analy- 
sis; 13  by  microbiology  and  6  by  the  Rodriguez  assay  (Table  2). 
Nine  (35%)  Paillard  PCR-positives  were  not  detected  by  any  other 
technique  and  10  (39%),  which  were  negative  by  the  Paillard  assay 
v\ere  detected  as  positive  by  one  or  more  of  the  other  techniques. 

Comparison  of  Techniques  for  Diagnosis  of  BRD  and  Detection  of 
Vibrio  tapetis 

The  four  techniques  detected  BRD  and  V.  tapetis  at  different 
levels  within  the  same  sample  (Table  3)  and  there  was  a  significant 
difference  between  the  numbers  of  BRD/V.  tapetis  positives  and 
negatives  detected  by  the  four  methods  (x~3  =  29.45,  P  <  0.001 ). 
BRD  prevalence  detected  by  shell  analysis  was  7.7%:  V.  tapetis 
detection  by  isolation  and  characterization  was  36.5%:  and  by  the 
primers  of  Rodriguez  et  al.  (2003.  2006)  and  Paillard  et  al.  (2006) 
was  15.4%  and  50%  respectively.  When  two  diagnostic  techniques 
were  applied,  detection  levels  ranging  from  21.2%  to  61.5%  were 
revealed:  a  combination  of  BRD  shell  analysis  and  PCR  by  Ro- 
driguez et  al.  (2003:  2006)  produced  the  lowest  detection  levels  at 
21.2%,  whereas  the  combination  of  microbit>logical  characteriza- 
tion and  PCR  by  Paillard  et  al.  (2006)  produced  the  highest  de- 
tection levels  at  61.5%.  Applications  of  three  techniques  led  to 
detection  levels  ranging  from  51.9%  to  65.4%,  and  finally,  a  com- 
bination of  all  four  techniques  detected  the  highest  levels  of  BRD/ 
V.  tapetis  (i.e.,  69.2%). 

Shell  valve  analysis  was  found  to  be  the  most  cost-efficient 
technique:  only  a  microscope  was  required.  Microbiological  meth- 

TABLE  3. 

A  comparison  of  the  efficiency  of  detection  of  RRD/\'ibrio  tapetis  in 

a  sample  of  52  Venerupis  iRiiditapes)  pliilippinarum  by  different 

techniques,  individually  and  in  combination. 

Percentage 
Technique/Combination  of  Techniques  Detection 

BRD  sliell  analysis  7.7 

Microbiological  characterization  36.5 

Rodriguez  assay  15.4 

Paillard  assay  50 

BRD  shell  analysis  +  Microbiological  characterization  44.2 

BRD  shell  analysis  +  Rodriguez  assay  21.2 

BRD  shell  analysis  +  Paillard  assay  53.8 

Microbiological  characterization  +  Rodriguez  assay  46. 1 

Microbiological  characterisation  +  Paillard  assay  61.5 

Rodriguez  assay  -i-  Paillard  assay  53.8 

BRD  shell  analysis  -)-  Microbiological  characterization  +  51.9 

Rodriguez  assay 

BRD  shell  analysis  +  Microbiological  characterization  -i-  65.4 

Paillard  assay 

BRD  shell  analysis  +  Rodriguez  assay  +  Paillard  assay  57.7 

Microbiological  characterization  +  Rodriguez  assay  -i-  65.4 

Paillard  assay 

BRD  shell  analysis  -i-  Microbiological  characterization  +  64.2 

Rodriguez  assay  -i-  Paillard  assay 


ods  entailed  the  cost  of  a  wide  variety  of  reagents  and  media;  but 
the  most  expensive  techniques  were  V.  tapetis  detection  by  PCR. 
With  regards  to  time-efficiency.  BRD  diagnosis  by  shell  analysis 
of  52  clams  was  completed  in  less  than  two  hours.  Only  four 
individuals  were  BRD-positive  and  the  time  taken  would  be  ex- 
pected to  be  longer  in  samples  containing  a  higher  percentage  of 
diseased  individuals,  becau.se  of  the  time  required  to  establish  the 
CDS  and  SRS  of  each  individual.  PCR  detection  by  the  Paillard  et 
al.  (2006)  primer  was  the  next  most  time-efficient  method,  with  the 
whole  process  from  DNA  extraction  through  to  the  visualization  of 
PCR  products  on  an  eleclrophoretic  gel  taking  less  than  10  h.  The 
Rodriguez  et  al.  (2003;  2006)  assay  entailed  growth  of  bacterial 
colonies  on  TCBS  agar  prior  to  DNA  extraction  and  this  added  a 
further  24-48  h  to  the  process.  By  far  the  most  time-consuming 
technique  was  the  bacteriological  method,  which  required  much 
preparatory  and  manipulative  work.  Additionally,  V.  tapetis  colo- 
nies require  approximately  24^8  h  growth  on  agar  media  for 
isolation  and  the  same  time  or  longer  for  the  characterization  tests 
that  follow.  In  this  study,  the  procedure  from  colony  isolation  from 
the  extrapallial  fluid  through  to  characterization  as  V.  tapetis  took 
5-6  days  to  complete  for  any  one  bacterial  isolate. 

DISCUSSION 

Developments  in  molecular  biology  have  led  to  new  methods 
for  diagnosing  shellfish  diseases.  The  advantages  of  molecular 
techniques  such  as  PCR  are  that  they  are  potentially  faster  and 
more  sensitive  than  methods  such  as  culture,  serology  and  histol- 
ogy that  are  traditionally  used  to  identify  shellfish  diseases  (Cun- 
ningham 2002).  The  currently  available  PCR  primers  for  detection 
of  V.  tapetis  in  clam  tissue  differed  significantly  in  detection  rate 
with  the  primers  by  Rodriguez  et  al.  (2003,  2006)  detecting  fewer 
positives  (15.4%)  than  those  by  Paillard  et  al.  (2006)  (50%).  Op- 
timization of  reaction  conditions  for  the  Rodriguez  primers  was 
required  prior  to  use,  but  not  for  the  Paillard  primers.  However, 
this  optimization  may  have  been  necessary  because  of  geographic 
variation  in  V.  tapetis  strain  (Romalde  et  al.  2002,  Paillard  et  al. 
2006)  and  perhaps  the  strain  detected  in  Mulroy  Bay  was  more 
amenable  to  detection  by  the  Paillard  assay  than  by  the  Rodriguez 
assay.  The  two  sets  of  primers  also  differed  with  respect  to  their 
source  DNA  material;  the  Paillard  primers  were  applied  to  the 
clam's  EPF,  whereas  the  Rodriguez  primers  were  applied  to  DNA 
from  bacterial  colonies.  Culture  of  V.  tapetis  is  often  met  with 
variable  success,  depending  on  the  stability  of  culture  conditions 
and  the  composition  of  the  microbiota  and  could  possibly  have 
compounded  the  lower  detection  rate  of  the  Rodriguez  assay. 
Overall,  V.  tapetis  detection  by  PCR  was  the  fastest  technique  used 
in  the  current  study,  thus  making  it  suitable  for  situations  in  which 
a  rapid  diagnosis  is  required.  Because  PCR  is  used  to  amplify 
certain  regions  of  DNA,  it  can  also  achieve  significant  increases  in 
the  sensitivity  of  detection  (McPherson  et  al.  1991).  This  was 
demonstrated  by  the  Paillard  assay,  which  was  the  single  most 
sensitive  assay,  capable  of  detecting  V.  tapetis  levels  down  to 
10-cfu  mL"'  (Paillard  et  al.  2006). 

In  this  study,  nine  PCR-positives  by  the  Paillaid  assay  and  two 
by  the  Rodriguez  assay  went  undetected  by  any  one  of  the  other 
techniques  and  could  potentially  have  signified  false  positives. 
One  of  the  limitations  of  PCR  is  that  when  used  in  disease  diag- 
nosis, false  positives  identifying  DNA  similar  to,  but  not  of  the 
target  organism  can  occur,  because  of  low  specificity  of  the  prim- 
ers. To  ensure  the  greatest  possible  specificity  of  PCR  primers  to 
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the  target  DNA.  DNA  sequencing  of  PCR  positives  prior  to  routine 
use  of  the  primers  is  recommended  (Cunningham  21)02).  In  the 
current  study.  PCR  products  obtained  using  the  Paillard  et  al. 
(2006)  primers  were  sequenced  and  found  to  be  consistent  with 
reference  V.  tapetis  sequences  from  the  European  Molecular  Bi- 
ology Laboratory  (EMBL)  database,  thereby  suggesting  that  the 
nine  PCR  positives,  detected  by  this  assay  only,  reflected  real  V. 
tapetis  DNA.  In  general,  however,  a  PCR  positive  result  alone  is 
not  considered  enough  to  confirm  the  presence  of  a  pathogen,  and 
should  be  suppoiled  by  other  diagnostic  methods  before  a  confir- 
matory diagnosis  is  obtained  (Walker  &  Subasinghe  2000). 

Two  individuals,  who  displayed  brown  conchiolin  deposits, 
went  undetected  for  V.  tapetis  by  both  PCR  assays.  It  is  possible 
that  the  conchiolin  was  deposited  in  respon.se  to  an  agent  other 
than  V.  tapetis,  because  conchiolin  deposition  unassociated  with  V. 
tapetis  has  been  observed  in  other  bivalves  (Sindermann  1990. 
Paillard  2004);  this  seems  unlikely,  however,  as  the  pathogen  was 
detected  in  other  individuals  within  the  current  sample.  Alterna- 
tively, the  deposits  may  have  persisted  in  these  animals  from  the 
conchiolin  deposit  stage  (developmental)  of  the  disease,  but  the 
causative  agent  may  have  been  reduced  to  nondetectable  levels 
during  the  recovery  stage:  the  shell  repair  process  is  associated 
with  a  decrease  in  V.  tapetis  burden  (Allam  et  al.  1996).  The 
PCR-negative  results  could  also  be  explained  by  the  pathogen 
being  localized  predominantly  in  tissues  other  than  those  targeted 
for  DNA  extraction  and  PCR.  In  this  case,  PCR  analysis  was 
carried  out  on  the  EPF  of  individuals,  but  V.  tapetis  is  also  known 
to  heavily  colonize  the  periostracal  lamina  and  the  mantle  surface 
(Paillard  &  Maes  1993a.  1995b:  Allam  et  al.  1996.  Paillard  2004). 
It  is  possible  that  in  these  two  individuals,  the  pathogen  was  lo- 
calized predominantly  in  the  periostracal  lamina  or  on  the  mantle 
surface,  neither  of  w hich  was  analyzed  by  PCR  and  therefore  went 
undetected  by  both  assays. 

Isolation  and  characterization  of  V.  tapetis  by  bacteriological 
methods  produced  detection  levels  of  36.5%,  the  second  highest 
detection  level  of  the  single  techniques.  However,  the  lack  of 
sensitivity  of  the  technique  is  highlighted  by  the  fact  that  a  sig- 
nificant proportion  of  its  negatives  ( 1 7  of  3.^ )  were  detected  as 
positive  by  one  or  more  of  the  other  techniques.  Problems  associ- 
ated with  the  microbiological  isolation  and  characterization  of  V. 
tapetis  have  been  described  in  previous  studies.  In  southwestern 
Spain,  microbiological  methods  failed  to  detect  V.  tapetis  in  cul- 
tured Manila  clams  displaying  disease  signs  identical  to  those  of 
BRD  (Castro  et  al.  1992,  1995:  1997).  In  bacteriological  analyses 
of  the  clams'  conchiolin  deposits,  none  of  the  isolates  were  phe- 
notypically  typed  as  V.  tapetis  (Castro  et  al.  1997).  The  pathogen 
was  subsequently  detected  by  an  indirect  immunofluorescence 
technique  and  the  authors  suggested  that  lower  pathogen  levels, 
detected  in  V.  pltilippinarum  from  this  region  in  comparison  with 
BRD-affected  clams  from  other  regions,  were  the  reason  that  stan- 
dard microbiological  methods  failed  to  isolate  the  pathogen  (Cas- 
tro et  al.  1997).  Similariy,  Paillard  (2004)  stated  that  isolation  of  V. 
tapetis  might  not  provide  a  clear  diagnosis  because  the  bacterium 
grows  slowly  and  is  generally  nonpredominant  within  the  total 
heterotrophic  microflora.  Immunological  techniques  for  the  detec- 
tion of  bacterial  pathogens  in  other  species  have  previously  been 
found  to  be  more  sensitive  than  classical  microbiological  tests 
(Bernoth  1991,  Lee  &  Gordon  1987). 

Nevertheless,  isolation  of  the  causative  agent  is  often  essential 
in  diseases  of  a  bacterial  etiology.  Microbiological  detection 
proved  to  be  the  most  time-consuming  and  labor-intensive  of  the 


techniques  m  the  present  study.  In  epidemiological  studies,  involv- 
ing large  sample  sizes  of  clams,  the  time  taken  and  labor  required 
for  completion  of  microbiological  tests  would  render  this  tech- 
nique unsuitable.  There  are  commercial  kits  available,  such  as  the 
API  2()E  (BioMerieux.  France),  for  the  rapid  identification  of 
Viljj-ios.  but  whereas  previous  studies  have  found  them  to  be  ef- 
fective for  V.  tapetis  identification  (Allam  et  al.  200()b.  Jensen  et 
al.  2003),  the  authors  of  the  current  study  found  them  unreliable 
(unpubl.  data). 

BRD  diagnosis  has  traditionally  been  achieved  by  analysis  of 
the  brown  conchiolin  deposit  on  the  shell  valves  (Paillard  &  Maes 
1994,  Allam  et  al.  1996,  Figueras  et  al.  1996,  Paillard  et  al.  1997, 
Novoa  et  al.  1998,  Allam  et  al.  2000a,  2000b:  2001,  Reid  et  al. 
2003b,  Paillard  et  al.  2004.  Soudant  et  al.  2004).  Whereas  it  proved 
to  be  the  least  sensitive  technique  in  the  current  study,  failing  to 
detect  many  positives  detected  by  the  other  techniques,  it  is  es- 
sential for  BRD  diagnosis:  it  is  the  only  technique  of  those  used  in 
this  study,  which  detected  the  actual  disease,  as  opposed  to  the 
aetiological  agent,  which  is  detected  by  PCR  detection  and  micro- 
biological isolation.  Shell  analysis  is  also  useful  for  classification 
of  BRD  into  its  stages,  and  thus  its  assessment  of  how  chronic  the 
infection  is  and  the  state  of  recovery  in  an  individual  (Paillard  & 
Maes  1994). 

In  the  current  sample,  just  four  animals  were  BRD-positive  as 
detected  by  shell  analysis,  yet  up  to  32  animals  were  positive  for 
V.  tapetis  (by  a  combination  of  the  other  techniques).  This  suggests 
that  there  was  far  more  V.  tapetis  than  BRD  in  the  sample,  and  that 
this  may  also  be  true  of  V.  tapetis  and  BRD  in  the  environment. 
The  bacterium  has  already  been  detected  in  other  clam  species 
(e.g..  R.  decussatus  and  Venerupis  aiireu:  Maes  &  Paillard  1992, 
Novoa  et  al.  1998)  and  in  other  animals  such  as  the  cockle.  Ceras- 
toderma  edide  (Maes  &  Paillard  1992).  the  wrasse  Symphodiis 
nielops  (Jensen  et  al.  2003)  and  the  halibut.  Hippoglossiis  hippo- 
glossus  (Reid  et  al.  2003a),  suggesting  it  is  widespread  in  the 
environment  in  general.  Like  most  Vibrios,  it  is  likely  to  be  an 
opportunistic  pathogen,  which  does  not  always  generate  disease: 
V.  philippiiianim  has  been  shown  to  harbor  V.  tapetis  without 
experiencing  BRD  and  associated  mortalities  (unpubl.  data:  Castro 
et  al.  1997).  Consequently,  the  detection  of  V.  tapetis  alone  is  not 
sufficient  for  a  clear  diagnosis  of  BRD,  because  it  is  not  indicative 
of  disease.  The  observation  of  clinical  disease  signs  on  the  hosts" 
shells,  even  if  only  in  small  numbers  as  in  the  current  sample,  is 
necessary.  Shell  valve  analysis  is  thus  an  essential  tool  in  BRD 
diagnosis.  An  exception  perhaps  arises  in  cases  of  acute  disease,  in 
which  the  clam  dies  prior  to  manifestation  of  brown  ring  signs:  this 
has  occurred  after  injection  of  V.  tapetis  into  the  clam's  extrapallial 
space  or  adductor  muscle  (Allam  et  al.  2(J02).  There  is  no  known 
documented  evidence  of  such  an  occurrence  in  the  wild. 

The  major  drawback  of  BRD  diagnosis  by  shell  analysis  alone 
is  that  the  brown  ring  symptom  is  neither  exclusive  to  BRD.  nor 
exclusive  to  clams.  Essentially,  the  brown  conchiolin  deposit  is  a 
defense  inechanism  and  has  been  observed  in  many  bivalves  un- 
dergoing infection  such  as  oysters  (Perkins  1996,  Cuif  &  Dauphin 
1996)  and  abalone  (Sherperd  &  Huchette  1997)  See  review  by 
Paillard  (2004).  Parasites  such  as  fungi,  annelids  and  trematodes 
can  disturb  the  extrapallial  area  by  boring  into  or  irritating  the 
mantle  epithelium  (Sindermann  1990,  Paillard  et  al.  1994).  As 
such,  brown  rings  on  shell  valves  of  clams  are  not  exclusively 
caused  by  infection  by  V.  tapetis.  For  this  reason,  a  diagnosis  of 
BRD  ba.sed  on  shell  analysis  alone  is  insufficient:  evidence  of  the 
aetiological  agent  is  also  required. 
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A  combination  of  diagnostic  tecliniques  is  tlieiefore  necessary 
for  an  accurate  BRD  diagnosis.  The  results  here  demonstrated  the 
effectiveness  of  various  combinations.  The  more  techniques  used 
in  a  particular  combination  did  not  necessarily  lead  to  a  higher 
detection  rate,  although  the  use  of  all  four  methods  produced  the 
highest  detection  levels.  There  was  significant  variability  in  detec- 
tion rates  when  various  combinations  of  two  techniques  were  used. 
from  21.2%  to  61.5%  detection  in  the  sample;  each  combination  of 
two  tests  involving  the  Paillard  assay  produced  detection  levels 
above  50%,  whereas  those  not  using  the  assay  produced  detection 
levels  below  50%.  It  would  appear  therefore  that  for  sensitive 
detection,  any  combination  of  two  techniques  should  involve  the 
assay  of  Paillard  et  al.  (2006).  There  was  less  variability  in  detec- 
tion levels  when  combinations  of  three  techniques  were  used: 
51.9%  to  65.4%.  Diagnosis  by  a  combination  of  three  techniques 
provided  detection  levels  not  dissimilar  to  those  produced  from  a 
combination  of  all  techniques  (i.e.,  69.2%),  indicating  that  it  is 
unnecessary  to  use  all  four  diagnostic  methods  in  an  analysis, 
unless  the  objective  is  to  ensure,  as  far  as  possible,  that  clams  are 
BRD/V.tapetis-negative. 

In  BRD  management,  the  diagnostic  methods,  or  combinations 
thereof,  applied  in  an  analysis  of  clams  for  BRD/V.  tapetis  will 
depend  on  a  number  of  factors,  specifically,  the  information  re- 
quired from  the  analysis:  the  number  of  individual  clams  in  the 
sample  to  be  analyzed;  the  time  available  and  the  financial  re- 
sources available.  A  clam  sample  should  first  be  assessed  for  overt 
BRD  signs  on  the  shell  and  then  for  the  presence  of  the  aetiological 
agent.  The  testing  of  clam  seed  for  V.  rfl/x^r/.v/BRD  in  the  hatchery 
prior  to  purchase  would  best  be  accomplished  by  analyses  for 
detection  of  the  pathogen,  as  clinical  BRD  signs  cannot  be  ob- 
served in  juveniles  under  2  mm  (and  in  larvae)  (Paillard  et  al. 
2006). 

In  conclusion,  the  analyses  of  diagnostic  techniques  carried  out 
in  the  curtent  study  demonstrate  that  none  of  the  four  techniques 


was  sufficient  on  its  own  for  an  accurate  diagnosis  of  BRD.  BRD 
shell  analysis  was  an  essential  technique  and  is  recommended  as 
the  first  technique  in  the  analysis  of  a  clam  sample  for  BRD, 
followed  by  confirmation,  either  by  PCR  or  microbiology,  that  the 
brown  deposits  are  caused  by  V.  tapetis.  The  combination  of  BRD 
shell  analysis  and  PCR  detection  according  to  Paillard  et  al.  (2006) 
was  the  most  .sensitive  and  rapid  combination  in  this  study.  In 
instances  where  isolation  of  the  aetiological  agent  is  required  and 
time  is  not  a  limiting  factor,  BRD  shell  analysis  in  conjunction 
with  microbiological  techniques  is  recommended.  PCR  detection 
is  valuable  if  sensitivity  for  detection  of  lower  pathogen  levels  is 
required.  A  comparison  of  the  cost-efficiency  of  each  method  fa- 
vored BRD  shell  analysis,  followed  in  increasing  cost  by  bacte- 
riological isolation  and  characterization,  and  finally,  either  of  the 
two  sets  of  primers. 

The  results  here  were  based  on  a  single  sample,  and  the  sample 
size  of  52  individuals  is  less  than  the  60  recommended  by  Simon 
&  Schill  ( 1984)  for  detection  of  an  infection  present  at  5%  preva- 
lence in  a  population  of  I  x  lO*".  Additionally,  the  sample  repre- 
sents a  single  month,  and  therefore  does  not  consider  seasonal 
variation  in  BRD  and  V.  tapetis  prevalence.  Further  studies,  which 
would  encompass  seasonal  sampling,  are  required  for  validation  of 
the  detection  efficiency  of  each  technique.  However,  the  results 
here  provide  a  basis  for  deciding  on  diagnostic  and  detection  tech- 
niques of  choice  for  BRD  and  V.  tapetis  in  different  situations. 
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FLUOROMETRIC  MEASUREMENT  OF  OXIDATIVE  BURST  IN  LOBSTER  HEMOCYTES  AND 
INHIBITING  EFFECT  OF  PATHOGENIC  BACTERIA  AND  HYPOXIA 


BRANDON  MOSS  AND  BASSEM  ALLAM* 
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ABSTRACT  The  stimulation  of  hemocytes  during  phagocytosis  leads  to  the  generation  of  a  series  of  oxygen  radicals  known  as 
reactive  oxygen  species  (ROS).  Among  these,  hydrogen  peroxide  plays  an  important  microbicidal  role  by  directly  killing  microor- 
ganisms or  by  serving  as  an  intermediate  for  other  antimicrobial  radicals.  In  this  study,  we  adapted  a  technique  using  2'.7'- 
dichlorofluorescein-diacetate  (DCFH-DA)  to  measure  H,0,  production  in  lobster  hemocytes.  After  oxidation  by  hydrogen  peroxide, 
this  molecule  produces  a  fluorescent  product  that  can  be  easily  detected.  The  respiratory  burst  was  successfully  activated  in  lobster 
hemocytes  by  the  addition  of  zymosan  particles,  but  not  with  phorbol  myristate  acetate.  After  optimization,  we  u.sed  the  technique  to 
investigate  the  effect  of  different  bacterial  strains,  including  lobster  pathogens,  on  the  oxidative  burst.  Results  demonstrate  that 
Aureococcus  virklans,  a  bacterial  pathogen  that  is  able  to  survive  phagocytosis  by  lobster  hemocytes,  quenches  ROS  production.  The 
comparison  of  ROS  production  in  lobsters  collected  from  field  sites  submitted  to  different  levels  of  dissolved  oxygen  suggests  that  this 
technique  provides  a  good  indicator  of  lobster  physiological  status  and  immunocompelency. 

KEY  WORDS:     lobster,  Hoimini.s  americciims.  oxygen,  in  vitro,  dichlorotluorescein  diacetate,  ROS 


INTRODUCTION 

The  American  lobster,  Homarus  americaims.  is  one  of  the  most 
commercially  important  species  in  the  Northeastern  United  States 
and  Canada.  This  species  is  subject  to  different  infections,  includ- 
ing those  caused  by  bacterial  agents  such  as  the  Gram-positive 
Aerocdcciis  viridans  (Stewart  et  al.  1969.  Battison  et  al.  2003)  and 
the  Gram-negative  Viliho  fliiviuli.s  (Tall  et  al.  2003).  as  well  as 
those  related  to  protozoan  parasites  such  as  Paramoeba  (Mullen  et 
al.  2004)  and  the  ciliate  Anophryoides  hemophila  (Cawthorn  1997. 
Athanassopoukui  et  al.  2004).  Against  these  pathogens,  lobsters 
have  a  set  of  cellular  and  humoral  defense  factors.  In  conmion  with 
other  crustaceans,  host  defense  in  lobsters  is  nonspecific,  based  on 
activities  of  circulating  hemocytes  (Bauchau  1981,  Paterson  & 
Stewart  1974,  Paterson  et  al.  1976.  Cornick  &  Stewart  1978,  Bat- 
tison et  al.  2003).  In  these  animals,  hemocytes  defense  functions 
include  coagulation,  phagocytosis,  encapsulation  and  wound  repair 
(Bauchau  1981.  Johansson  &  Soderhall  1989.  Bachere  et  al.  1995) 
and  synthesis  and  secretion  of  humoral  defense  factors 
(Destoumieux  et  al.  2000.  Bachere  et  al.  2004). 

The  stimulation  of  hemocytes  during  phagocytosis  leads  not 
only  to  release  of  lysosomal  enzymes,  but  also  to  superoxide  radi- 
cal (02-)  generation  catalyzed  by  NADPH  oxidase  associated  with 
the  cytoplasmic  membrane.  Superoxide  radical  is  metabolized  to 
hydrogen  peroxide  (H202)  by  superoxide  dismutase  (SOD),  and 
the  resulting  peroxide  is  further  converted  to  hypochlorite  (OCI) 
by  myeloperoxidase  (MPO).  Hydrogen  peroxide,  superoxide  radi- 
cal and  hypochlorous  acid  exhibit  direct  antimicrobial  activity  and 
are  widely  called  reactive  oxygen  species  (ROS)  or  intermediates 
(ROI).  This  phenomenon,  known  as  respiratory  burst,  plays  an 
important  microbicidal  role  (Anderson  1996).  Prior  studies  re- 
ported that  ROS  production  is  inhibited  in  shellfish  experimentally 
submitted  to  environmental  (pollutants,  hypoxia)  and  pathogenic 
(bacterial)  stresses  (Anderson  1994.  Anderson  et  al.  1997.  Lambert 
&  Nicolas  1998,  Le  Moullac  et  al.  1998,  Cheng  et  al.  2002,  Lam- 
bert et  al.  2001). 

Because  of  their  importance  in  the  defense  process,  various 
tools  have  been  devek)ped  to  measure  ROS  production  in  verte- 
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brates.  including  microscopy,  luminescence  methods  and  flow  cy- 
tometry techniques.  In  their  recent  paper.  Anderson  &  Beaven 
(2005)  described  a  chemoluminescence  method  measuring  the  oxi- 
dative burst  in  lobsters  after  activation  with  Phorbol  myristate 
acetate  (PMA).  An  appealing  alternative  to  this  technique  is  a 
method  using  2'.7'-dichloronuorescein-diacetate  (DCFH-DA). 
initially  developed  in  human  phagocytic  cells  (Rosenkranz  et  al. 
1992).  After  oxidation  by  ROS  (particularly  H,0;).  this  molecule 
produces  a  fluorescent  product  that  can  be  easily  detected  using 
lluorescence  microscopy,  or  measured  using  appropriate  tluorom- 
eters  (plate  readers,  flow  cytometers). 

There  were  several  goals  for  this  study.  First,  a  simple  fluoro- 
melric  technique  allowing  detection  and  quantification  of  ROS 
production  in  lobster  hemocytes  was  devised  and  optimized.  This 
technique  was  then  used  to  investigate  the  effect  of  pathogenic 
(bacterial)  challenge  on  ROS  production.  Finally,  as  field  evalua- 
tion of  the  optimized  method,  this  study  examined  ROS  production 
in  lob.sters  collected  from  three  different  locations  in  Long  Island 
Sound  known  to  be  submitted  to  different  levels  of  dissolved  oxv- 


MATERIALS  AND  METHODS 

Lobsters 

Lobsters  (1.25-1.50  lb.)  used  for  technique-setup  experiments 
were  obtained  froin  a  commercial  source  located  in  Port  Jefferson, 
New  York.  Lobsters  used  to  investigate  the  effect  of  bacteria  on 
ROS  production  were  collected  from  traps  deployed  north  of  Oak 
Neck,  Long  Island  Sound  (Fig.  1).  Animals  were  maintained  in 
200-L  tanks  (3  lobsters  per  tank),  filled  with  aerated  recirculating 
seawater  containing  artificial  shelters  made  of  PVC  pipes.  The 
water,  which  was  maintained  at  32  ±  I  ppt  and  15  ±  I'C,  was 
continuously  pumped  through  a  canister  filter  system  containing 
active  biofilter  media  made  from  sintered  glass  (Eheim  Ehfisub- 
strat.  Aquatic  Eco-Systems  Inc.,  Apopka,  Florida)  and  active  car- 
bon. Nitrate/nitrite  and  ammonia  levels  were  monitored,  and  water 
changes  were  inade  when  needed.  Lobsters  were  fed  twice  a  week, 
using  clam  meat  for  a  minimum  period  of  7  days  before  bleeding 
and  ROS  measurement.  To  investigate  ROS  production  in  lobsters 
exposed  to  different  levels  of  dissolved  oxygen,  additional  lobsters 


1051 


1052 


Moss  AND  ALLAM 


Dissolved  Oxygen  in  Long  Island  Sound  Bottom  Waters 


August  19 -2}.  2004 


Lloyd  Neck 
Oak  Neck 
Hempstead  harbor 


31)    1  w^-^-v  i 


D  nviMantm  at> 


Figure  1.  Map  showing  lobster  sampling  sites  in  Long  Island  Sound 
and  dissolved  oxygen  in  bottom  waters  during  the  sampling  period 
(Map  generated  by  CT  DEP  Long  Island  Sound  Water  Quality  Moni- 
toring Program,  accessible  online  at:  http://\vww.dep.state.ct.us/wtr/ 
Iis/monitoring/summer2004.htm) 

were  collected  from  different  locations  within  Long  Island  Sound 
(Fig.  1):  12  lobsters  were  collected  from  traps  located  north  of 
Hempstead  Harbor,  1 5  from  traps  located  north  of  Oak  Neck,  and 
1  ."i  from  traps  located  north  of  Lloyd  Neck.  These  lobsters  were 
maintained  in  seawater  tanks  onboard  of  the  fishing  vessel  until 
transferred  to  the  laboratory  for  immediate  hemolymph  sampling 
and  processing. 

Chemicals  and  Buffers 

Crustacean  anticoagulant  (CAC,  0.45  M  NaCl,  0.1  M  glucose, 
0.03  M  trisodium  citrate.  0.026  M  citric  acid,  and  0.01  M  EDTA, 
pH  4.6)  and  marine  crustacean  saline  (MCS.  0.58  M  NaCl.  0.013 
M  KCl,  0.013  M  CaC12.  0.026  M  MgC12.  0.00054  M  N2HP04. 
and  0.05  M  Tris-HCL  buffer,  pH  7.6)  solutions  were  prepared 
according  to  Smith  and  Soderhiill  (1983).  Dichlorofluorescin  di- 
acetate  (DCFH-DA,  Sigma)  was  dissolved  in  DMSO  to  obtain  100 
mM  stock  solution  (aliquoted  and  stored  at  -20°C).  Work  solu- 
tions of  DCFH-DA  were  produced  by  diluting  aliquots  in  filtered 
(0.22  |jLm)  autoclaved  seawater  (FASW)  at  different  concentrations 
as  described  later.  Phorbol  myristate  acetate  (PMA,  Sigma)  stock 
solution  was  made  by  dissolving  1  mg  PMA  in  1  mL  dimethyl 
sulfoxide  (DMSO).  This  solution  was  divided  into  25-[jlL  aliquots 
and  stored  at  -20'"'C.  Zymosan  (Sigma)  was  directly  suspended  in 
FASW  (20  mg  1  niL"'),  then  heated  in  a  boiling  water  bath  for  30 
min.  The  resulting  suspension  was  ihen  washed  twice  by  centrifu- 
gation  and  resuspension  in  MCS.  The  particle  count  was  checked 
microscopically  and  aliquots  were  frozen  at  -20 "C. 

ROS  Measurement 

General  Design 

Hemolymph  (0.5  niL)  was  withdrawn  from  the  ventral  sinus  by 
inserting  a  needle  at  the  base  of  the  last  left  walking  leg. 
Hemolymph  was  directly  collected  m  a  3-mL  syringe  containing 
2.5  mL  CAC  to  prevent  blood  clotting.  Diluted  hemolymph  was 
then  centrifuged  (300g,  4°C,  10  min).  The  supernatant  was  dis- 
carded, and  the  cells  were  resuspended  in  I  niL  MCS.  An  aliquot 
( 100  |J.L)  of  resuspended  hemocytes  was  added  with  formalin  (2% 
final  concentration)  and  used  for  hemocyte  count.  Remaining 


hemocytes  were  added  to  a  96-well  black  microplate  ( 100  p.L  per 
well,  in  3-4  replicates  depending  on  experiments)  and  were 
supplemented  with  DCFH-DA.  An  initial  reading  of  the  fluores- 
cence (485  nm  excitation  and  535  nm  emission)  was  then  per- 
formed to  measure  the  native  (prior  to  activation)  ROS  production 
in  hemocytes  using  a  Wallac  1420  fluorometric  plate  reader.  After 
the  first  reading,  hemocytes  were  added  with  targeted  activator 
(PMA  or  zymosan,  see  below),  then  additional  fluorescence  read- 
ings were  recorded  after  5  and  30  min  of  incubation  in  the  dark. 

Activation  With  PMA  Versus  Zymosan 

Hemocytes  resuspended  in  MCS  were  added  to  a  96-well  mi- 
croplate as  follows:  for  each  lobster  (;i  =  3  lobsters),  nine  replicate 
wells  containing  100  p.L  per  well  were  performed:  3  wells  re- 
ceived 100  |jiL  MCS  containing  2  jxL  PMA  stock  solution  ( 10  (jig 
niL^'  final  concentration),  another  three  received  100  |J.L  Zymo- 
san suspension  made  in  MCS  (1:50  hemocyte:zymosan  ratio),  and 
the  last  three  received  MCS  as  a  control.  Then  2  jjiL  DCFH-DA 
stock  solution  were  added  to  each  well  (final  DCFH-DA  concen- 
tration =  1  niM).  Readings  were  taken  using  the  Wallac  fluoro- 
metric plate  reader  at  5.  20,  60,  90  and  120  min  postactivation. 

Determination  of  Optimal  DCFH-DA  Concentration 

Hemocytes  were  processed  in  the  same  way  as  above.  For  each 
lobster  {n  =  3),  four  replicate  wells  were  performed,  and  each  of 
these  wells  received  a  different  concentration  of  DCFH-DA.  The 
different  concentrations  tested  were:  0.1,  0.5.  1,  and  2  niM  DCFH- 
DA.  The  Wallac  plate  reader  was  set  up  to  take  automatic  readings 
at  5-min  intervals  for  a  total  of  90  min  after  activation  with  zy- 
mosan ( 1:50  hemocyte:zymosan  ratio). 

Effect  of  Bacterial  Challenge  on  ROS  Production 

The  significance  of  pathogenic  stress  was  investigated  by 
studying  the  effect  of  in  vitro  challenge  with  bacterial  compounds 
on  ROS  production  in  lobster  hemocytes.  Four  bacterial  strains 
were  investigated:  Aerococcus  viridans  var.  homari  (Robohm  et  al. 
2005)  and  Vibrio  fliivialis  (Tall  et  al.  2003),  both  known  to  be 
pathogenic  to  lobsters,  ListoneUa  angiiitlantm  (strain  775,  Crosa  et 
al.  1977),  a  pathogen  to  several  marine  organisms  including  fish 
and  shellfish,  and  Escherichia  coli,  which  is  not  known  to  cause 
disease  in  marine  organisms  (here  used  as  control).  Bacteria  were 
cultured  in  sterile  marine  broth  (Difco  2216)  at  room  temperature 
on  a  shaker  table  for  about  24  h  (exponential  phase  of  growth). 
After  spectrophotometrically  estimating  bacterial  counts,  bacterial 
cells  were  collected  by  centrifugation  (3,000g,  15  min,  4°C),  re- 
suspended in  MCS  and  used  immediately  for  challenge  experi- 
ments. Bacterial  supernatants  were  filtered  (0.22  p,m)  and  saved 
(-20°C)  for  use  in  subsequent  experiments. 

The  first  experiment  investigated  the  effect  of  challenge  of 
hemocytes  with  bacterial  cells  on  ROS  production  using  additional 
lobsters  collected  from  Lloyd  Neck.  For  each  lobster  (9  total),  12 
wells  received  100  |jiL  of  hemocytes  resuspended  in  MCS.  supple- 
mented with  DCFH-DA  at  a  final  concentration  of  0.5  mM.  After 
an  initial  reading  to  measure  native  ROS  activity,  duplicate  wells 
received  20  |jiL  of  one  of  the  following  suspensions  (at  a  ratio  of 
1 :50  hemocytes:test  particles,  e.g.,  cfu  or  zymosan):  A.  viridans.  V. 
fluvuilis.  L.  anguillantm.  E.  coli,  zymosan,  and  two  wells  received 
20  n,L  MCS  as  a  control.  After  a  30-min  incubation  in  the  dark,  a 
second  reading  was  taken,  then  10  |xL  zymosan  were  added  to  each 
well  and  two  more  readings  were  taken  after  5  and  30  min  addi- 
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tional  incubation.  Aliquots  of  hemoiymph  samples  were  diluted  in 
CAC.  fixed  with  formalin  (l.^/f  final  concentration)  and  used  for 
hemocvte  counts  with  a  hemocytometer.  ROS  priiduction  was  nor- 
malized to  hemocyte  counts. 

The  second  experiment  in\estigated  the  effect  of  bacterial  su- 
pernatants  on  ROS  production  by  hemocytes.  For  each  lobster  (9 
total).  12  replicated  wells  received  100  |jlL  of  hemocytes  resus- 
pended  in  MCS.  Duplicate  wells  were  added  with  100  (xL  of 
bacterial  iA.  viridans.  V.  fliiviciUs.  L  anfiuiUarttm.  E.  coli)  super- 
natants.  The  volume  of  supernatant  added  per  hemocyte  was  esti- 
mated to  be  equivalent  to  the  volume  of  culture  medium  containing 
30  cfu  (supernatant-cfu  equivalent).  Two  other  wells  received  100 
p.L  MCS  as  a  control  and  two  additional  wells  received  100  |jlL 
sterile  culture  media  as  a  second  control.  After  1-h  incubation. 
DCFH-DA  was  added  to  each  well  at  a  final  concentration  of  0.5 
niM  and  baseline  fiuorescence  reading  was  taken.  Then  10  |jlL 
zymosan  was  added  to  each  well  and  readings  were  taken  5  and  30 
min  after  incubation  in  the  dark.  ROS  production  was  nonnali/ed 
to  hemocyte  counts  as  described  above. 

Effect  of  Hypoxia  on  ROS  Production 

This  experiment  investigated  ROS  production  in  lobsters  col- 
lected from  areas  on  Long  Island  Sound  known  to  be  submitted  to 
different  lesels  of  dissolved  oxygen  as  determined  by  the  Con- 
necticut Department  of  Environmental  Protection  (CT  DEP)  Long 
Island  Sound  Water  Quality  Monitoring  Program  (Fig.  I).  The 
biweekly  summer  survey  generates  hypoxia  maps  based  on  the 
monitoring  of  different  stations  across  the  sound  using  a  CTD 
recorder.  Lobsters  were  transferred  to  the  laboratory  and 
hemocytes  were  withdrawn  as  previously  described.  For  each  lob- 
ster, four  wells  received  100  |jlL  of  hemocytes  resuspended  in 
MCS.  supplemented  with  DCFH-DA  at  a  final  concentration  of  0.5 
mM.  After  an  initial  fluorometric  reading  to  measure  native  activ- 
ity. 10-|a.L  Zymosan  suspension  was  added  to  each  well  to  activate 
ROS  production  (about  1:50  hemocyte:zymosan  ratio).  Two  addi- 
tional readings  were  then  made  5  and  30  min  after  incubation  in 
the  dark.  ROS  production  was  normalized  to  hemocyte  counts  as 
described  for  the  bacterial  challenge  experiments. 

Statistics 

Average  fluorescence  signals  were  calculated  for  all  replicated 
wells  before  being  processed  for  statistical  analyses.  All  data  were 
analyzed  using  the  Statgraphics  .statistical  software.  Statistical  tests 
were  a  one-way  general  linear  model  analysis  of  variance 
(ANOV.A)  or  repeated  measure  ANOVA  followed  by  a  Fisher's 
LSD  posthoc  test,  as  appropriate.  Because  raw  data  were  not  al- 
ways normally-distributed,  a  LogKj-transformation  was  made  on 
data  before  running  statistical  testing.  Differences  were  considered 
significant  at  a  =  0.05. 

RESULTS 

Activation  of  Hemocytes  for  ROS  Production 

The  addition  of  1  mM  dichlorofluorescein  diacetate  (DCFH- 
DA)  to  hemocytes  induced  the  production  of  baseline  fluorescence 
that  increased  w  ith  incubation  time,  up  to  1 20  min  after  incubation 
(maximal  incubation  period  assayed  in  this  study.  Fig.  2).  Because 
the  fluorescence  signal  is  an  indicator  of  hydrogen  peroxide  pro- 
duction, these  results  suggest  that  ROS  are  produced  in  untreated 
hemocytes.  Hydrogen  peroxide  production  was  significantly 
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Figure  2.  Oxidative  burst  in  liemoc>les  activated  with  phorbol 
myristate  acetate  (PMA)  or  zymosan  (ZVM).  Control  hemocytes  were 
incubated  with  saline  (MCS).  Fluorescence  signals  were  signiflcantly 
higher  (*)  in  hemocytes  added  with  zymosan  when  compared  with  the 
2  other  treatments  (Fisher's  LSD  posthoc  test.  P  <  0.05.  n  =  i). 

stimulated  by  the  addition  of  zymosan  A  (P  <  0.001,  repeated 
measure  ANOVA)  within  20  min  after  activation,  but  was  not 
modified  by  the  addition  of  PMA,  when  compared  with  untreated 
hemocytes  (added  with  saline).  These  trends  were  not  modified 
over  the  2-h  duration  of  the  experiment. 

Determination  of  Optimal  DCFH-DA  Concentration 

Fluorescence  signals  intensified  with  the  increase  of  DCFH- 
DA  concentration  from  0.1-0.5  mM  (Fig.  3).  Further  increase  in 
concentration  to  I  or  2  mM  did  not  enhance  the  intensity  or  modify 
the  kinetics  of  H^O,  production.  Based  on  these  results,  a  concen- 
tration of  0.5  mM  was  used  in  all  subsequent  experiments. 

Effect  of  Bacterial  Cells  on  the  Oxidative  Burst 

Thirty  minutes  after  the  addition  of  bacterial  cells  to 
hemocytes.  ROS  production  significantly  increased  in  wells  incu- 
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Figure  3.  Oxidative  burst  in  hemocytes  added  with  different  concen- 
trations of  dicholorofluorescein-diacetate  (DCFH-D.-X)  and  activated 
with  z>  mosan.  *:  significant  differences  between  hemocytes  added  with 
0.1  niM  and  all  other  treatments  appeared  25  min  after  incubation  and 
continued  until  the  end  of  the  experiment  (Fisher's  LSD  posthoc  test, 
P  <  0.05,  H  =  3). 
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Figure  4.  Effect  of  bacterial  cells  on  reacti>e  oxygen  species  produc- 
tion in  lobster  hemocytes.  Zymosan  was  added  to  all  wells  after  the 
second  fluorescence  reading.  MCS:  saline,  ZVM,  zymosan.  LA:  Lis- 
loiiella  anguillariim.  EC:  Escherichia  coli.  W:  Aerococcus  riridans. 
VF:  Vibrio  flmialis.  For  each  time  interval,  letters  (a  and  bl  represent 
signiflcant  differences  among  different  treatments  I  Fisher's  LSD  post 
hoc  test.  P  <  0.05,  n  =  9).  *:  significant  increase  when  compared  with 
the  prior  sampling  point  (Student  f-test.  P  <  0.05). 

bated  with  £.  coli,  when  compared  with  control  hemocytes  added 
with  saline  (Fig.  4).  The  other  bacterial  species  caused  only  a  slight 
increase  in  fluorescence  signals  that  did  not  significantly  differ 
from  control  hemocytes.  Among  this  group,  V.  fhivialis  caused  the 
highest  signals,  followed  by  L  angitillanim  and  finally  by  A.  riri- 
dans. The  subsequent  activation  of  hemocytes  with  zymosan  did 
not  significantly  change  the  trends  observed  in  hemocytes  prein- 
cubated  with  bacteria.  The  major  changes  were  observed  in 
hemocytes  initially  used  as  controls  (added  with  saline),  in  which 
the  addition  of  zymosan  produced  the  strongest  signals  (Fig.  4).  A 
second  addition  of  zymosan  to  hemocytes  did  not  noticeably  in- 
crease ROS  production. 

Effect  of  Bacterial  Extracellular  Products  on  the  Oxidative  Burst 

Pre-incubation  of  hemocytes  with  bacterial  extracellular  prod- 
ucts (ECP)  did  not  affect  native  hydrogen  peroxide  production  in 
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Figure  5.  Effect  of  bacterial  extracellular  products  (ECP)  on  reactive 
oxygen  species  production  in  lobster  hemocytes.  See  legend  of  Figure 
4  for  abbreviations.  For  each  lime  interval,  letters  (a,  b  and  c)  repre- 
sent significant  differences  among  different  treatments  (Fisher's  LSD 
posthoc  test,  P  <  0,05,  «  =  9). 
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Figure  6.  Reactive  oxygen  species  production  in  lobsters  collected 
from  three  different  locations  in  Long  Island  Sound  (see  Figure  1  for 
more  details).  Each  data  point  represents  12  (Hempstead  Harbor)  or 
15  (Oak  Neck  Harbor  and  Lloyd  Neck)  lobsters.  Letters  (a  and  b) 
represent  significant  difTerences  among  samples  (Fisher's  LSD  posthoc 
test,  P  <  0.05), 

inactivated  hemocytes.  However,  hemocytes  preincubated  with 
ECP  from  L.  anguiUarum  were  unable  to  express  oxidative  bursts 
in  response  to  zymosan  activation  (Fig.  5).  Preincubation  of 
hemocytes  with  ECP  produced  by  the  other  bacterial  species 
slightly  increased  ROS  production  when  compared  with  saline 
control.  However,  ROS  signals  in  these  samples  were  not  signifi- 
cantly different  from  those  of  control  hemocytes  incubated  in  ster- 
ile bacterial  culture  media. 

Effect  of  Hypoxia  on  ROS  Production 

Native  hydrogen  peroxide  production  in  inactivated  hemocytes 
was  significantly  higher  in  lobsters  collected  from  the  most  west- 
ern field  site  (Hempstead  Harbor),  when  compared  with  lobsters 
from  Oak  Neck  and  Lloyd  Neck  (Fig.  6).  This  trend  is  inverted 
after  activation.  For  instance,  thirty  minutes  after  the  addition  of 
zymosan,  oxidative  burst  was  significantly  higher  in  lobsters  col- 
lected from  the  most  eastern  site  when  compared  with  the  two 
other  locations.  Hemocyte  counts  were  not  significantly  different 
among  the  different  field  sites  and  ranged  from  1.9  x  lO''  to  4.8  x 
10''  hemocytes  mL"'. 

DISCUSSION 

Oxidative  burst  by  blood  cells  is  a  major  antimicrobial  mecha- 
nism in  \ertebiates  and  invertebrates.  This  oxidative  process  starts 
when  stimulation  of  macrophages  leads  to  increased  consumption 
of  oxygen,  the  reduction  of  which,  catalyzed  by  a  membrane- 
bound  NADPH  oxidase,  initiates  the  cascade  and  production  of 
several  reactive  oxygen  species.  This  study  demonstrates  that  the 
optimized  fiuorometric  technique  represents  a  valuable  method  tor 
the  measurement  of  oxidative  burst  by  lobster  hemocytes,  and 
provides  a  viable  means  of  evaluating  the  effects  of  pathological 
and  environmental  stresses  on  lobster  immunity.  Our  results  show 
that  dichloiofiuorescein-diacetate  (DCFH-DA)  is  cleaved  into 
fluorescent  dichloiofluorescein  in  hemocytes  incubated  in  saline  at 
a  significantly  lower  rate  than  in  hemocytes  added  with  zymosan. 
Higher  cleavage  rate  clearly  indicates  a  higher  production  of  hy- 
drogen peroxide  through  activation  of  the  ROS  cascade  (Rosen- 
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kianz  et  al.  1992).  The  fluorescent  signal  increased  with  incubation 
time,  including  that  in  control  hemocytes.  as  a  result  of  accumu- 
lation ofdichlorofluorescein  in  cells.  Fluorescent  signals  observed 
in  control  hemocytes  coiTcspond  to  spontaneous  H^O^  production, 
which  may  reveal  a  normal  physiological  cell  activity.  Alterna- 
tively, such  production  can  be  related  to  an  activation  of 
hemocytes  during  the  isolation  procedure,  or  when  the  hemocytes 
adhere  to  the  plastic  as  observed,  for  instance,  for  bivalve  (Pipe 
1992)  or  hypothesized  for  crustacean  (Bachere  et  al.  1995) 
hemocytes.  Incubation  of  hemocytes  with  phorbol  myristate  ac- 
etate (PMA.  10  |xg  mL"')  did  not  induce  any  increase  in  hydrogen 
peroxide  production.  This  is  in  agreement  with  several  studies  that 
found  that  PMA  is  not  as  efficient  in  inducing  ROS  production  as 
zymosan  in  crustaceans  (Song  &  Hsieh  1994.  Bachere  et  al.  1995. 
Mutioz  et  al.  2000)  and  in  mollusks  (Ordas  et  al.  2000.  Austin  & 
Paynter  1995.  Torreilles  et  al.  1997).  but  in  disagreement  with  a 
prior  report  that  showed  higher  ROS  production  in  lobster  (//. 
americanus)  hemocytes  activated  with  PMA.  when  compared  with 
cells  added  with  zymosan  (Anderson  &  Beaven  2005).  This  ap- 
parent contradiction  could  be  explained  by  the  fact  that  Anderson 
&  Beaven  measured  the  production  of  a  subsequent  reactive  in- 
tennediale  in  the  cascade,  namely  HOCI.  using  a  chemilumines- 
cence  detection  method.  The  fact  that  the  hemocyte:zymosan  ratio 
used  here  (1:50)  is  significantly  higher  than  ratios  used  by  those 
authors  ( 1 :2-l  :25)  may  provide  another  explanation  of  the  differ- 
ences observed  between  the  two  studies,  because  our  preliminary 
results  showed  an  increase  in  hydrogen  peroxide  production  with 
the  increase  of  hemocyte:zymosan  ratio  up  to  1:50  (data  not 
shown). 

The  possible  role  of  lobster  hemocyte  ROS  in  the  elimination 
of  pathogenic  microorganisms  was  investigated  by  studying  the 
effect  of  selected  bacteria  on  ROS  production  //;  vitro.  Our  results 
demonstrated  that  E.  coU  and  V.  fluvialis  cells  caused  an  increase 
in  ROS  production,  but  differences  compared  with  the  control 
were  only  significant  in  the  case  of  £.  coli.  Although  a  prior  report 
also  demonstrated  that  E.  coli  cells  induced  the  highest  ROS  re- 
sponse in  shrimp  hemocytes  when  compared  with  shrimp  bacterial 
pathogens  (Mufioz  et  al.  2000).  the  biological  significance  of  these 
results  is  not  clear,  because  E.  coli  is  not  significantly  present  in 
natural  lobster  habitat.  It  seems,  however,  that  some  bacterial 
pathogens  have  de\eloped  strategies  to  avoid  the  trigger  of  ROS 
production  by  hemocytes.  For  instance,  Muiioz  et  al.  (2000)  dem- 
onstrated that  a  pathogenic  strain  of  Vibrio  han'eyi  did  not  induce 
ROS  production  when  added  to  shrimp  hemocytes.  whereas  the 
addition  of  a  strain  of  V.  alginolyucus  used  as  probiotic  in  shrimp 
aquaculture  did  enhance  ROS  production.  Similarly,  our  study 
revealed  that  Aerococciis  viridans.  a  pathogen  that  is  able  to  sur- 
vive phagocytosis  by  lobster  hemocytes  (Stewart  1975),  does  not 
elicit  ROS  production.  Similarly,  the  universal  pathogen  L.  angiiil- 
lanim  did  not  induce  the  production  of  ROS.  More  importantly. 
ROS  production  in  these  two  samples  was  not  increased  after  the 
addition  of  zymosan,  suggesting  an  active  neutralization  of  the 
oxidative  metabolism  by  A.  viridans  and  L.  anguillanim.  Although 
bacterial  cells  from  both  strains  have  similar  effects,  the  mecha- 
nisms underlying  their  ROS  inhibition  might  be  different.  It  has 
already  been  demonstrated  that  the  survival  in  hosts"  cells  of 
pathogenic  bacteria  and  fungi  is  often  linked  to  the  ability  of  these 
microorganisms  to  quench  ROS  through  the  production  of  cata- 
lases/peroxidases.  which  are  thus  considered  virulence  factors 
(Day  et  al.  2000.  Lefebre  &  Valvano  2001.  Pongpom  et  al.  2(J05). 
It  is  thus  possible  that  A.  viridans  quenches  ROS  production  in 


lobster  hemocytes  as  a  mean  to  colonize  and  survive  within  host's 
cells.  The  antioxidant  enzyme  calalase  is  not  present  in  this  bac- 
terial species,  however,  suggesting  that  such  quenching  might  be 
performed  through  other  processes.  The  effect  of  L  angidllanim 
on  ROS  production  is  more  pronounced  when  bacterial  extracel- 
lular products  (ECP)  are  used.  L  anguillanim.  which  possesses 
catalase  activity,  may  suppress  fluorescence  signals  by  altering 
H,Oi  production  as  suggested  by  Bramble  and  .Anderson  (1997). 
Alternatively,  the  same  strain  of  this  universal  pathogen  has  dem- 
onstrated wide  cytotoxic  effects  on  hemocytes  from  different  bi- 
valve species  under  similar  experimental  conditions  (Allam  & 
Ford  2006).  The  viability  of  hemocytes  was  not  specifically  moni- 
tored in  the  present  work,  but  anecdotal  observations  suggested 
increased  mortality  only  in  hemocytes  incubated  with  L.  anguil- 
lanim (data  not  shown).  The  effect  of  L.  anguillanim  observed 
here  might  simply  be  a  result  of  hemocyte  killing  by  bacterial  cells 
and  ECP.  because  dead  hemocytes  could  not  participate  in  ROS 
production. 

The  comparison  of  ROS  production  in  lobsters  collected  from 
field  sites  submitted  to  different  environmental  conditions  suggests 
that  this  technique  represents  a  good  indicator  of  lobster  physi- 
ological status  and  immunocompetency.  The  major  environmental 
condition  that  varies  among  experimental  sites  was  the  level  of 
dissolved  oxygen,  which  ranged  from  levels  below  I  mg  L~'  in 
Hempstead  harbor  to  about  3  mg  L"'  in  Lloyd  Neck.  Native  hy- 
drogen peroxide  production  was  .-!  times  higher  in  hemocytes  from 
lobsters  collected  in  the  former,  when  compared  with  those  har- 
vested from  the  latter.  High  native  (base)  ROS  production  may 
reveal  stressful  or  injurious  situations  caused  by  in  situ  factors. 
These  findings  suggest  that  lobsters  from  Hempstead  harbor  had 
been  submitted  to  oxidative  stress,  which  may  have  been  caused  by 
low  oxygen  availability  in  the  environment  (Storey  1996.  Pan  et  al. 
2003).  Animals  typically  respond  to  hypoxia  by  reducing  meta- 
bolic rate  (Perez-Rostro  et  al.  2004).  but  side  effects  of  hypoxia 
include  the  formation  of  excess  free  oxygen  radicals  ( Yu  1994.  Pan 
et  al.  2003).  causing  severe  alterations  in  cellular  activities.  Al- 
though these  microbiocidal  agents  are  typically  generated  in  the 
phagocytic  vacuoles,  an  important  quantity  crosses  into  the  extra- 
vacuolar  environment  and  may  cause  damage  to  cells  (Warner 
1994.  Thompson  et  al.  1995).  ROS  also  damage  cytoskeletal  pro- 
teins, leading  to  a  probable  loss  in  defense  function,  because 
hemocyte  adhesion,  motility,  endocytic  ability  and  the  capacity  to 
phagocytose  foreign  particles  all  depend  on  the  cytoskeleton  (Bel- 
lomo  &  Mirabelli  1992).  The  prevention  of  such  damages  is  nor- 
mally made  through  different  defense  strategies,  which  involve  the 
use  of  small  antioxidant  molecules  (ascorbate.  glutathione,  carot- 
enoid  pigments)  that  can  directly  neutralize  oxidative  radicals,  or 
rely  on  a  variety  of  enzymes  that  metabolize  ROS  (superoxide 
dismutase.  catalase.  glutathione  peroxidase!  (Warner  1994).  In  any 
case,  subsequent  stiinulation  with  a  specific  trigger  of  the  respira- 
tory burst  could  be  impaired,  ineffective  or  unreliable.  For  in- 
stance, hemocytes  from  hypoxic  areas  (Hempstead  and  Oak  Neck) 
did  not  respond  to  zymosan  activation  as  efficiently  as  those  col- 
lected from  Lloyd  Neck.  Similarly.  Le  Moullac  et  al.  ( 1998)  dem- 
onstrated a  decrease  in  ROS  production,  measured  by  the  nitrohlue 
tetrazolium  method,  in  shrimps  submitted  to  hypoxia.  In  our  study, 
the  lowering  of  ROS  production  may  hamper  the  lobster's  ability 
to  mount  an  effective  defense  against  invading  microorganisms  in 
areas  affected  with  hypoxia,  thus  amplifying  .stress  to  such  animals 
and  leading  to  mass  mortality  events  such  as  those  that  have  been 
observed  in  western  Lona  Island  Sound. 
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In  conclusion,  this  paper  describes  a  simple  technique  to  mea- 
sure oxidative  burst  in  lobster  hemocytes.  The  technique  was  used 
to  demonstrate  a  deleterious  effect  of  some  bacterial  pathogens  on 
ROS  production  in  lobster.  Additionally,  the  technique  seems 
promising  for  field  monitoring  of  lobster  immunocompetency.  Our 
results  suggest  that  pathogen  and  environmental  stresses  may  com- 
bine and  act  together  to  create  potentially  disastrous  conditions  for 
lobsters. 
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AN  IMPROVED  AND  RAPID  BIOCHEMICAL  IDENTIFICATION  OF  INDIGENOUS  AEROBIC 
CULTURABLE  BACTERIA  ASSOCIATED  WITH  GALICIAN  OYSTER  PRODUCTION 

ROSA  FARTO.'*  JOSE  ANTONIO  GUISANDE.'  SUSANA  P.  ARMADA,'  SUSANA  PRADO,' 
AND  TERESA  P.  NIETO' 
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ABSTRACT  An  improved  and  rapid  biochemical  identification  of  the  culturable  aerobic  bacteria  species  associated  with  Galician 
oyster  production  was  performed  by  the  combination  of  numerical  ta.\onomy  and  sequencing  of  16S  rRNA  gene.  The  16S  rRNA 
sequences  of  23  representative  bacterial  i.solates  from  different  growing  stages  of  Ostrea  edulis.  surrounding  water,  and  phytoplankton 
were  compared  with  related  sequences  from  the  EMBL  database.  These  results  were  used  to  identify  the  phenetic  clusters  obtained  by 
numerical  taxonomy  using  the  Sj/UPGMA  with  a  similarity  level  of  74%.  The  combination  of  the  two  techniques  was  a  useful  tool 
for  identifying  40  out  of  75  representative  aerobic  Gram  negative  isolates  comprising  the  bacterial  community  studied  and  for 
impro\ing  the  phenotypical  description  of  each  identified  species.  It  was  mostly  facultative  psycrophilic  y-Pnueohciclerin  showing  a 
great  diversity.  No  specifity  of  bacteria,  according  to  the  geographical  area  studied  was  found.  Almost  all  of  the  identified  species  were 
associated,  for  the  first  time,  with  different  growing  stages  of  oyster.  Some  could  have  a  probiotic  effect  [Roseohcicler  gullaeciensis. 
Shewanella  schlegeliaiia)  or  could  be  a  potential  risk  for  oyster  cultures  (Pseiidoaltemmoims  pisciciiiii.  Pseudoinanas  angidllisepticu) 
or  for  humans  by  consumption  {Aciiieiolnuier  johnsonii.  Pseiidoalteromonus  telraodonis). 

KEY  WORDS:     oyster,  culturable  aerobic  bacteria,  16S  rRNA  gene,  rapid  identification 


INTRODUCTION 

The  main  culture  of  bivalve  mollusc  volume  in  Europe  is  con- 
centrated in  Galicia.  Maintaining  cultures  with  a  high  density  in- 
creases the  risks  and  consequences  of  infectious  outbreaks.  The 
study  of  natural  culturable  microbiota  is  essential  for  improving 
the  industrial  culture  production,  because  it  is  the  first  step  for 
designing  a  rapid  presumptive  guide  for  separating  environmental 
and  potentially  pathogenic  bacteiia  species.  In  a  previous  paper, 
we  reported  the  phenotypical  analyses  of  culturable  aerobic  bac- 
teria associated  with  the  Galician  oyster  {Ostrea  edidis)  cultures 
(Guisande  et  al.  2004).  The  samples  were  obtained  monthly  from 
oyster  culture  systems  located  on  the  Galician  coast  at:  Bueu. 
Couso.  Grove,  Malpica,  Ribadeo,  and  Vilagarci'a  de  Arousa  over 
12  consecutive  months,  as  was  previously  reported.  A  total  of  397 
isolates  from  different  stages  (seed,  larval,  and  reproductive)  of 
oyster,  surrounding  water  and  phytoplankton,  selected  as  being 
representative  of  bacterial  community,  were  characterized  by  nu- 
merical taxonomy.  Nineteen  per  cent  of  isolates  (75)  were  aerobic, 
gram  negative,  and  using  the  Jaccard's  coefficient  at  69%  (Sj)  and 
the  unweighted  pair  group  average  method  (UPGMA)  a  great  di- 
versity, and  a  high  number  of  unidentified  isolates  were  obtained. 

The  aim  of  our  study  was  to  select  differential  biochemical  tests 
for  a  rapid  identification  of  isolates  after  the  identification  by  using 
the  sequencing  of  16S  rRNA  gene  technique  and  numerical  tax- 
onomy analysis.  A  phenotypic  description  of  each  identified  spe- 
cies will  be  provided.  This  study  will  differentiate  between  the 
strains  associated  with  growing  oyster  stages,  with  a  probiotic  role 
or  potentially  pathogenic  species  for  oysters  or  humans. 

MATERIALS  AND  METHODS 

Baclcrial  Strains 

A  total  of  75  aerobic  strains  were  obtained  as  representatives  on 
a  wide  study  of  bacterial  community  associated  with  Galician  oys- 
ter production  from  different  stages  (seed,  larval,  and  reproduc- 
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tive)  of  oyster  {Ostrea  ediilis).  surrounding  water,  and  phytoplank- 
ton (Guisande  et  al.  2004).  Sampling,  processing,  and  isolation  of 
strains  were  previously  reported  by  us.  Pure  cultures  of  strains 
were  obtained  on  Marine  Agar  (Cultimed.  Barcelona.  Spain)  and 
were  stored  at  -80°C  in  Nutritive  Broth  (Cultimed.  Barcelona, 
Spain)  with  2%  (w/v)  NaCI  (Pancreac,  Barcelona,  Spain)  and  15% 
(v/v)  of  glycerol  (Panreac). 

Sequencing  of  16S  rRNA  Gene 

Sequencing  of  23  strains  (Table  I )  representing  all  phena  and 
some  of  unckistered  strains  of  dendrogram  previously  reported  by 
us  (Guisande  et  al.  2004)  was  performed  according  to  the  method 
described  by  Monies  et  al.  (2003)  using  a  310  Genetic  Analyzer 
(Applied  Biosystems,  Darmstadt,  Germany)  automated  sequencer. 
The  sequence  of  the  16S  rRNA  gene  of  strains  was  determined  by 
using  four  primers  (37F.  344F.  344R.  and  1096R)  and  compared 
with  sequences  in  public  databases  of  GenBank,  EMBL  and  DDBJ 
with  BLAST,  version  2.2.6.  (Altschul  et  al.  1997).  Multiple  align- 
ment of  sequences  was  created  by  ClustalX,  version  1.81  (Higgins 
&  Shaip  1988),  which  included  1003  positions  after  removal  of 
ambiguous  positions  (Hall  2001),  using  the  BioEdit  Sequence 
Alignment  Editor,  version  5.0.9  (Hall  1999).  A  phylogenetic  tree 
was  constructed  by  using  Molecular  Evolutionary  Genetics  Analy- 
sis (MEGA),  version  2. 1  (Kumar  et  al.  2001 ).  This  was  performed 
using  the  neighbor-joining  method  (Saitou  &  Nei  1987)  and 
Tamura-Nei  distance  model  (Tamura  &  Nei  1993),  with  the  cal- 
culation of  cluster  stability  by  bootstrap  analysis  with  1,000  rep- 
licates (Nei  &  Kumar  2000). 

Sequences  of  Organisms  Used  for  Phylogenetic  Trees 

All  available  species  of  each  genus  closest  to  studied  strains 
were  selected.  In  most  cases,  species  type  strains  (if  available)  with 
neariy  full-length  16S  rRNA  sequences  were  used.  This  includes 
members  of  two  phylogenetic  groups:  Proteobacteria-7  subdivi- 
sion: Acinetobaeter  (16  species),  Alteromonas  (3  species;  it  was 
abbreviated  as  Alt.).  Halomonas  (27  species),  Mariiwbacter  (7 
species),  Mesorhiz.obium  (5  species).  Pseudomonas  (29  species), 
Pseitdoalteroinonas  (24  species:  it  was  abbreviated  as  Pa.)  and 
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TABLE  1. 

Identincation  and  origin  of  aerobic  bacteria  species  associated  with  Galician  oyster  production  on  the  basis  of  sequencing  of  the  16S  rRNA 

gene  and  numerical  taxonomy. 

Origin  of  isolates 


Oyster  (Ostrea  ediilis) 


Species 


Seed 


Larval 


Reproductive 


Seaviater 


Phytoplankton 


Acinetobacter 

A.  johnsonii 

- 

+  {3 1.98c,  32.98c) 

+  (42b) 

Allernmonas 

Alt.  tiiacU'odii 

- 

+  (17.9Sf,  622e, 

642e) 

- 

Halomonas 

H.  YcniisUi 

- 

- 

- 

Marinobacter 

M.  thmmiins 

+  (14.98c) 

+  (86.98h.  73.98f) 

- 

PseudoaUerumonas 

Pa.  piscicida 

- 

+  (61.98d) 

+  (304.98b) 

Pa.  tetraodonis 

- 

+  (82.98b) 

- 

Pa.  itndina 

+  (251cl 

+  (l3lh) 

- 

Pseudomonas 

P.  anguilliseptica 

- 

+  (173c) 

- 

P.  mendocina 

- 

+  (170c,  174c) 

- 

Ruseobaiter 

R.  gallaecieiisi.^ 

+  (155c) 

- 

- 

Shewanella 

S.  japnnica 

- 

- 

+  (80h.  86b 

S.  livingslonensis 

- 

+  (17K) 

- 

S.  pacifica 

- 

+  (inh) 

- 

S.  schelegeliuiui 

- 

- 

+  (81b) 

S.  H-aksmanii 

- 

+  (297.98b) 

+  (117b.  \2 

+  (16.98f) 

+  (29.98f.  30.98f) 

+  (57.98d.  59.98d) 

+  (55.9  8d) 


-(S0.98d) 
-(5l.98d) 
-(52.98d) 


111  brackets:  strain  plus  geographical  area  (a.  Bueu;  b,  Couso;  c.  Grove;  d.  Mulpica;  e,  Ribadeo;  f.  Vilagarcial.  In  bold  print;  selected  strains  for  sequencing 
of  IbS  rRNA  analysis. 


Shewanella  (33  species),  and  Proteobacteria-a  subdivision  with  3 
species  of  Roseobacter. 

Nucleotide  Sequence  Accession  Numbers 

Tfie  partial  16S  rRNA  sequences  of  environmental  isolates  re- 
ported in  this  paper  (42,  642,  29.98,  51.98.  73.98,  52.98,  55.98, 
82.98,251,  131,  173,  170,  174,  155.86.  171.  111,81.  117.561, 
8.98,  34.98,  38.98)  have  been  deposited  in  the  DDBJ  (Mishinia, 
Japan),  EMBL  (Heidelberg,  Germany)  and  GenBank  (Mountain 
View,  USA)  nucleotide  sequence  data  bases  under  accession  num- 
bers AY870662  to  AY870684,  respectively. 

Phenolypic  Characterization 

Bacterial  strains  and  the  reference  strains  were  previously  char- 
acterized by  92  physiological,  morphological,  and  biochemical 
tests  (Guisande  et  al.  2004).  Cultures  grown  during  24  h  at  22°C  on 
Tryptic  Soy  Agar  (TSA,  Cultimed)  and  supplemented  up  to  2% 
(w/v)  NaCl  (Panreac)  (TSA  2%)  were  used  as  innocula.  Data  were 
processed  with  the  NTSYS-pc,  version  1.8  (Rohlf  1994).  A  simi- 
larity matrix  was  calculated  using  the  Sj  at  74%.  Phena  were 
clustered  using  the  UPGMA  method  and  were  defined  with  the 
earlier  mentioned  percentage.  The  correlation  between  the  dendro- 
gram and  the  similarity  matrix  (cophenetic  correlation)  was  deter- 
mined using  the  cophenetic  correlation  coefficient  (/■).  The  repi'o- 
ducibility  of  the  tests  was  evaluated  by  analyzing  10%  of  strains  in 
duplicate,  as  suggested  by  Sneath  and  Johnson  (1972). 

The  reference  strains  included  in  the  numerical  taxonomy  study 


were:  Achromobacrer  denitrificans  CECT  (Coleccion  Espafiola  de 
Cultivos  Tipo,  Valencia,  Spain)  449^ .  Agrobacteiiiiin  fernigiiieiim 
CECT  4356^,  Halomonas  aqitamarina  CECT  5000^,  Marinomo- 
nas  communis  CECT  5003^.  Marinomonas  vaga  CECT  5004^, 
Marinobacter  hydrocarbonoclasticus  CECT  5005^.  Porphyro- 
bacter  sanguineus  CECT  4271^.  Pseudoalteromonas  (abbreviated 
as  Pa)  cilrea  CECT  575"^.  Pa.  espejiana  CECT  5002^.  Pa.  ha- 
loplanktis  CECT  4188'^,  Pa.  undina  CECT  5006'^,  Pseudomonas 
fluorescens  CECT  378'^,  Pseudomonas  putida  CECT  324"^, 
Shewanella  hanedai  CECT  5194^,  and  Stappia  aggregala  CECT 
4269'^. 

RESULTS 

Sequencing  of  16S  rRN.A  Gene 

The  phylogenetic  affiliation  using  the  16S  rRNA  sequence 
analysis  was  performed  on  23  strains  isolated  from  different  grow- 
ing stage  of  Ostrea  edulis.  surrounding  water,  and  phytoplankton. 
They  were  representative  within  each  phenon  and  some  of  them 
from  unclustered  strains  of  the  previously  reported  dendrogram 
(Guisande  et  al.  2004).  For  most  strains,  sequences  of  the  16S 
rRNA  gene,  stretching  from  nucleotide  positions  37-1040  (Es- 
cherichia coli  equivalent),  were  obtained.  These  sequences  were 
compared  with  each  other  and  to  related  sequences,  from  the 
EMBL  database,  described  in  Material  and  Methods.  The  closest- 
neighboring  species,  which  shared  a  similarity  value  in  the  16S 
rRNA  sequences  of  >98%,  were  used  to  identify  the  isolates.  This 
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led  to  the  identification  of  20  stranis  from  23  selected  strains,  most 
of  the  identified  strains  belonging  to  the  y-Proteobacleria.  Only  3 
were  not  identified,  indicating  species  that  have  not  been  se- 
quenced previously.  So.  the  strains  8.98,  34.98,  and  38.98  showed 
pair-wise  sequence  smiilarities  of  less  than  959^  to  their  nearest 
vahdiy  named  neighbors  (Fig.  1)  and  would  probably  correspond 
to  new  species. 

The  sequenced  strains,  geographical  areas,  and  origin  of  iden- 
tified species  are  shown  in  Table  I. 

I'lieniilypic  C  luinicteriziitioii 

The  simplified  dendrogram  of  aerobic  strains  showing  the 
phena  defined  with  a  value  of  Sj  of  74%  are  presented  in  Figure  1 . 
The  average  probability  [P)  of  an  erroneous  test  result  (0.02)  and 
the  cophenetic  correlation  coefficient  (r)  (0.95)  were  acceptable 
values.  The  60.44<7t  (55/91 )  of  strains  were  unclustered,  and  all  the 
species  identified  by  16S  rRNA  sequence  analysis  were  grouped 
into  different  phenetic  clusters  or  were  unclustered.  Using  the 
.sequence  of  I6S  iRNA  gene  40  strains  from  75  analyzed  were 
identified.  Pa.  iimiiiia  and  P.  mendocina  included  strains  that  were 
ungrouped.  The  strains  identified  as  Alt.  macleodii.  M.  flavimaris. 
and  5.  waksmanii  were  also  grouped  into  separate  phena  (Fig.  I ), 
confirming  the  presence  of  various  biotypes  in  each  of  those  spe- 
cies. The  isolates  identified  as  A.  jitlmsonii,  H.  venusui.  Pa.  pis- 
cicida.  and  S.japonica  were  each  included  in  one  phenon,  showing 
a  high  phenotypic  homogeneity.  All  these  aerobic  strains  were 
heterotrophic  facultative  psycrophilic,  showing  the  same  response 
for  49  tests  (from  the  87  analyzed),  as  previously  described  by 
Guisande  et  al.  (2004).  Characteristics  not  previously  reported  and 
differenlial  tests  of  the  identified  species  were  shown  in  Table  2. 
From  the  39  new  reported  tests,  35  were  discriminatory  to  identify 
species.  A  selection  of  4—15  tests  for  rapid  identification  of  each 
species  was  made  after  developing  a  dichotomic  differential  table 
of  species  (Table  2). 

DISCUSSION 

The  1 6S  rRNA  sequence  analysis  has  been  used  as  a  successful 
tool  for  identifying  new  strains  (Stackebrant  &  Goebel  1994,  Wiik 
el  al.  1995,  Patel  et  al.  1998,  Farto  et  al.  2003,  Monies  et  al.  2003) 
and  for  identifying  indigenous  bacteria  population  isolated  from 
the  natural  environment  (Gonzalez  &  Moran  1997,  Kirchman 
2002,  Schauer  et  al.  2003).  To  clarify  the  taxonomic  status  of  75 
representative  aerobic  isolates  and  select  differential  biochemical 
tests  for  a  rapid  identification  of  isolates  from  oyster  culture,  the 
phylogenetic  affiliation  using  the  16S  rRNA  sequence  analysis 
was  performed  on  23  strains.  These  strains  were  representative 
within  each  phenon,  and  some  of  them  were  from  unclustered 
strains.  The  results  showed  that  some  of  the  isolates  identified  by 
sequencing  as  different  species  were  grouped  in  the  same  phenetic 
cluster,  making  it  difficult  to  obtain  a  reliable  identification.  To 
establish  the  phenetic  clusters  including  only  one  species  identified 
by  1 6S  rRNA  sequence  analysis,  we  grouped  the  aerobic  strains  of 
our  previous  work  (Guisande  et  al.  2004)  by  numerical  taxonomy 
with  a  higher  Sj  (74%)  (Fig.  1).  These  results  confirmed  a  high 
diversity  of  aerobic  bacteria,  as  in  Mediterranean  oyster  (Ostrea 
edulis)  (Pujalte  et  al.  1999).  The  16S  rRNA  sequence  analysis  led 
to  the  identification  of  20  strains  from  23  selected  strains  and  40 
strains  from  75  analyzed  in  this  study  (Table  2).  Thus,  both  meth- 
ods, numerical  taxonomy  and  16S  rRNA  sequences,  were  neces- 
sary for  identification.  The  first  one  provided  groups  of  strains 


with  similar  phenotypic  characteristics  (phenon)  and  the  selection 
of  representative  strains  within  each  phenon.  The  second  method 
led  to  the  molecular  identification  of  each  phenetic  cluster  by  the 
selection  of  representative  strains  within  each  phenon.  The  com- 
bination of  both  techniques  is  a  useful  tool  for  identifying  cultur- 
able  isolates  from  unknown  habitats  with  a  great  diversity.  Most  of 
the  16S  rRNA  sequencing  data  revealed  the  close  phylogenetic 
relationship  above  the  level  proposed  as  the  intraspecies  variability 
(>98%,  Stackebrandt  &  Embley  2000),  and  the  identification  was 
performed  according  to  the  highest  phylogenetic  similarity  value 
among  the  sequence  of  isolates  and  the  reference  strains.  More- 
over, the  high  number  of  bases  obtained  and  the  bootstrap  analysis 
with  1,000  replicates  were  used  for  the  identification  because  of 
the  reliable  results  it  gives  and  the  positive  outcome  that  it  has  had 
in  phylogenetic  studies  (Ivanova  et  al.  2002,  Hayashi  et  al.  2003, 
Satomi  et  al.  2003,  Thompson  et  al.  2003,  Yoon  et  al.  2003). 

Among  the  more  abundant  microbiota  associated  with  Cana- 
dian oysters  {.Crassostrea  virginica)  and  Pacific  oysters  (Crasso- 
strea  gigas).  the  genera  PseKdomouas.  Shewanella  and  Acineto- 
bacter  (Kueh  &  Chan  1985.  Hariharan  et  al.  1995)  were  identified 
by  phenotypical  tests.  We  also  found  these  genera  in  this  work 
(Table  I ),  however,  they  were  different  from  those  associated  with 
the  Mediterranean  oyster  {Ostrea  edulis),  which  were  identified  by 
hybridization  with  phylogenetic  probes  complementary  to  con- 
served regions  of  16S  rRNA  (Pujalte  et  al.  1999).  Unlike  other 
studies,  this  study  is  the  first  research  that  includes  the  identifica- 
tion of  culturable  aerobic  microbiota  obtained  from  different 
stages  of  Ostrea  edulis  (seed,  larval,  and  reproductive  stage).  In 
some  cases,  the  same  species  was  isolated  from  different  stages  of 
oyster  and  geographical  area  such  as  A.  johnsonii,  M.  flavimaris. 
Pa.  piscicida.  Pa.  undina,  and  S.  waksmanii.  confirming  the  non- 
specify  of  these  species  (Table  1 ).  Among  the  species  previously 
described  as  isolated  from  seawater,  we  have  identified  at  different 
stages  of  oyster  Alt.  macleodii.  M.  flavimaris.  Pa.  imdina.  S. 
japonica.  and  S.  pacifica  (Gauthier  et  al.  1995,  Ivanova  et  al.  2001, 
2004.  Yi  et  al.  2004,  Yoon  et  al.  2004).  Another  species  typically 
isolated  from  sediment,  which  we  identified  from  oyster  larva  was 
S.  livingstonensis  (Bozal  et  al.  2002).  Some  other  strains  identified 
could  be  a  potential  risk  for  oyster  cultures,  because  those  species 
were  associated  with  fish  deaths,  such  as  Pa.  piscicida  (Bein 
1954),  P.  anguilliseptica  (Domenech  et  al.  1997)  or  for  human 
disease  such  as  A.  johnscmii.  usually  considered  an  opportunistic 
pathogen  (Towner  1997,  Levi  &  Rubinstein  1996),  ox  Pa.  tetra- 
odonis  that  produce  a  tetrodotoxin  (Simidu  et  al.  1990).  We  also 
identified  species  that  could  have  a  probiotic  effect  on  oyster,  such 
as  Roseobacter  gallaeciensis  (Ruiz  Ponte  et  al.  1999)  and  S. 
schlegeliana  (Satomi  et  al.  2003),  which  were  associated  with  a 
specific  stage  of  oyster.  Its  potential  use  as  probiotic  should  be 
tested.  Finally,  we  also  identified  strains  such  as  P.  mendocina 
suggesting  an  earth  contamination  by  soil  (Satomi  et  al.  2003)  or 
S.  waksmanii  showing  the  colonizing  ability  of  different  marine 
organisms,  because  other  authors  reported  the  association  of  this 
species  with  spincula  (Ivanova  et  al.  2003).  Thus,  this  is  the  fiist 
identification  of  these  species  associated  with  different  growing 
stages  of  oyster. 

Among  the  species  isolated  from  seawater,  we  found  A.  johnso- 
nii, All.  macleodii,  H.  venusta.  and  Pa.  piscicida.  Other  species  of 
these  genera  were  previously  identified  from  seawater  associated 
with  the  culture  of  Ostrea  edulis  in  the  Mediterranean  by  molecu- 
lar methods  (Pujalte  et  al.  1999).  Alt.  macleodii,  H.  venusta.  and 
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Figure  1.  Simplifled  dendrogram  of  aerobic  strains  showing  the  phena  defined  with  a  value  of  S,  >  74%  and  16S  rRNA  identification  (clo.sest 

neighbor)' 

*The  most  closely  related  validly  described  species,  in  terms  of  16S  rRNA  sequence.  In  brackets  is  shown  the  sequence  similarity  (%)  of  the  isolate 

analyzed  with  the  closest  neighbor.  'This  dendrogram  includes  all  aerobic  strains  reported  by  Guisande  et  al.  2(104. 
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*\.  A.  johnsonii:  2,  Alt.  macleodii:  3,  H.  venusta;  4,  M.  flavimans:  5.  Pu.  piscicida:  6.  Pa.  tetraodonis:  1.  Pa.  iindiihi:  8.  P.  anguUHseptica:  9,  P. 

mendncimi:  10.  R.  galaeciensis:  II,  S.  japonica:  12.  S.  livingstonensis:  13.  S.  pcicifica:  14,  S.  schelegelUma:  15.  S.  waksmanii. 

t  All  strains  included  in  the  same  phena:  t  strains  included  in  differen  phena:  '  ungrouped  sU-ains;  "  one  identified  strain. 

**.  Number  of  identified  strains  of  each  species. 

*  Useful  discriminatory  tests  for  rapid  identification  of  each  species  selected  after  making  a  dichotomic  differential  table  of  species. 

No  differential  tests  because  all  species  gave  the  same  or  variable  result. 
Data  are  expressed  as:  nd:  No  data; -l-:  Positive  result  (>90%  of  positive  results);  -;  Negative  result  (£10%  of  positive  results);  i+):  Mainly  positive  results 
(£70%  <90%  of  positive  results):  (-):  Mainly  negative  results  (£10%  <30%  of  positive  results);  v:  Variable  results  (>30  <70%  of  positive  results). 
'.  ADH:  Thomley's  arginine  dehydrolase;  KIA:  Kligler  iron  agar;  TCBS:  thiosulphate  citrate  bile  salt  sucrose  agar. 


M.  fliiviiiuiris  were  also  isolated  from  phytopkinklon.  The  genera 
AlU'itimonas  and  Marinobacter  were  also  previously  associated 
with  phytoplankton  by  using  molecular  methods  ( Alavi  et  al.  200 1 . 
Hold  et  al.  2001.  Seibold  et  al.  2001.  Tobe  et  al.  2001,  Green  et  al. 


2(J04).  The  fact  of  identifying  identical  species  on  phytoplankton 
and  oyster  is  probably  a  consequence  of  the  process  of  filter  feed- 
ing (Kueh  &  Chan  1985.  Hariharan  et  al.  1995).  Only  H.  venusta 
isolated  from  seawaler  and  phytoplankton  was  excluded  from  oys- 


1064 


Farto  et  al. 


ter,  suggesting  the  inability  of  this  species  to  colonize  this  organ- 
ism (Ostrea  ediilis). 

Although  there  are  a  limited  number  of  strains  isolated  from 
each  source,  it  seems  that  there  is  more  diversity  associated  with 
the  larval  than  with  the  reproductive  stage  of  oyster  when  com- 
paring the  number  of  identified  species  and  the  total  number  of 
identified  strains  ( 1 1/16  and  5/12.  respectively;  Table  1 ).  However, 
we  cannot  evaluate  the  diversity  with  the  seed,  seawater.  or  phy- 
toplankton.  because  the  number  of  identified  species  or  the  total 
number  of  strains  is  too  low  (Table  1 ). 

It  is  difficult  to  judge  how  numerically  abundant  or  ecologi- 
cally significant  the  species  identified  actually  are,  because  their 
representation  may  simply  reflect  their  selective  enrichment  in 
culture  and  not  their  numerical  abundance.  However,  these  isolates 
have  a  representative  value  as  culturable  aerobic  bacteria  associ- 
ated with  the  culture  of  oyster  in  the  NW  of  Spain  because  of  the 
high  number  of  strains  isolated  in  different  geographical  areas  over 


a  long  time  period.  The  presence  of  various  biotypes  in  Alt. 
macleodii.  M.  flavimaris.  and  5.  waksmanii  adds  more  phenotypi- 
cal  variability  to  each  species  (Farto  et  al.  1999.  Farto  et  al.  2003. 
Montes  et  al.  2003).  and  this  improves  their  phenotypical  descrip- 
tion. 

A  selection  of  phenotypical  tests  for  rapid  identification  of 
potentially  pathogenic  or  probiotic  aerobic  species  was  possible  by 
the  combination  of  both  techniques.  The  improved  and  rapid  iden- 
tification of  indigenous  aerobic  culturable  bacteria  could  be  ex- 
tremely useful  in  industrial  culture  plants. 

ACKNOWLEDGMENTS 

The  authors  thank  P.  Moran  for  providing  the  automated 
sequencer.  This  work  was  supported  by  grant 
PGIDIT02RMA30102PR  from  the  Ximta  de  Galicia  {Regional 
Government  of  Galicia). 


Alavi.  M..  T.  Miller.  K.  Eriandson.  R.  Schneider  &  R.  Belas.  2001.  Bac- 
terial community  associated  with  Pfiesteria-Wke  dinoflagellate  culture. 
Environ.  Microbiot.  3:.^80-396. 

Altschul.  S.  F..  T.  L.  Madden.  A.  A.  Schaffer.  J.  Z.  Zheng  Zhang.  W.  Miller 
&  D.  J.  Lipman.  1997.  Gapped  BLAST  &  PSI-BLAST:  a  new  genera- 
tion of  protein  database  search  programs.  Nucleic  Acids  Res.  25:3389- 
3402. 

Bein.  S.  J.  1954.  A  study  of  certain  chroniogenic  bacteria  isolated  from 
"red  tide"  water  with  a  description  of  a  new  species.  Bull.  Mar.  Sci. 
GulfCaribb.  4:110-119. 

Bozal.  N.,  M.  J.  Montes.  E.  Tudela.  F.  Jimenez  &  J.  Guinea.  2002.  She- 
wanella  frigidimarina  and  Shewanella  livingstonensis  sp.  nov.  iso- 
lated from  Antarctic  coastal  areas.  Int.  J.  Syst.  Evol.  Microbiol.  52: 
195-205. 

Domenech.  A.,  J.  F.  Femandez-Garayzabal.  P.  Lawson.  J.  A.  Garcia.  M.  T. 
Cutuli,  M.  Blanco.  A.  Gibello,  M.  A.  Moreno.  M.  D.  Collins  &  L. 
Dominguez.  1997.  Winter  disease  outbreak  in  sea-bream  (Sparus  aii- 
rata)  associated  with  Pseudomonas  anguilUseptica  infection.  Aquacul- 
ture  156:317-326. 

Farto,  R..  M.  Montes,  M.  J.  Perez.  T.  P.  Nieto,  J.  L.  Larsen  &  K.  Pedersen. 
1999.  Characterization  by  numerical  taxonomy  and  ribotyping  of 
Vibrio  splendidus  biovar  I  and  Vibrio  scophthalmi  strains  associated 
with  turbot  cultures.  J.  Appl.  Microbiol.  86:796-804. 

Farto,  R.,  S.  P.  Armada,  M.  Montes,  J.  A.  Guisande.  M.  J.  Perez  &  T.  P. 
Nieto.  2003.  Vibrio  lentus  associated  with  wild  diseased  octopus  (Oc- 
topus vulgaris).  J.  Invertebr.  Pathol.  83:149-156. 

Gauthier.  G..  M.  Gauthier  &  R.  Christen.  1995.  Phylogenetic  analysis  of 
the  genera  Alteromonas.  Shewanella  and  Morilella  using  genes  coding 
for  small-subunit  rRNA  sequences  and  division  of  the  genus  Altero- 
monas into  two  genera.  Alteromonas  (emended)  and  Psemioalteromo- 
nas  gen.  nov..  and  proposal  of  twelve  new  species  combinations.  Int.  J. 
Syst.  Bacterial.  45:755-761. 

Gonzalez,  J.  M.  &  M.  A.  Moran.  1997.  Numencal  dominance  of  a  group 
of  marine  bacteria  in  the  a-subclass  of  the  class  Proteobacteria  in 
coastal  seawater.  Appl.  Environ.  Microbiol.  63:4237—4242. 

Green,  D.  H.,  L.  E.  Llewellyn.  A.  P.  Negri.  S.  I.  Blackburn  &  C.  J.  S. 
Bolch.  2004.  Phylogenetic  and  functional  diversity  of  the  cultivable 
bacterial  community  associated  with  the  paralytic  shellfish  poisoning 
dinoflagellate  Gymnodmium  catenatum.  FEMS  Microbiol.  Ecol.  47: 
345-357. 

Guisande,  J.  A.,  M.  Montes.  R.  Farto.  S.  P.  Armada,  M.  J.  Perez  &  T.  P. 
Nieto.  2004.  A  set  of  tests  for  the  phenotypic  identification  of  cultur- 
able bacteria  associated  with  Galiclan  bivalve  mollusc  production.  J. 
Shellfish  Res.  23:599-610. 

Hall.  T.  A.  1999.  BioEdit:  a  user-friendly  biological  sequence  alignment 


LITERATURE  CITED 

editor  and  analysis  program  for  Windows  95/98/NT.  Nucleic  Acids 
Symp.  Ser.  41:95-98. 

Hall.  B.  G.  2001.  Phylognetic  trees  made  easy:  a  how-to  manual  for  mo- 
lecular biologists.  Sunderiand.  Massachusetts:  Sinauer. 

Hanharan.  H..  J.  S.  Giles,  S.  B.  Heaney,  G.  Arsenault.  N.  Mcnair  &  D.  J. 
Rainnie.  1995.  Bacteriological  studies  on  mussels  and  oysters  from  six 
river  systems  in  Prince  Edward  Island.  Canada.  J.  Shellfish  Res.  14: 
527-532. 

Hayashi.  K..  J.  Moriwaki.  T.  Sawabe.  F.  L.  Thompson.  J.  Swings,  N. 
Gudkovs.  R.  Christen  &  Y.  Ezura.  2003.  Vibrio  superstes  sp.  nov., 
isolated  from  the  gut  of  Australian  abalones  Haliotis  laevigata  and 
Hcdiotis  rubra.  Int.  J.  Syst.  Evol.  Microbiol.  53:1813-1817. 

Higgins.  D.  G.  &  P.  M.  Sharp.  1988.  CLUSTAL:  a  package  for  performing 
multiple  sequence  alignment  on  a  microcomputer.  Gene  73:237-244. 

Hold.  G.  L..  E.  A.  Smith,  M.  S.  Rappe.  E.  W.  Maas.  E.  R.  B.  Moore.  C. 
Stroempl.  J.  R.  Stephen,  J.  L.  Prosser,  T.  H.  Birkbeck  &  S.  Galacher. 

2001.  Characterisation  of  bacterial  communities  associated  with  toxic 
and  non-toxic  dinotlagellates:  Alexandrium  spp.  and  Scrippsiella  tro- 
choidea.  FEMS  Microbiol.  Ecol.  37:161-173. 

Ivanova.  E.  P..  T.  Sawabe.  N.  M.  Gorshkova.  V.  I.  Svetashev,  V.  V. 
Mikhailov.  D.  V.  Nicolau  &  R.  Christen.  2001.  Shewanella  japonica 
sp.  nov.  Int.  J.  Syst.  Evol.  Microbiol.  51:1027-1033. 

Ivanova,  E.  P..  T.  Sawabe,  Y.  V.  Alexeeva.  A.  M.  Lysenko,  N.  M.  Gorsh- 
kova. K.  Hayashi.  N.  V.  Zukova,  R.  Christen  &  V.  V.  Mikhailov. 

2002.  Pseudoalteromonas  issachenkonii  sp.  nov..  a  bacterium  that  de- 
grades the  thallus  of  the  brown  alga  Fucus  evanescens.  Int.  J.  Syst. 
Evol.  Microbiol.  52:229-234. 

Ivanova.  E.  P..  O.  I.  Nedashkovskaya.  N.  V.  Zhukova.  D.  V.  Nicolau.  R. 

Christen  &  V.  V.  Mikhailov.  2003.  Shewanella  waksmanii  sp.  nov.. 

isolated  from  a  sipuncula  {Phascolosoma  japonicum).  Int.  J.  Syst.  Evol. 

Microbiol.  53:1471-1477. 
Ivanova.  E.  P.,  N.  M.  Gorshkova.  J.  P.  Bowman.  A.  M.  Lysenko,  N.  V. 

Zhukova.  A.  F.  Sergeev,  V.  V.  Mikhailov  &  D.  V.  Nicolau.  2004. 

Shewanella  pacifica  sp.  nov..  a  polyunsaturated  fatty  acid-producing 

bacterium  isolated  from  sea  water.  Int.  J.  Syst.  Evol.  Microbiol.  54: 

I08-V1087. 
Kirchman,  D.  L.  2002.  The  ecology  of  Cytophaga-Flavobacteria  in  aquatic 

environments.  FEMS  Microbiol.  Ecol.  39:91-100. 
Kueh.  C.  S.  W.  &  K.  Y.  Chan.  1985.  Bacteria  in  bivalve  shellfish  with 

special  reference  to  the  oyster.  /  Appl.  Bacterial.  59:41—17. 
Kumar.  S..  K.  Tamura.  I.  B.  Jakobsen  &  M.  Nei.  2001.  MEGA2:  molecular 

evolutionary  genetics  analysis  software.  Bioinfiirmatics  17:1244-1245. 
Levi.  I.  &  E.  Rubinstein.  1996.  Acinetobacter  infections  overview  of  clini- 
cal features.  Acinetobacter.  microbiology,  epidemiology,  infections. 


Aerobic  Bacteria  From  Oyster 


1065 


management.  In:  I.  Bergogne-Berezin.  M.  I.  Joly-Guilloo  &  K.  J. 
Towner,  editors.  Boca  Raton:  CRC  Pre.ss.  pp.  101-1 15. 

Montes.  M.,  R.  Fano,  M.  J.  Perez.  T.  P.  Nieto,  J.  L.  Larsen  &  H.  Chris- 
tensen.  2003.  Characterization  of  Vibrio  strains  isolated  from  turbot 
(Scophrhalmiis  maximus)  culture  by  phenotypic  analysis,  ribotyping 
and  16S  rRNA  sequence  comparison.  /  Appl.  Microbiol.  95:693-703. 

Nei.  M.  &  S.  Kumar.  2000.  Molecular  evokition  and  phylogenetics.  New 
York:  Oxford  University  Press. 

Patel.  R..  K.  E.  Piper.  M.  S.  Rouse.  J.  M.  Steckelherg,  J.  R.  Uhl,  P.  Kohner. 
M.  K.  Hopkins,  R.  R.  Cockenll,  III  &  B.  C.  Kline.  1998.  Determmation 
of  I6S  rRNA  sequences  of  Enterococci  and  application  to  species 
identification  of  non-motile  Emerococcu.s  gallinarum  isolates.  J.  Clin. 
Microbiol.  36:3399-3407. 

Pujalte.  M.  J.,  M.  Ortigosa.  M.  C.  Macian  &  E.  Garay.  1999.  Aerobic  and 
facultative  anaerobic  heterotrophic  bacteria  associated  to  Mediterra- 
nean oysters  and  seawater.  Inl.  Microbiol.  2:259-266. 

Rohlf.  F.  J.  1994.  Numerical  Taxonomy  and  multivariate  analysis  system. 
Version  1.8.  Department  of  Ecology  and  Evolution  State  University  of 
New  York.  Exeter  software. 

Ruiz  Ponte.  C.  J.  F.  Samam.  J.  L.  Sanchez  &  J.  L.  Nicolas.  1999.  The 
benefit  of  a  Roseohacter  species  on  the  survival  of  scallop  larvae.  Mar. 
Biotechnol.  1:52-59. 

Saitou.  N.  &  M.  Nei.  1987.  The  neighbor-joining  method:  a  new  method 
for  reconstructing  phylogenetic  trees.  Mol.  Biol.  Evol.  4:406-425. 

Satomi,  M.,  H.  Oikawa  &  Y.  Yano.  2003.  Shewanella  marinintesuna  sp. 
nov..  Shewanella  scblegeliana  sp.  nov.  and  Shewanella  sairae  sp.  nov., 
novel  eicosapentaenoic-acid  producing  marine  bacteria  isolated  from 
sea  anmial  intestines.  Int.  J.  Sysr.  Evol.  Microbiol.  53:491—499. 

Schauer.  M..  V.  Balague.  C.  Pedros-Alio  &  R.  Massana.  2003.  Seasonal 
changes  in  the  taxonomic  composition  of  bacterioplankton  in  a  coastal 
oligotrophic  system.  Aquat.  Microb.  Ecol.  31:163-174. 

Seibold.  A..  A.  Wichels  &  C.  Schutt.  2001.  Diversity  of  endocytic  bacteria 
in  the  dinoflagellate  Nocliluca  scintillans.  Aquat.  Microb.  Ecol.  25: 
229-235. 

Simidu.  U..  K.  Kita-Tsukamoto.  T.  Y'asumoto  &  M.  Y'otsu.  1990.  Tax- 
onomy of  four  marine  bacterial  strains  that  produce  tetrodotoxin.  Inl.  J. 
Syst.  Bacteriol.  40:331-336. 

Sneath.  P.  H.  .A.  &  R.  Johnson.  1972.  The  influence  on  numerical  taxo- 


nomic similarities  of  errors  in  microbiological  tests.  J.  Gen.  Microbiol. 
72:377-392. 

Stackebrant.  E.  &  B.  M.  Goebel.  1994.  Taxonomic  note:  A  place  for 
DNA-DNA  reassociation  and  16S  rRNA  sequence  analysis  in  the 
present  species  definition  in  Bacteriology.  Int.  J.  Syst.  Bacteriol.  44: 
846-849. 

Stackebrandt.  E.  &  T.  M.  Embley.  2000.  Diversity  of  uncultured  microor- 
ganisms in  the  environment.  Nonculturable  microorganisms  in  the  en- 
vironment. In:  R.  R.  Cowell  &  D.  J.  Grimes,  editors.  Washington  DC: 
ASM.  pp.  57-75. 

Tamura.  K.  &  M.  Nei.  1993.  Estimate  of  the  number  of  nucleotide  sub- 
stitutions in  the  control  region  of  mitochondrial  DNA  in  humans  and 
chimpanzees.  Mol.  Biol.  Evol.  10:512-516. 

Thompson.  F.  L..  C.  C.  Thompson.  B.  Hoste.  K.  Vandemeulebroecke.  M, 
Gullian  &  J.  Swings.  2003.  Vibrio  fortis  sp.  nov.  and  Vibrio  hepatarnts 
sp.  nov.,  isolated  from  aquatic  animals  and  the  marine  environment.  Int. 
J.  Syst.  Evol.  Microbiol.  53:1495-1501. 

Tobe.  K..  C.  Ferguson.  M.  Kelly.  S.  Gallacher  &  L.  K.  Medlin.  2001. 
Seasonal  occurrence  at  a  Scottish  PSP  monitoring  site  of  purportedly 
toxic  bacteria  originally  isolated  from  the  toxic  dinoflagellate  genus 
Alexandrium.  Eur  J.  Phycol.  36:243-256. 

Towner.  K.  J.  1997.  Clinical  importance  and  antibiotic  resistance  of  .\cine- 
tobacter  spp.  /  Med.  Microbiol.  46:721-746. 

Whk.  R..  E.  Stackebrandt.  O.  Valle,  F.  L.  Daae.  O.  M.  Rodseth  &  K. 
Andersen.  1995.  Classification  of  fish-pathogenic  vibrios  based  on 
comparative  16S  rRNA  analysis.  Int.  J.  Syst.  Bacteriol.  45:421^28. 

Yi,  H..  K.  S.  Bae  &  J.  Chun.  2004.  Aestuariibacter  salexigens  gen.  nov..  sp. 
nov.  and  Aestuariibacter  halophilus  sp.  nov.,  isolated  from  tidal  flat 
sediment,  and  emended  description  of  Alteromonas  macleodii.  Int.  J. 
Syst.  Evol.  Microbiol.  54:571-576. 

Yoon.  J.  H.,  I.  G.  Kim,  K.  H.  Kang,  T.  K.  Oh  &  Y.  H.  Park.  2003. 
Alteromonas  marina  sp.  nov.,  isolated  from  sea  water  of  the  east  sea  in 
Korea.  Int.  J.  Syst.  Evol.  Microbiol.  53:1625-1630. 

Yoon.  J.  H.,  S.  H.  Yeo,  I.  G.  Kim  &  T.  K.  Oh.  2004.  Marmohacter 
flavimaris  sp.  nov.  and  Marinohacter  daepoensis  sp.  nov..  slightly 
halophilic  organisms  isolated  from  sea  water  of  the  Yellow  Sea  in 
Korea.  Int.  J.  Svst.  Evol.  Microbiol.  54:1799-1803. 


Jounuil  of  Shellfish  Research.  Vol.  25,  No.  .^,  1 067- 1070.  2006. 

FIRST  DETECTION  OF  AZASPIRACIDS  IN  MUSSELS  IN  NORTH  WEST  AFRICA 
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ABSTRACT  Outbreak.s  of  lipophiliL-  lo\ins  have  heen  recorded  in  the  north  Atlantic  coast  of  Morocco  since  1999.  but  are  rare  in  the 
MediteiTanean  coast.  Samples  of  mussels  from  the  Atlantic  coast  where  toxicity  was  detected  by  mouse  bioa.ssay  were  stored  for  further 
research.  Chemical  analysis  by  LC-MS  conducted  in  mussels  harvested  from  this  region  showed,  in  addition  to  the  presence  of  okadaic 
acid  (OA)  and  dinophysistoxin-2  (DTX3).  the  presence  of  azaspiracid-2  (AZA2)  as  the  dominant  form  of  the  azaspiracid's  (AZAs) 
family,  followed  by  AZAI  (l^Vr  to  26%).  AZA3  wa.s  rarely  detected,  and  maximal  concentrations  found  were  between  3%  and  8% 
of  total  AZAl/3.  The  presence  of  AZ.'\2  and  AZAI  was  confirmed  by  mass  spectra.  Time  series  corresponding  to  the  summer  of  2004 
and  2005  showed  maximal  concentration  of  AZAs  appeared  in  July  in  both  years.  Correlation  with  occurrence  of  OA  and  DTX2, 
showed  both  toxin  families  could  appear  simultaneously  in  Moroccan  mussels,  but  maximal  concentrations  found  were  always 
separated  in  time.  This  is  the  first  report  of  azaspiracids  in  Morocco  (NfW  Africa)  and  the  first  report  outside  of  European  coastlines. 

KEY  WORDS:     azaspiracids,  AZP,  Morocco,  LC-MS,  DSP,  mussels,  Mytilus  gallopnmmiallis 


INTRODUCTION 

Azaspiracid  poisoning  (AZP)  is  a  new  human  gastrointestinal 
illness  discovered  in  1995  after  consumption  of  contaminated 
Irish  mussels  in  the  Netherlands  (McMahon  &  Silke  1996).  Aza- 
spiracid-l  (AZAI )  was  the  first  molecule  of  the  group  to  be  struc- 
turally characterized  (Satake  et  al.  1998).  Now,  at  least  more  than 
10  azaspiracid  congeners  are  known  (James  et  al.  2003b).  From 
these,  AZAI.  AZA2.  and  AZA3  were  the  dominant  compounds 
found  in  shellfish,  followed  by  AZA4  and  AZA.'i.  The  remaining 
ones  ( AZA6-1  1 )  were  minor  components.  It  is  hypothesized  so  far 
that  these  lipophilic  toxins  accumulate  in  bivalve  molluscs  after 
feeding  on  the  toxic  microalgae  Protoperidiniiim  crassipes.  previ- 
ously considered  to  be  toxicologically  harmless  (James  et  al. 
2003a). 

The  symptoms  of  acute  AZP  intoxication  include  nausea, 
vomiting,  severe  diarrhea,  and  stomach  cramps  (Satake  et  al. 
1998),  which  closely  resemble  the  symptoms  associated  with 
diarrheic  shellfish  poisoning  (DSP).  Toxicological  studies 
showed  that  repeated  administration  of  AZAs  caused  prolonged 
damage  in  the  intestine  and  induced  lung  tumors  in  mice  (Ito  et  al. 
2002). 

Although  shellfish  harvested  in  Ireland  provoked  the  first  in- 
cidents of  human  intoxications  by  azaspiracids.  the  research  in 
other  European  countries  has  led  to  the  discovery  of  these  toxins  in 
shellfish  from  the  United  Kingdom.  Norway.  France,  and  Spain 
(James  et  al.  2002a.  Magdalena  et  al.  2003).  Although  AZP  is  a 
serious  concern  in  Europe,  its  presence  has  never  been  reported 
outside  European  waters. 

Outbreaks  of  lipophilic  toxins  have  been  recorded  in  shellfish 
from  the  north  Atlantic  coast  of  Morocco  since  1999.  but  these 
toxins  are  rare  in  the  Mediterranean  coast  (Taleb  2005).  The  Mo- 
roccan monitoring  program  to  screen  for  the  presence  of  lipophilic 
compounds  employs  the  mouse  bioassay  (MBA),  which  does  not 
allow  distinguishing  the  containination  from  different  phycotoxin 
families,  such  as  DSP  or  AZP.  because  these  compounds  are  de- 
tected altogether.  Although  several  methodologies  exist  to  study 
the  contamination  with  DSP.  the  only  methodology  available  so  far 
to  confirm  the  specific  presence  of  azaspiracids  is  liquid  chroma- 


tography coupled  to  mass  spectrometry  (LC-MS)  (Ofuji  et  al. 
1999).  Samples  of  blue  mussels  collected  in  Morocco  during  the 
summers  of  2004  and  2005  were  screened  by  LC-MS  for  lipophilic 
compounds.  Besides  the  presence  of  DSP  toxins  (to  be  reported 
elsewhere),  the  presence  of  azaspiracids  was  put  into  evidence  and 
is  now  reported  here  for  the  first  time. 


MATERIALS  AND  METHODS 


Study  Area 
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Samples  of  mussels  {Mytilus  galloprminciali.s)  were  collected 
regularly  from  Oulad  Ghanem  and  Dar  Hamra  at  the  Atlantic  coast 
of  Morocco  (south  of  Casablanca.  Fig.  1).  Digestive  glands  (DG) 
were  dissected  from  whole  shellfish,  homogenized,  and  extracted 
for  MBA  testing.  The  samples  used  for  the  study  were  selected 
from  those  collected  in  the  period  of  summer  outbreaks  of  samples 
positive  to  lipophilic  toxins.  Digestive  glands  of  positive  samples 
were  stored  frozen  for  ulterior  analysis  by  LC-MS. 

Sample  Preparation  and  LC-MS  Analysis 

Digestive  glands  were  homogenized,  and  a  5-g  alic|uot  was 
taken  and  extracted  by  ultraturrax  with  20  mL  aqueous  90'7f 
methanol  in  a  screw-cap  plastic  centrifuge  tube,  followed  by  a  10 
min  centrifugation  at  2500g.  A  2-milliliter  aliquot  of  the  metha- 
nolic  supernatant  was  transferred  to  10-mL  glass  test  tubes, 
washed  with  hexane  (2x2  niL).  and  extracted  with  dichlo- 
romethane  (2x2  niL).  The  combined  dichloromethane  layers  were 
dried  with  anhydrous  sodium  sulphate,  centrifuged,  transferred  to 
small  glass  test  tubes,  and  dried  at  38°C  under  reduced  pressure  on 
a  RapidVap  (Labconco,  USA).  After  resuspension  with  500-|jlL 
aqueous  90%  methanol,  contents  were  transferred  to  a  2  tnL  au- 
tosampler  vial.  Vortex  mixing  was  used  in  all  liquid-liquid  and 
resuspension  steps. 

Analyses  were  performed  on  a  LC-MS  system  from  Hewlett- 
Packard  1 100-Series,  consisting  of  an  in-line  degasser.  a  quater- 
nary pump,  an  autosampler.  a  column  oven,  and  the  1946A 
single-quadrupole  inass  detector.  High-purity  nitrogen  was  ob- 
tained through  an  N2-Generator  (Dominick-Hunter,  Durham, 
England). 
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Figure  1.  Localization  of  sampling  sites. 

A  1.0-fjiL  aliquot  was  separated  for  12  min  on  a  Merck  Liclirn- 
spher-100  RP-I8  column  (5  |jLm,  125  x  2  mm)  protected  by  a  guard 
column  packed  with  the  same  material  (4x4  mm  I  using  a  mobile 
phase  of  acetonitrile-water  (86:14.  v/v),  supplemented  with  0.03% 
tritluoracetic  acid,  and  50  niM  formic  acid  pumped  isocratically  at 
275  (o-L/min.  The  eluent  flow  was  diverted  to  waste  for  2.0  min 
after  sample  injection,  and  MS  detection  was  carried  out  from  2.0 
min  forward.  Single  ion  monitoring  (SIM)  was  used  to  record  the 
signals  from  the  [M  +  H]"^  ions  at:  m/z  828.5  (AZA3).  842.5 
(AZAl).  844.5  (AZA4.  AZA5),  and  856.5  (AZA2).  Mass  spectra 
were  obtained  scanning  in  the  range  m/z  600-900. 

Dr.  Phillip  Hess  and  Dr.  Terry  McMahon.  Marine  Institute. 
Ireland,  supplied  a  pure  standard  of  AZA 1  and  mussels  contami- 
nated with  AZA  1-5. 


RESULTS 

Analysis  carried  out  in  SIM  mode  for  azaspiracids  in  mussel 
DG  collected  in  the  Atlantic  coast  of  Morocco  showed  the  pres- 
ence in  some  samples  of  azaspiracid-2  (AZA2),  followed  by  a 
minor  contribution  of  AZAl.  Only  in  samples  where  the  concen- 
tration of  AZA2  was  highest,  it  was  possible  to  detect  also  AZA3 
(Fig.  2a).  Analysis  in  SCAN  mode  of  the  most  contaminated 
samples  allowed  the  confirmation  of  AZAl  and  AZA2  by  mass 
spectra  (Fig.  2b,  c.  respectively).  AZA3  was  not  found  in  concen- 
trations enough  to  allow  confirmation  by  mass  spectra.  Although 
the  presence  of  AZA4/5  was  screened,  no  evidence  of  their  pres- 
ence was  registered. 

The  temporal  evolution  of  AZAs  was  studied  in  mussels  col- 
lected in  Oulad  Ghanem  in  2004  and  2005  (Fig.  1).  In  2004, 
concentration  of  AZA2  and  AZAl  was  maximal  in  the  beginning 
of  July,  then  declined,  and  in  autumn  increased  again  (Fig.  3a).  In 
2005,  the  major  peak  of  AZAs  occuned  again  in  mid  July,  and 
throughout  the  summer  it  remained  fairly  constant  from  0.20  |jLg/g 
down  to  0.10  [xg/g  (Fig.  3b).  A  similar  evolution  of  toxic  profiles 
was  obtained  with  mussel  samples  collected  in  Dar  Hamra  in  2005 
(data  not  shown).  AZA2  was  in  all  samples  tested  the  dominant 
toxin  (Fig.  3c,  d).  When  detected,  levels  of  AZAl  fluctuated  be- 
tween 13%  and  26%  (Figs.  3c.  d).  Only  in  samples  from  2005 
AZA3  was  detected,  and  maximal  concentrations  found  were  be- 
tween 3%  and  8%  (Fig.  3d). 

The  evolution  of  the  summed  concentrations  of  AZAs  in  mus- 
sels collected  in  Oulad  Ghanem  in  2004  and  2005  was  compared 
with  the  concentration  of  DSP  toxins  found  in  the  same  samples, 
coiTesponding  to  the  sum  of  hydrolyzed  OA  and  DTX2  (data  to  be 
reported  elsewhere).  From  the  data  presented  in  Figure  4,  one 
observes  that  maximal  concentrations  of  AZP  toxins  appear  after 
the  decline  of  DSP  peaks  (mid  September  2004  and  mid  July 
2005).  Because  data  for  the  early  summer  of  2004  is  incomplete, 
it  is  not  possible  to  conclude  if  the  AZA's  peak  from  mid  July 
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Figure  2.  LC-MS  analysis  of  mussel  DG  from  Jemaa  Ouled  Ghanem  collected  on  July  2(1(15  (a)  superposition  of  three  SIM  signals:  m/z  828.5 
(corresponding  to  AZA3),  842.5  (AZAl),  and  856.5  (AZA2):  (b)  and  (c),  mass  spectra  of  AZAl  and  AZA2.  respectively,  obtained  from  the  same 
sample  analyzed  in  SCAN  mode. 
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their  respective  percentages  (c)  and  (dl. 


follows  a  declining  DSP  peak,  or  simply  precedes  a  new  DSP 
raising  peak. 

DISCUSSION 

This  study  reports  for  the  first  time  the  presence  of  azaspiracids 
in  the  NW  African  coast,  and  is  the  first  time  AZAs  are  reported 


in  shellfish  from  such  low  latitude  (32°50'904N,  8°53'500W)  and 
outside  Europe.  The  presence  of  AZA2  in  shellfish  from  the  south 
coast  of  Portugal  was  previously  suspected,  but  the  low  levels 
found  of  the  suspect  compounds  did  not  allow  their  unambiguous 
confirmation,  mainly  because  that  study  used  whole  flesh  (Vale 
2004).  According  to  Hess  et  al.  (2005),  these  to,\ins  are  on  average 
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Figure  4.  Comparison  between  concentration  of  DSP  toxins  and  AZP  toxins  in  mussel  digestive  glands  collected  in  Jemaa  Ouled  Ghanem  in 
(a)  2004.  (b)  2005. 
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circa  5  times  more  concentrated  in  DO.  compared  witli  the  whole 
mussel. 

The  simultaneous  presence  of  DSP  and  AZP  toxins  may  occur 
in  Moroccan  mussels,  but  maximal  concentrations  of  these  two 
distinct  toxin  families  are  separated  in  time.  Evidence  from  Irish 
mussels  points  also  that  contamination  with  AZP  may  follow  con- 
tamination with  DSP  (Clarke  et  al.  2006).  but  appearance  of  AZP 
before  the  rise  in  DSP  toxins  may  also  occur  (Hess  et  al.  2002). 
Because  the  species  hypothesized  to  produce  AZAs  is  known  to  be 
heterotrophic,  its  growth  might  depend  on  the  appearance  of  con- 
ditions that  favor  the  blooming  of  certain  algae  species  necessary 
for  predation,  amongst  which  also  proliferate  the  DSP  producers. 

In  the  Atlantic  Moroccan  coast,  the  occurrence  of  AZP  seems 
to  be  recurrent,  and  maximal  levels  may  take  place  over  the  sum- 
mer, although  other  seasons  of  the  year  were  not  studied  yet  for  the 
presence  of  AZP.  After  the  launching  of  the  lipophilic  toxin  moni- 
toring along  the  Moroccan  coast  by  mouse  bioassay  (MBA),  the 
recurrence  of  lipophilic  toxin  outbreaks  in  the  Atlantic  coast  was 
recorded  during  the  summer  time  almost  everv  year  since  1999, 


but  in  the  Mediterranean  coast  occurrence  of  this  type  of  toxins  is 
rare  (Taleb,  2005).  For  the  moment,  at  least  two  families  of  lipo- 
philic compounds  are  implied  in  the  observed  mouse  bioassay 
toxicity.  So  far.  these  are  the  most  relevant  families  of  toxins  for 
public  health,  as  other  families,  such  as  yessotoxins  and  pecteno- 
toxins,  do  not  seem  to  be  relevant  for  human  health  because  of 
their  low  oral  potency  (Anonymous  2004). 

The  toxin  profiles  found  in  European  shellfish  (hepatopan- 
creas)  and  plankton  samples  have  been  dominated  by  AZAl 
(James  et  al.  2002a,  James  el  al.  2003a,  Magdalena  et  al.  2003). 
However,  AZA3  has  been  reported  to  be  the  most  abundant  toxin 
in  meat  samples  with  the  hepatopancreas  excised  (James  et  al. 
2002b).  Although  variations  in  toxin  profile  have  been  observed, 
the  results  reported  here  of  AZA2  dominance  might  point  to  a 
difference  in  the  phytoplankton-producing  species.  Indeed,  the 
finding  of  AZ.^s  at  such  low  latitudes  may  raise  the  question  if 
more  than  one  species  is  involved  in  AZA  production  and  also 
concerns  of  a  more  universal  distribution  of  AZAs  than  previously 
beliexed. 
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MICROSCOPIC  ANATOMY  OF  FOOT  OF  THE  SPINY  TOP  SHELL,  BATILLUS  CORNUTUS 
(LIGHTFOOT,  1786)  (GASTROPODA:  TURBINIDAE) 

GUI  KWON  JUNG,  JUNG  JUN  PARK,  JAE  WOO  LEE,  AND  JUNG  SICK  LEE* 

Di'pcirinifiil  (>t  Aqiialife  Medicine.  Clioiuiam  National  Univer.siry.  Yeosu  550-749.  Korea 

ABSTRACT  Foot  structures  of  the  spiny  top  shell.  Balilliis  cormiliis  were  investigated  by  light  and  transmission  electron  micro.scopy. 
The  foot  was  composed  of  epithelial  layer,  connective  tissue  layer,  and  muscular  layer  from  outside  inward.  The  epithelial  layer  was 
multiple-folded  and  simple  and  was  compo.sed  mostly  of  columnar  and  mucous  cells.  Epithelial  layer  thickness  was  appro.ximately  40 
jjim  in  the  pedal  body  and  approximately  30  (j.m  in  the  opercular  zone.  Distribution  of  mucous  cells  in  the  epithelial  layer  was  found 
to  be  higher  in  the  opercular  zone  than  those  in  the  pedal  body.  Mucous  cells  contained  acidic  material  abundant  in  sulfate  and 
carboxylate  group,  from  the  results  of  AF-AB  reaction.  From  TEM  observation,  the  epithelial  layer  is  composed  of  epithelial  cell, 
ciliated  cell,  absorptive  cell,  and  secretory  cell.  Secretory  cells  can  be  classified  into  six  types  (A.  B.  C.  D,  E,  F)  in  accordance  with 
the  shapes  and  ultrastructural  characteristics  of  secretory  granule.  Type  A  secretory  cell  is  the  most  abundant  cell  of  the  six  types  of 
secretory  cells.  The  type  of  muscle  fibers  was  mostly  smooth  muscle  fibers.  Muscle  fibers  can  be  divided  into  two  types,  one  that  is 
composed  only  of  thin  microfilaments  and  the  other  composed  of  thin  and  thick  microfilaments. 

A£')'  WORDS:     foot,  microscopic  anatomy,  Baullus  corniitus,  TEM.  top  shell 


INTRODUCTION 

The  top  shell.  Balillus.  belongs  to  Turbinidae  of  Gastropoda, 
and  it  is  widely  distributed  throughout  temperate  coastal  waters  to 
tropical  coastal  waters  including  the  Pacific,  Indian,  and  Atlantic 
Ocean.  Among  these,  spiny  top  shell,  Batillus  conuitiis  is  a  settled 
gastropod  thriving  in  the  waters  of  the  southern  part  of  the  East  Sea 
and  coast  of  Cheju  Island  in  Korea,  southern  coastal  waters  of 
Japan,  and  reef  ridden  coastal  waters  of  the  Yellow  Sea  of  China. 
The  spiny  top  shell  is  one  of  the  most  important  food  resources  in 
Korea,  along  with  abalone.  placing  it  at  a  very  important  position 
industrially  (Yoo  1988). 

The  foot  of  the  gastropod  is  an  organ  with  flexibility  cone- 
sponding  to  the  motile  system,  and  it  performs  functions  such  as 
mobility,  attachment,  capturing  of  food,  mating,  spawning,  and 
shell  cleaning  (Voltzow  1994).  The  foot  is  composed  of  muscular 
tissue  and  nerve  bundles,  and  it  is  partially  covered  by  an  opercu- 
lum (Bullock  1965). 

Study  on  the  pedal  and  muscular  structure  of  the  gastropod 
includes  reports  on  Patella  vulgate  (Jones  &  Trueman  1970), 
Neritina  reclivata  and  Thais  nistiea  (Gainey  1976),  Patella 
viili>ate  and  Acmaea  tessulata  (Grenon  &  Walker  1978),  Biillia 
digitalis  (Trueman  &  Brown  1976,  1987),  Bullia  rhodostoina 
(da  Silva  &  Hodgson  1987),  patellid  limpets  (Frescura  1987;  Fres- 
cura  &  Hodgson  1990a,  1990b),  Biisycon  contrarium  and  Haliotis 
kamtscliatkana  (Voltzow  1990),  and  Nas.farius  kraiissianiis  (True- 
man  &  Hodgson  1990). 

However,  in  relation  to  these  studies,  there  is  no  biological 
study  on  the  foot  structure  of  the  spiny  top  shell,  Batillus  coniulus. 
Therefore,  this  study  aims  to  describe  the  ultrastructure  of  the  foot 
of  the  spiny  top  shell  and  to  provide  basic  information  for  future 
study  on  structural  changes  of  the  foot  in  accordance  with  envi- 
ronmental and  physiological  changes. 

MATERIALS  AND  METHODS 

The  spiny  top  shells  were  collected  by  divers  in  the  coastal 
waters  of  Modori,  Cheongsanmyeon,  Wandogun,  CheoUanamdo 
Korea  (N  34M3',  E  126^47')  (Fig.  1)  May  2003.  Thirty  spiny  top 


shells  in  shell  height  60.0-69.9  mm  were  used  in  this  study.  The 
sampled  individuals  were  measured,  the  shell  removed,  and  the 
pedal  tissue  was  fixed  after  dividing  into  the  pedal  body  and  oper- 
cular zone  (Fig.  2). 

For  light  microscopy  the  tissues  were  fixed  in  Bouin  solution 
and  then  prepared  according  to  the  following  paraffin  methods: 
H-E  double  stain,  Masson  trichrome  stain,  PAS  reaction.  AB-PAS 
(pH  2.5)  reaction,  Alcian  blue  (pH  1.0)  reaction,  and  AF-AB  re- 
action were  used  for  sections. 

For  transmission  electron  microscopy  the  specimens  were  fixed 
in  2.y(  glutaraldehyde  solution  (pH  7.2  buffered  in  O.IM  phos- 
phate buffer)  for  2-4  h  at  4°C  and  postfixed  in  F/r  osmium 
tetroxide  (OsOj)  solution  for  2  h  at  4°C.  After  fixation  the  speci- 
mens were  washed  in  0. 1  M  phosphate  buffer,  dehydrated  by  etha- 
nol  step-by-step,  and  finally  embedded  in  Epon  812.  Ultrathin 
sections  (70  nm  in  thickness)  were  put  on  copper  grids  (200-mesh), 
double  stained  with  uranylacetate  and  lead  citrate,  and  finally  ex- 
amined using  a  transmission  electron  microscope  (JEM-I200EXII, 
JEOL). 

Stain  affinity  of  the  mucous  cell  was  detemiined  by  using  the 
Pantone  Formula  Guide  (Pantone  Inc.  USA)  as  standard,  and  its 
unique  code  was  indicated  in  parenthesis.  Image  analyzer  (IMT, 
Visus,  USA)  was  used  to  quantify  the  histological  characteristics. 

RESULTS 

The  foot  of  the  spiny  top  shell  is  the  organ  that  extends  from  the 
dorsal  side  of  the  anterior  portion  of  the  body  and  continues  onto 
the  head.  Overall  color  of  the  foot  was  dark  brown  and  the  portion 
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Figure  1.  Sampling  area  of  the  spiny  top  shell.  Batillus  corniitus. 
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Figure  2.  Morphology  of  the  spiny  top  shell,  Batilliis  coriiiiliis. 
(A)  Morphometic  characteristics  of  the  shell.  AD,  aperture  diameter; 
SH,  shell  height;  SVV,  shell  width.  (B)  Region  of  the  sampled  tissue. 
G,  gonad;  M,  mantle:  Oz,  opercular  zone;  Pb,  pedal  body. 


attached  to  the  operculum  was  a  wrinkled  light  orange-  colored 
muscular  mass. 

Histological  structure  of  the  foot  was  composed  of  an  epithelial 
layer,  connective  tissue  layer,  and  a  muscular  layer  from  outside 
inward.  The  epithelial  layer  was  a  simple  multiple-folded  layer 
composed  mostly  of  columnar  and  mucous  cells  (Figs.  3,  4). 

The  epithelial  layer  was  approximately  40  iJim  thick  in  the 
pedal  body  and  approximately  30  p.m  in  the  opercular  zone 
(Fig.  5).  A  well-developed  striated  border  was  formed  on  the  free 
surface  of  the  epithelial  layer  (Fig.  3B).  Mucous  cells  were  ob- 
served between  columnar  epithelial  cells  in  the  epithelial  layer,  and 
these  cells  exhibited  vacuoles  in  H-E  stain  and  Masson  triple  stain 
(Figs.  3A.  B;  4A.  B). 

Mucous  cells  reacted  weakly  in  PAS  reaction  in  the  pedal  body 
(Fig.  3C)  and  opercular  zone  (Fig.  4C).  However,  mucous  cells 
revealed  a  blue  color  (300  C)  in  AB-PAS  (pH  2.5)  reaction  (Figs. 
3D;  4D)  and  AF-AB  reaction  (pedal  body:  2995  C;  opercular  zone: 
306  C)  (Figs.  3F;  4F|.  Distribution  of  mucous  cells  in  the  epithelial 
layer  was  found  to  be  higher  in  the  opercular  zone  than  those  in  the 
pedal  body  (Fig.  6). 


The  connective  tissue  layer  appeared  very  weak  between  the 
epithelial  and  muscular  layer  (Fig.  IB). 

The  muscular  layer  is  composed  of  connective  tissue  and  mus- 
cular fiber  bundles  with  the  presence  of  hemolyniph  sinus.  Mus- 
cular fiber  bundles  were  distributed  regularly  in  horizontal  and 
vertical  directions,  with  higher  density  in  the  opercular  zone  than 
in  the  pedal  body  (Fig.  4B). 

From  TEM  observation,  the  epithelial  layer  is  composed  of 
epithelial,  ciliated,  absorptive,  and  secretory  cells. 

Epithelial  cells  were  columnar  and  approximately  30  |j.m  in 
height  both  body  and  opercular  zone  of  the  foot  (Figs.  7A,  C).  In 
addition,  microvilli  of  approximately  2  |j,m  height  were  developed 
commonly  on  the  free  surface  of  epithelial  cells,  and  tight  junc- 
tions of  apical  lateral  aspect  and  membrane  interdigitations  were 
found  between  the  epithelial  cells  (Fig.  7B).  However,  these  co- 
lumnar epithelial  cells  displayed  differences  in  shapes  and  posi- 
tions of  the  nucleus.  In  the  columnar  epithelial  cell  of  the  pedal 
body,  the  shape  of  the  nucleus  was  irregular  and  oval-shaped  and 
located  in  the  middle  or  basal  portion  of  the  cell  (Fig.  7A).  In 
comparison,  the  nucleus  of  the  columnar  epithelial  cell  in  the 
opercular  zone  had  an  elongated  oval-shape  with  length  equi\  alent 
to  2/3  of  the  cell  length  (Fig.  7C). 

Ciliated  cells  were  better  developed  in  the  epithelial  layer 
of  the  body  than  those  of  opercular  zone  of  the  foot.  These  cili- 
ated cells  have  well-developed  cilia  on  the  free  surface.  The  length 
of  these  cells  was  approximately  43  ^x.m  and  the  cilia  length 
was  approximately  4  (xm.  These  cells  have  a  rectangular-shaped 
nucleus  of  approximately  17  ^JLm  in  the  basal  portion  (Fig.  8A). 
Tubular  mitochondria  are  clustered  in  the  upper  portion 
of  the  cytoplasm,  and  the  ciliary  rootlet  is  connected  to  mito- 
chondria (Fig.  8B).  Cross  section  of  the  cilia  showed  "9+2" 
microtubular  structure  of  approximately  200  nm  in  diameter 
(Fig.  8C). 

Cells  with  absorptive  function  that  is  rarely  observed  in  the 
epithelial  layer  have  microvilli  on  the  free  surface;  and  several 
pinocytotic  vesicles,  multivesicular  bodies,  and  mitochondria  were 
found  in  the  upper  portion  of  cytoplasm  (Fig.  8D). 
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Figure  3.  Cross  section  of  the  pedal  body  of  the  spiny  top  shell,  Balillus  cornutus.  (Al  Showing  the  epithelial  layer  (El),  connective  tissue  (Ct) 
and  muscular  layer  (Ml).  H-E  stain.  (Bl  Masson's  trichrome  stain.  (C)  PAS  reaction.  (D)  AB-F.\S  (pH  2.5)  reaction.  (E)  Alcian  blue  (pH  1.0) 
reaction.  (F)  AF-AB  reaction.  Mc,  mucous  cell;  Sb,  striated  border. 
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Figure  4.  Cross  section  of  the  foot  (opercular  zone)  of  the  spiny  top  shell,  Batillus  cornutus.  (A)  Section  showing  the  hemolyniph  sinus  (Hs)  in 
the  muscular  layer.  H  to  K  stain.  (Bl  Section  showing  the  well-developed  muscular  layer.  Masson  trichrome  stain.  (C)  PAS  reaction.  (D)  AB-PAS 
(pH  2.5)  reaction.  (El  Alcian  blue  (pH  l.Ol  reaction.  (Fl  AF-AB  reaction.  Cm,  circular  muscle:  Ct,  connective  tissue;  E.  epithelium;  El,  epithelial 
layer;  Lm,  longitudinal  muscle;  Mc.  mucous  cell. 


Secretory  cells  can  be  classified  into  6  types  (A,  B.  C.  D,  E,  F) 
in  accoridance  with  the  shapes  and  ultrastructural  characteristics  of 
secretory  granule. 

The  type  A  secretory  cell  (Fig.  9A)  is  the  most  abundant  cell 
of  the  six  types  of  secretory  cells.  These  cells  have  membrane- 
bounded  secretory  granules,  and  the  granules  had  higher  electron 
density  in  comparison  with  the  secretory  granules  of  other  secre- 
tory cells  (Fig.  9B).  Furthermore,  numerous  rough  endoplasmic 
reticula  were  found  in  the  basal  cytoplasm  of  these  cells  (Fig.  9A). 

The  type  B  secretory  cell  is  circular.  Electron  density  of  the 
secretory  granule  was  low,  and  the  internal  space  of  the  secretory 
granule  was  filled  with  fine  granular  substances.  The  distribution 
of  these  cells  was  lower  than  the  type  A  secretory  cell  but  higher 
than  all  other  secretory  cells  (Fig.  9C). 

The  type  C  secretory  cell  is  clavate  shaped.  The  nucleus  of 
these  cells  was  irregularly  shaped  and  smooth  endoplasmic  reticula 
were  scattered  in  the  cytoplasm.  Shape  of  the  secretory  granules 
was  diverse,  and  the  electron  density  was  low  (Fig.  9D). 

The  type  D  secretory  cell  is  columnar  with  the  nucleus  located 
in  the  basal  portion.  Secretory  granule  of  the  cells  did  not  have  a 


membrane,  and  the  electron  density  was  the  lowest  among  the  six 
types  of  secretory  cells  (Fig.  9E). 

The  type  E  secretory  cell  is  circular.  Rough  endoplasmic  re- 
ticula and  secretory  granules  with  diverse  and  lower  electron  den- 
sity were  scattered  in  the  cytoplasm  (Fig.  9F). 

The  type  F  secretory  cell  is  oval-shaped.  The  distribution  of 
these  cells  was  the  lowest  among  the  six  types  of  secretory  cells. 
The  secretory  granule  contained  vacuoles  with  various  electronic 
densities  (Fig.  9G). 

Numerous  collagen  fibers,  fibrocytes,  some  muscle  fibers,  and 
hemocytes  were  observed  in  the  connective  tissue  layer  (Figs. 
lOA.  B). 

Some  collagen  fibers  were  observed  in  the  muscular  layer.  In 
the  longitudinal  section,  although  the  electron  density  was  low, 
some  transverse  striations  were  distinguished  in  the  collagen  fibers 
(Fig.  IOC). 

Several  types  of  muscle  fibers  were  arrayed  in  various  direc- 
tions in  the  muscular  layer,  and  they  were  mostly  smooth  muscle 
fibers.  Muscle  fibers  can  be  divided  into  two  types,  one  that  is 
composed  only  of  thin  microfilaments  and  the  other  composed  of 
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Figure  5.  Epithelial  layer  thickness  of  the  foot  of  the  .spiny  top  shell, 
Batillus  cornutus. 
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Figure  6.  Mucous  cell  area  of  the  foot  of  the  spiny  top  shell,  Batillus 
cornutus. 


1074 


Jung  et  al. 


Figure  7.  Ultrastructure  of  the  pedal  epithelial  layer  of  the  spin\  liij)  sliell.  lialillus  coniiitiis.  (A)  Section  showinj;  llie  simple  columnar  epithelial 
layer.  x2,(IO((.  (B)  Microvilli  (Mv)  and  intercellular  junction  of  apical  cytoplasm.  x7,5(MI.  IC)  Section  showing  the  epithelial  layer  of  opercular 
zone.  x2,(HIII.  Bm,  basal  membrane;  Mi,  membrane  interdigitations;  N,  nucleus. 


thin  and  thick  microfilaments.  The  former  showed  high-level  dis- 
tribution. The  density  of  microfilament  in  the  muscle  fiber  illus- 
trated slight  difference  (Fig.  lOD). 

Muscle  fibers  composed  of  thin  filament  were  categorized  into 
two  types.  One  type  was  composed  only  of  muscle  fibers  with 
same  electron  density,  and  the  other  type  was  composed  of  muscle 
fibers  with  higher  electron  density  in  the  cortex  and  lower  electron 
density  in  the  medulla  (Fig.  lOE).  Thin  filament  muscle  fibers 
were  composed  mainly  of  microfilaments  approximately  20  nm  in 
diameter.  These  have  tubular  mitochondria  and  a  small  number  of 
sarcoplasmic  reticula  around  the  sarcolemma  and  some  glycogen 
granules  in  the  sarcoplasm  (Fig.  lOF). 


In  the  muscle  fiber  in  which  thin  and  thick  filament  were 
mixed,  the  thin  filament  was  approximately  10  nm  in  diameter, 
whereas  that  of  the  thick  filament  was  80  nm.  Distribution  of 
mitochondria  and  sarcoplasmic  reticula  in  these  muscle  fibers  was 
lower  than  the  muscle  fiber  that  was  composed  only  of  thin  fila- 
ment (Fig.  lOG). 

In  addition,  nerve  cells  were  found  between  collagen  fibers  of 
the  muscular  layer  (Fig.  lOH). 

DISCUSSION 

The  foot  of  the  gastropod  is  composed  of  the  epithelial  layer, 
connective  tissue  layer,  and  muscular  layer.  The  epithelial  layer  is 


Figure  8.  llltrastructurt-  i<\  the  |)i<l;il  i|)illHlial  layer  of  the  spiny  top  shell,  Balilliis  cornutus.  (A)  Longitudinal  section  of  ciliated  columnar  cell. 
x3,((00.  (B)  Longitudinal  section  showing  the  numerous  mitochondria  (Mt)  of  cytoplasm  in  the  ciliated  cell.  x6,0l)0.  (C)  Cross  section  of  cilia 
.showing  the  ■•9+2"'  tubular  system.  x75,tM)0.  (D)  Apical  cytoplasm  of  pedal  absorptive  cell.  xl2,(HMI.  C,  cilia:  Cr,  ciliary  rootlet:  Mv,  microvilli; 
N,  nucleus;  Pv,  pinocytotic  vesicle. 
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Figure  9.  I'ltrastructiire  of  the  pedal  secretory  cells  of  the  spiny  top  shell,  Batillus  cormilus.  (A)  Type  A  sii  rttdi  \  nil.  x5,(M)0.  (B)  Membrane- 
hoiinded  secretory  granules  (Sg)  of  the  type  A  secretory  cell.  x25,0(IO.  (Cl  Type  I?  secretory  cell.  xS.OdO.  (I))  Type  C  secretory  cell.  x6.(K)(l. 
(E)  Type  D  secretorj  cell.  x3,(l()(l.  (K)  Type  E  secretory  cell.  x6,000.  (G)  Type  F  secretory  cell.  xfi.OOO.  N,  tiucleus:  rER,  rough  endoplasmic 
reticula;  SER,  smooth  endoplasmic  reticula. 


simple  and  composed  of  columnar  epithelial  and  secretory  cells. 
The  connective  tissue  layer  is  relatively  thin.  In  addition,  the  mus- 
cular layer  is  composed  mainly  of  collagen  fibers  and  smooth 
muscle  fibers  (Bullock  1965.  Grenon  &  Walker  1978.  da  Siiva  & 
Hodgson  I9S7.  Trueman  &  Hodgson  1990). 

In  this  study,  it  was  also  found  that  the  foot  of  the  spiny  top 
shell.  Batillus  cnrniinis  was  composed  of  epithelial  layer,  connec- 
tive tissue  layer,  and  muscular  layer  from  exterior  inward  in  cross 
section.  The  epithelial  layer  was  simple  and  composed  of  columnar 
and  mucous  cells.  Well-developed  circular  muscle,  longitudinal 
muscle,  and  hemolymph  sinus  was  observed  in  the  muscular  layer. 

Generally,  mucous  cells  in  the  epithelial  layer  of  the  mollusc 
foot  contain  acidic  glycosaminoglycans  within  the  sulfate  and  car- 
boxylate  group  (Eble  2001 ).  This  study  confirmed  that  the  mucous 
cells  contained  acidic  material  abundant  in  the  sulfate  and  carbox- 
ylate  group  from  the  results  of  AF-AB  reaction. 

Among  gastropods,  limpet,  Acmaea  lessukihi  had  six  types  of 
.secretory  glands  in  the  foot.  The  secretory  substance  is  weakly 
acidic  mucopolysaccharide  and  correlates  with  mobility  function. 
Patella  vulgata  on  the  other  hand  has  nine  types  of  glands.  Among 
these,  six  types  are  distributed  in  the  foot,  and  contain  weak  acidic 
mucopolysaccharide  and  correlates  with  mobility  function.  The 
other  three  types  are  sole  glands  with  highly  viscous  acidic  mu- 
copolysaccharide and  attachment  function  (Grenon  &  Walker 
1978). 

In  this  stud> ,  6  types  (A,  B.  C.  D.  E.  F)  of  secretory  cells  were 


distinguished  in  the  epithelial  layer  of  the  foot.  Among  these.  C;  D; 
and  E  type  were  observed  mostly  in  the  opercular  zone,  enabling 
one  to  predict  that  these  cells  are  associated  with  operculum  for- 
mation. 

Although  the  muscle  fiber  of  molluscs,  in  comparison  with  the 
vertebrates;  is  limited,  transverse  striations  are  found  in  some 
smooth  muscle  cell  (Lowy  &  Vibert  1967;  Millman  &  Bennett 
1976;  Sobieszek  1973).  Characteristics  of  muscle  fiber  are  diverse 
and  contain  paramyosin  (Chantler  1983). 

Types  of  muscle  fiber  composing  the  foot  muscle  of  mollusc 
are  categorized  based  on  the  arrangement  of  dense  body,  distribu- 
tion of  thick  filament,  ratio  of  thick  microfilament  and  thin  mi- 
crofilament, invagination  of  sarcolemma.  composition  of  sarco- 
plasmic reticula,  and  mitochondrial  arrangement  (Nicaise  &  Am- 
sellem  1983).  Foot  muscle  of  Batillus  rhodostoma  of  Turbinidae 
illustrates  intermediate  type  of  muscle  forms  found  in  some  re- 
ported molluscs  (Lowy  &  Vibert  1967.  Sobieszek  1973). 

The  foot  muscle  of  Nassarius  kraussianus,  a  gastropod,  is  com- 
posed mostly  of  smooth  muscle  fibers  and  collagen  fibers.  Al- 
though there  were  some  muscle  fibers  with  4-9  \x.m  in  diameter. 
the  majority  had  3^  jjliii  in  diameter,  and  has  numerous  mem- 
brane interdigitations  between  each  cell.  Muscle  fiber  is  composed 
of  thick  filament  with  density  of  131  ±9.1  [xm"',  40.6  ±4.1  nm  in 
diameter,  and  length  of  7-10  (xm.  Well-developed  weakly  acidic 
glycogen  granules  of  2  (jim  in  length  and  0.5  |j.m  in  diameter  are 
found  in  the  sarcoplasm  (Trueman  &  Hodgson  1990). 
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Figure  10.  Ultrastructure  of  the  pedal  connective  tissue  and  muscular  la>er  of  the  spln>  top  shell,  lialilliis  corniitus:  (A)  Section  showing  the 
epithelial  layer  (F.)  and  connective  tissue  (Ct).  x3.(IO().  (B)  Section  showing  the  collagen  fibers  (C'f)  and  muscle  fibers  in  the  connective  tissue  layer. 
xl2,000.  (C)  Longitudinal  section  of  collagen  fiber.  xl2(l,(H)0.  ID)  Section  showing  the  various  muscle  fibers  (Muf)  in  the  muscular  layer.  x2,500. 
(E)  Cross  section  showing  the  two  types  of  muscle  fiber  composed  of  thin  filament.  xl5,(HHI.  (F)  Longitudinal  section  of  muscle  fiber  composed 
of  thin  filament  showing  the  tubular  mitochondria  (Mt),  sarcoplasmic  reticula  (Sri  and  some  glycogen  granules  (Gg).  x25,000.  ((;>  Cross  section 
showing  the  muscle  fiber  of  composed  of  thin  filaments  (Tnf)  and  thick  filaments  (Tkf)  x40.0(10.  (H)  Nervous  cell  in  the  muscular  layer.  xl2.000. 
Ax,  axon:  Bl.  basal  lamina:  Db,  dense  body:  Ne,  nerve  ending. 


In  the  foot  muscle  of  the  whelk.  BiiUia  iliodostoimi  of  Nassari- 
idae  of  Gastropoda,  two  types  of  muscle  fibers,  namely  A  and  B 
types  were  distinguished.  Among  these.  A-type  is  striated  muscle 
fiber  observed  mainly  in  propodium,  which  enables  fast  shortening 
of  the  foot  when  crawling  or  burrowing.  Dense  body  (94.70  ±  7.50 
nm  in  diameter!  of  the  A-type  muscle  fiber  is  arranged  vertically 
along  the  long  a.xis  of  the  muscle  fiber.  Ratio  of  thin  filament  to  the 
thick  filament  is  more  than  1:10  and  the  initochondrial  area  is 
approximately  25%.  The  B-type  is  of  smooth  muscle  fiber  type 
that  is  mostly  found  in  the  nietapodium.  and  functions  to  maintain 
greater  tension.  Dense  body  is  rarely  found  in  the  B-type  muscle 
fiber.  The  diameter  of  the  dense  body  is  84.40  ±  2.47  nm  with 
irregular  arrangement.  Ratio  of  thin  filament  to  the  thick  filainent 
is  approximately  1:12-1:30  with  mitochondrial  area  at  35%.  The 
mitochondrial  distribution  in  the  A-type  muscle  fiber  is  a  dispersed 
pattern,  whereas  that  in  the  B-type  muscle  fiber  is  clustered  (da 
Silva&  Hodgson  1987). 

Frescura  &  Hodgson  (1992)  categorized  the  muscle  fibers  of 
columellar  muscles  of  six  species  {Biillia  rlu>dostoma.  Burmtpcna 
cincta.  Haliotis  spculicea.  Siphoiuiria  capeiisis.  S.  conciima.  Turbo 
saniiariciis)  belonging  to  Prosobranchia  into  Type  1  and  Type  11. 
Muscle  fiber  of  Type  1  has  small  number  of  dense  body,  mito- 


chondria and  sarcoplasmic  reticula.  Thin  and  thick  filaments  are 
irregularly  mixed  in  these  muscle  fibers.  The  diameter  of  thick 
filament  measured  in  the  preparation  was  26  nm  for  Turbo  sar- 
maticus  and  69  nm  for  Bumupena  cincta.  illustrating  differences 
depending  on  the  species.  In  comparison,  muscle  fibers  in  the  Type 
II  category  are  composed  of  thin  filament  and  have  a  striated 
appearance.  These  muscle  fibers  are  connected  with  collagen  fi- 
bers and  exhibit  difference  in  the  development  of  cell  organelles. 
In  this  study,  transverse  striations  were  not  clearly  observed  in 
the  muscle  fiber  of  the  foot  of  the  spiny  top  shell.  Types  of  muscle 
fiber  were  distinguished  into  a  type  in  which  thin  and  thick  fila- 
ments were  present  in  mixture  and  the  other  type  composed 
only  of  thin  filament.  It  was  determined  that  these  two  types 
corresponds  to  the  "Type  I"  and  "Type  IT"  muscle  fiber  reported 
by  Frescura  &  Hodgson  11990a.  1990b.  1992).  Such  result  of 
this  study  and  distribution  of  thick  filament,  invagination  of  sar- 
colemma  and  arrangement  of  dense  body,  and  sarcoplasmic  re- 
ticula and  mitochondria  illustrated  the  same  features  as  previous 
reports.  However,  the  finding  that  muscle  fiber  composed  only  of 
thin  filament  is  categorized  into  two  types  is  deetued  to  be  a 
characteristic  of  muscle  fiber  of  the  spiny  top  shell,  Bartillus  cor- 
luirus. 
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ABSTRACT  Our  research  focused  on  determining  the  diversity  and  abundance  of  sessile  and  motile  macrofauna  thai  use  intertidal 
reels  ot  the  eastern  oyster  Crci!;.to.strea  virginica  for  feeding,  settlenieni  space  or  refuge  in  Mosquito  Lagoon,  Florida.  Five  replicate 
lift  nets  were  deployed  at  six  sites  (three  impacted  reefs  with  seaward  margins  of  disarticulated  shells,  three  reference  reefs  without 
dead  margins l  to  determine  the  species  composition  and  numbers  present  on  these  reef  types.  All  nets  were  deployed  intertidally  on 
backreef  areas  on  living  oyster  reefs,  just  above  mean  low  water.  One  and  a  half  liters  of  live  oysters  and  oyster  shells  were  placed 
in  each  net  ( Inrl  on  deployment.  Nets  were  surveyed  for  all  fauna  monthly  for  one  year.  Metrics  used  to  evaluate  habitat  use  were 
species  lichness  (total  number  of  different  species  foundl  and  density  (total  number  of  organisms  per  net).  Comparisons  were  also  made 
between  community  assemblages  found  on  the  two  different  types  of  reefs  in  the  ;u-ea  (with  and  without  dead  margins)  and  for  sessile 
species,  recruitment  on  living  oysters  versus  disarticulated  shells.  Forty  sessile  and  64  motile  species  of  macroorganisms  were  found 
utilizing  the  oyster  reefs  in  Mosquito  Lagoon.  However,  recruitment  on  live  oysters  was  twice  that  on  disarticulated  shells.  Signitlcant 
temporal  variations  were  documented.  When  the  two  reef  types  were  compared,  however,  no  differences  were  found. 
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INTRODUCTION 

Human  activities  threaten  the  productivity,  diversity,  and  sur- 
vival of  coastal  resources,  leading  to  a  growing  need  to  understand 
and  manage  all  coastal  zones  (e.g..  Jackson  et  al.  2001 ).  The  Indian 
River  Lagoon  system  (IRL)  on  the  east  central  Florida  coast  is  one 
such  place.  This  estuary  extends  25 1  km.  from  Ponce  de  Leon  Inlet 
to  Jupiter  Inlet.  The  Lagoon  system  is  a  series  of  three  distinct,  but 
connected,  estuaries:  the  Indian  River,  the  Banana  River  and  Mos- 
quito Lagoon.  This  lagoon  system  may  contain  the  richest  biota  of 
any  estuary  in  North  America  (Provancha  et  al.  1992),  It  supports 
over  3.000  animal  and  plant  species.  50  of  which  are  listed  as 
threatened  or  endangered.  Commercially  important  intertidal  reefs 
ot  the  eastern  oyster  Crassostrea  viriiinica  are  common  in  this 
esluarine  sy.stem. 

Diversity  is  extremely  high  in  the  IRL  because  of  its  location 
within  a  zoogeographic  transition  zone  (e.g.,  Walters  et  al,  2001. 
Smithsonian  Institution  2006),  Researchers  have  documented  the 
substantial  species  diversity  of  many  habitats  and  taxa  in  IRL 
waters:  seagrass  and  its  as,sociated  organisms  {e,g,,  Vimstein  et  al, 
1983.  Dawes  et  al,  1995):  finfish  (Gilmore  1977.  Gilmore  1995. 
Tremain  &  Adams  1995):  elasmobranchs  (Snelson  &  Williams 
1981 )  and  decapods  (Smithsonian  Institution  20061.  To  date,  there 
have  been  no  studies  of  the  biodiversity  on  intertidal  oyster  reefs 
in  the  IRL, 

Three-dimensional  reef  structures  of  Crassostrea  vir!>iiiica  are 
created  by  years  of  successive  settlement  of  larvae  on  adult  shells 
(Dame  1996).  Through  its  structural  complexity,  these  ecosystem 
engineers  create  heterogeneity  that  is  rare  in  marine  systems  domi- 
nated by  soft-bottom  habitats  (e.g..  Bartol  et  al.  1999.  Micheli  & 
Peterson  1999).  Organisms  use  oyster  reel's  for  many  different 
reasons:  mobile  species  may:  ( 1 )  feed  directly  on  live  oysters.  (2) 
use  shell  surfaces  for  spawning  and  (3l  seek  refuge  from  predation 
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within  oyster  clusters  (e.g..  Tolley  &  Volety  2()(J5).  whereas  sessile 
species  use  oyster  reefs  for  attachment  space. 

Previous  studies  on  intertidal  oyster  reef  biodiversity  include: 
Wells  1961  (North  Carolina).  Dame  1979  (South  Carolina).  Bahr 
and  Lanier  1981  (south  Atlantic  coast).  Crabtree  and  Dean  1982 
(South  Carolina).  Wenneret  al.  1996  (South  Carolina),  Coen  et  al. 
1999a  (South  Carolina).  Posey  et  al.  1999  (North  Carolina). 
O'Beim  et  al.  2004  (Virginia)  and  Tolley  et  al.  2005  (Florida.  Gulf 
of  Mexico),  In  most  of  these  studies,  the  primary  focus  was  on 
motile  species  (fish  and  crustaceans).  Our  study  adds  to  this  data- 
base by  investigating  the  recruitment  of  motile  macrofauna  on 
backreef  regions  of  intertidal  oyster  reefs  of  Crassostrea  virginica 
in  the  IRL  system  along  the  Atlantic  Coast  of  Florida.  In  addition, 
this  is  the  first  study  in  Florida  to  quantify  diversity  and  abundance 
of  all  sessile  macrofauna  on  oyster  reefs. 

METHODS 

Study  Site 

All  research  was  conducted  in  Mosquito  Lagoon,  within  the 
boundaries  of  Canaveral  National  Seashore  (28°90.68W; 
80°82.06N)  (Fig.  1).  Except  where  dredged,  the  average  depth  of 
the  Lagoon  is  less  than  1  m  and  the  curtent  is  primarily  wind- 
driven  (Walters  et  al.  2001).  Annual  salinity  ranges  between  18 
and  45  ppt.  depending  on  rainfall  (Grizzle  1990.  Wallers  et  al, 
2001), 

Within  a  5-y  period  (1998-2003).  the  number  of  recreational 
boat  registrations  within  the  counties  that  bolder  Mosquito  Lagoon 
increased  by  43%  (Wall  et  al,  2005),  This  increasing  intensity  of 
year-round  boating  has  helped  create  piles  of  disarticulated  shells 
(dead  margins)  on  the  seaward  edges  of  oyster  reefs  along  major 
nav  igational  channels  in  these  shallow  waters  (Grizzle  et  al,  2002, 
Wall  et  al.  2005).  We  compared  back-reef  areas  on  reefs  with  and 
without  dead  margins  to  determine  if  recreational  boating  pres- 
sures influenced  biodiversity. 
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Lift  Net  Study  Sites  it 
Figure  1.  Lift  nets  study  sites  in  Mosquito  Lagoon,  Florida. 

Lift  Net  Field  Sampling 

Six  oyster  reefs  were  selected  for  this  study,  three  impacted 
reefs  (with  dead  margins)  and  three  reference  reefs  (without  dead 
margins).  All  were  within  a  5-km  radius  (Fig.  1).  Five  replicate  lift 
nets  were  placed  on  the  back-reef  area  of  each  reef.  The  protected 
back-reef  areas  were  chosen  to  minimize  the  loss  of  nets  caused  by 
water  motion. 

Lift  net  methods  were  adapted  from  Crabtree  and  Dean  ( 1982). 
Coen  et  al.  (1996a),  and  later  modified  by  Tolley  et  al.  (2005)  for 
use  in  Florida  systems.  We  further  modified  the  protocol  to  include 
the  enumeration  of  sessile  species  recruiting  to  oyster  reefs.  Lift 
net  frames  were  1  nr  and  created  from  3.8  cm  diameter  PVC.  The 
nets  were  0.5  m  deep.  The  sides  of  the  nets  were  made  from  .^.2  cm 
diameter  opening  mesh  and  the  bottom  was  made  from  a  1-m 
square  of  0.2-cm  diameter  opening  mesh.  The  two  mesh  sizes  were 
machine-sewed  together  using  e,\tra  strength  cloth  thread.  The 
sewn  mesh  was  attached  to  the  PVC  frame  with  cable  ties  (tensile 
strength:  1 1  kg). 

Lift  nets  were  deployed  intertidally.  just  above  mean  low  water, 
on  living  oyster  reefs.  Volume  normalized  oysters  and  oyster  shells 
in  good  condition  (1.5  L)  were  placed  in  the  lift  nets.  Half  (0.75  L) 
were  single,  disarticulated  shells  from  adults  (Mean  ±  SE  length: 
77.5  ±  1.4  mm;  weight:  21.5  +  1.1  g)  and  half  were  similar-sized 
live  clusters  collected  from  the  oyster  reef.  All  were  mechanically 
scraped  clean  of  epiflora  and  epifauna.  New  shells  and  clusters 
were  placed  into  the  nets  each  month.  Additionally,  at  the  time  of 
net  retrieval,  all  nets  were  cleaned  to  lemove  organisms  that  had 
settled  on  the  mesh  or  PVC  frames. 

Lift  nets  were  retrieved  by  swiftly  picking  up  the  nets  on  two 
sides  and  collecting  all  recruited  motile  and  sessile  organisms.  In 
the  laboratory,  we  identified  all  organisms  within  24  h  and  re- 
turned them  alive  to  Mosquito  Lagoon.  Only  sessile  organisms 
attached  to  oyster  shells  within  the  lift  nets  were  counted.  Nets 
were  collected  monthly  for  12  mo  (June  2004  to  July  2005).  No 
data  was  collected  for  September  2004  because  Hurricanes  Char- 
ley. Jeanne  and  Frances  required  removal  of  nets  and  prevented 
data  collection.  Specimens  of  each  species  were  preserved  in  70% 
isopropanol  to  create  a  species  archive  for  the  University  of  Cen- 
tral Florida. 

Einiroiiiiiciilnl  Variables 

Permanent  temperature  monitors  (Onset  Stowaway  Tidbit 
Temperature  Loggers)  were  attached  to  cinder  blocks  and  de- 


ployed at  each  site  in  water  at  the  same  depth  as  the  lift  nets. 
Temperature  data  were  collected  once  each  hour.  Salinity  was 
measured  on  net  retrieval  using  a  portable  refractometer.  Three 
sediment  traps  were  deployed  at  each  site  at  the  same  depth  as  the 
lift  nets  to  determine  sediment  load  accumulations  during  the  4-wk 
intervals  between  sampling.  Each  replicate,  cylindrical  PVC  pipe 
.sediment  trap  (10-cm  diameter  x  25  cm  deep)  was  submerged 
flush  with  the  substrate  (Lenihan  1999).  We  capped  traps  under- 
water at  the  time  of  retrieval.  The  sediment  traps  were  retrieved 
concun-ently  with  the  lift  nets  and  new  traps  were  immediately 
deployed  to  replace  them.  Total  sediment  mass  was  determined  by 
drying  samples  at  60  C  for  48  h  in  a  drying  oven  (Econotherni 
Model  Number  51,221,126)  and  weighing  contents  on  a  top- 
loading  balance  (O'Haus  Scout  2-Model  Number  SC6010).  Rela- 
tive grain  size  was  determined  by  grinding  the  dried  sediment  and 
sorting  samples  with  a  sieve  (0.062  mm)  to  .separate  the  silt/clay 
from  the  sand/gravel  fractions. 

Analyses 

For  all  cases  where  analysis  of  variance  (ANOVA)  tests  were 
run.  prior  to  running  the  ANOVAs.  homogeneity  of  variance  and 
normality  were  tested  using  Levene  and  Kolmagorov-Smirnov 
tests.  If  significant  differences  were  found  with  ANOW A,  po.st-hoc 
Tukey-Kramer  tests  were  run.  Data  assumptions  of  variance  and 
normality  were  met  for  all  ANOVAs  at  the  P  =  0.05  level,  thus 
the  data  were  not  transformed. 

Sessile  Macrofauna 

Response  variables  of  species  richness  (total  number  of  differ- 
ent species)  and  density  (total  number  of  individuals)  were  ana- 
lyzed using  a  4-way.  nested.  ANOVA.  The  factors  in  the  nested 
ANOVAs  were:  ( 1 )  reef  type  (reefs  with  dead  margins  or  reference 
reefs).  (2)  month.  (3)  site  and  (4)  shell  type  (disarticulated  shells  or 
live  oysters  in  clusters).  Reef  type,  month  and  shell  type  were  fixed 
factors,  whereas  site  was  random.  Shell  type  was  nested  within 
site,  and  site  was  nested  within  reef  type. 

Motile  Macrofauna 

Community  metrics  of  motile  species  were  similarly  examined 
with  a  3-way  ANOVA.  Response  variables  of  species  richness  and 
density  were  examined  as  in  sessile  species.  For  each  ANOVA.  the 
factors  were  reef  type  (fixed),  site  nested  within  reef  type  (ran- 
dom), and  month  (fixed). 

Sediment  Loads 

A  3-way  ANOVA  was  conducted  to  test  whether  sediment 
loads  on  oyster  reefs  varied  as  a  function  of  the  following  fixed 
factors:  reef  type  (reference  or  dead  margins)  and  month.  The  third 
factor,  site,  was  random  and  nested  within  reef  type. 

RESULTS 

Biodiversity  and  Composition 

Sessile  Macrofauna 

Twenty-five  species  of  sessile  invertebrates  recruited  to  oysters 
and  oyster  shells  in  the  lift  nets  during  our  study  (Table  1 ).  Bar- 
nacles in  the  genus  Balaniis  (Arthropoda)  dominated  all  samples 
numerically.  Tube  worms  in  the  genus  Hxdroides.  the  jingle  shell 
Anoinia  simplex,  the  eastern  slipper  shell  Crepidula  astnisoleo. 
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TABLE  1. 
Total  numbers  of  sessile  species  collected  in  lilt  nets  on  intertidal  oyster  reefs  in  Mosquito  I.agoon,  Florida. 


Common 

Phylum 

Species 

Name 

Total 

6/04 

7/04 

8/04 

10/04 

1 1/04 

12/04 

1/05 

2/05 

3/05 

4/05 

5/05 

6/05 

Piirilera 

Ihimiiiiuidou 
lutiopliila 

Sun  sponge 

2X 

1 

-> 

1 

0 

11 

0 

3 

0 

1 

2 

4 

-) 

Halichomlria 

Black  \olcano 

66 

1 

0 

0 

0 

0 

5 

0 

(1 

0 

0 

3 

57 

melandocia 

sponge 

Clioiui  spp. 

Boring  sponge 

13 

0 

1 

0 

0 

0 

0 

9 

1 

1 

0 

0 

0 

Cnitlariu 

Aiplasia  pallida 

Sea  anemone 

2 

0 

0 

0 

0 

0 

0 

T 

0 

0 

0 

0 

0 

Haliplanclla 

Striped  anemone 

T 

0 

(I 

0 

0 

0 

0 

0 

(1 

1 

1 

0 

0 

liuiac 

Annelida 

Hydroides  spp. 

Tube  worms 

2S42 

658 

491 

760 

250 

134 

111 

66 

33 

65 

.S5 

42 

177 

SidH'lla  .v/7/). 

Feather  duster 
worm 

46 

2 

1 

9 

6 

4 

6 

7 

0 

0 

1 

9 

1 

Anhropoda 

Balaim.s 
chiirnciis 

Ivory  barnacle 

87S2 

2070 

2447 

1380 

720 

430 

210 

145 

87 

132 

99 

251 

811 

Bidiiniis 

Purple  striped 

1S24 

438 

461 

450 

46 

16 

13 

9 

1 

5 

6 

8 

71 

ampliirrite 

barnacle 

Mcillusca 

Cra.ssostrca 
virginica  recruits 

Eastern  oyster 

722 

173 

92 

54 

69 

104 

91 

7 

3 

18 

4 

12 

95 

Anomia  simplex 

Jingle  shell 

112(1 

186 

178 

184 

151 

93 

83 

41 

4 

43 

45 

80 

32 

CrepidiiUi 

Eastern  slipper 

117S 

287 

154 

207 

149 

69 

59 

31 

4 

25 

44 

73 

76 

astmsulea 

shell 

Crepidula 

Atlantic  slipper 

4(1 

12 

0 

3 

4 

4 

0 

9 

0 

1 

1 

0 

6 

fonncata 

shell 

Diodora  ca\eii\i\ 

Keyhole  limpet 

3 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

00 

Alrina  rigida 

Pen  shell 

1 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

Tagelus  divisus 

Jacknite  clam 

1 

0 

0 

0 

(1 

0 

0 

0 

1 

0 

0 

0 

0 

Brachidoneles 

Scorched  mussel 

4 

0 

0 

2 

0 

0 

1 

0 

1 

0 

0 

0 

0 

exuctus 

Geiikeftsia  deinissa 

Ribbed  mussel 

128 

21 

20 

19 

7 

6 

4 

7 

0 

-) 

4 

19 

18 

Mytella  charruana 

Charru  mussel 

3 

0 

t) 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

Lilhophaga 

Mahogany 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

hisulcala 

date  mussel 

Ecloprocla 

Bugitia  ncrilina 

Common 
bryozoan 

195 

1 

1 

0 

0 

1 

0 

16 

0 

18 

82 

48 

27 

Hippoporiiia 

Lacy  bryozoan 

40 

0 

0 

1 

28 

11 

0 

0 

0 

0 

0 

0 

0 

verrilli 

Zoohorryoii 

Spaghetti  bryozoan 

t 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

vcrticillatiim 

Perophera  viridis 

Encrusting  ascidian 

16 

0 

2 

0 

1 

s 

3 

3 

0 

1 

0 

0 

0 

Chordata 

Styela  plicala 

Rough  sea  squirt 

87 

0 

0 

0 

26 

17 

1 

1 

0 

1 

15 

6 

19 

and  the  eastern  oyster  Crassostrea  virginica  were  also  very  abun- 
dant (Table  1 ).  Mollusca  represented  the  most  abundant  phyla, 
with  nine  species  found.  Other  phyla  represented  included  Anne- 
lida. Cnidara.  Porifera,  Ectoprocta  and  Chordata  (Table  1 1.  Outside 
of  the  lift  nets,  15  additional  species  of  sessile  organisms  were 
found  in  small  numbers  on  the  intertidal  oyster  reefs  and  nearby 
subtldal  areas  throughout  the  course  of  our  study  in  Mosquito 
Lagoon,  although  they  do  not  represent  any  additional  phyla 
(Table  2). 

Measures  of  oyster  community  metrics  with  .sessile  inverte- 
brates exhibited  clear  trends  in  Mosquito  Lagoon.  Species  richness 
and  the  density  differed  temporally,  because  of  the  month  of  sam- 
pling (ANOVA:  P  <  n.tXll;  Fig.  2.  3;  Table  3.  Table  4).  Richness 
was  significantly  higher  during  June.  July.  August  and  October  {P 
<  0.001;  Fig.  2).  Additionally.  February  had  the  lowest  richness 
(Fig.  2).  Density,  the  number  of  organisms  per  net.  was  signifi- 
cantly higher  in  June.  July  and  August  of  2004  than  all  other 
sampling  periods  (ANOVA;  P  <  0.001;  Fig.  3l.  Furthermore,  spe- 


cies richness  and  density  were  higher  on  living  oysters  in  clusters 
than  on  single  disarticulated  oyster  shells  (ANOVA  for  both:  P  < 
0.001;  Tables  3.  4;  Fig  4).  Species  found  only  on  live  oysters 
included  mussel  Lilhophaga  hi.siilcuta.  acsidiaii  Perophera  virdis 
and  bryozoan  Hippoprina  verrilli.  Reef  type  (reefs  with  dead  mar- 
gins or  reference  reefs)  did  not  have  a  significant  influence  on  the 
community  metrics,  species  richness  {P  =  0.098)  or  density  {P  = 
0.2071  (Tables  3.  4).  Site  did  not  have  a  significant  effect  on 
species  richness  (ANOVA:  P  =  0.964)  or  density  (P  =  0.644) 
(Tables  3.  4). 

Motile  Macrofauna 

During  this  study.  64  motile  species  were  found  on  oyster  reefs 
in  Mosquito  Lagoon.  Fifty-one  species  were  collected  using  lift 
nets  (Table  5)  and  an  additional  13  species  were  observed  by 
researchers  elsewhere  on  reefs  and  in  nearby  subtidal  waters 
(Table  2l.  Chordata  was  the  most  abundant  phyla  found  to  be 
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TABLE  2. 

Additional  macrofauna  observed  on  oyster  reefs  within  Mosquito 
Lagoon.  These  species  were  not  collected  in  the  lift  nets. 


Sessile  Species 
Phylum 


Species  Name 


Common  Name 


Annelida  Polydoru  wehsieri 

Mollusca  Modiolus  umericaiu 

Mercenaria  iiwrcenaria 
Anadara  transversa 
Anadara  ovalis 
Martesia  ciinelformis 
Crepidula  cunvexa 
Conopeiim  spp. 
Zooholryon  verricillaruiu 
Hippoporina  verritli 
Mogula  maiihanensis 
Botrylloides  nigrum 
Batryllus  planus 
Botrylloides  sehlosseri 
Didenmum  sp. 

Species  Name 

Hexapanopeus  angustifroiis 
Limuhts  polypheinus 
Neopanope  sayi 
Pinnotheres  ostreum 
Aplysia  brasiliami 
Busycon  contrarium 
Busycon  spiraliim 
Fasciolaria  linnteria 
Fasciotaria  tiilipa 
Melongena  corona 
Pleuroploca  gigantean 
Polinices  duplicatus 
Chordata  Symphurns  plagiusn 


Ectoprocla 


Chordata 


Motile  species 
Phylum 

Arthropoda 


Mollusca 


Oyster  mud  worm 
Tulip  mussel 
Hard  shelled  clam 
Tranverse  ark 
Blood  ark 

Striated  wood  paddock 
Convex  slipper  shell 
Lacy  crust  bryozoan 
Moss  bryo/oan 

Sea  grape 
Black  tunicate 
Royal  tunicate 
Goldenstar  tunicate 


Common  Name 

Narrow  mud  crab 
Horseshoe  crab 
Say's  mud  crab 
Oyster  pea  crab 
Sooty  sea  hare 
Lightening  whelk 
Pear  whelk 
Banded  tulip 
True  tulip 
Crown  conch 
Florida  horse  conch 
Atlantic  moon  snail 
Blackcheek  tonauefish 


uliliziiig  the  oyster  reefs,  with  23  fish  species  touiiU.  Mollusca 
were  the  second  most  prevalent  phyla,  with  20  different  species 
found  (Tables  2.  5).  Other  phyla  that  were  represented  in  the 
collections  included:  Arthropoda  (18  species).  Echinodemiata  (2 
species)  and  Annelida  ( I  species)  (Tables  2.  5).  The  bigclaw  snap- 
ping shrimp  Alplwiis  hcterochaelis  and  the  flat  nuid  crab  Eiiry- 
panopeits  depressus.  dominated  the  collections  numerically  year- 
round  (Table  5). 

Species  richness  and  density  differed  because  of  the  month  of 

TABLE  3. 

Four-factor  nested  ANOVA  comparin!>  species  richness  of  sessile 

organisms  in  lift  nets.  Factors  were  reef  type  (dead  margin  or 

reference;  fixed),  shell  type  (live  clusters  or  disarticulated  shells) 

nested  within  site  nested  within  reef  type  (random),  and 

month  (fl.ved). 


Mean 

Source 

df 

Square 

F 

Significance 

Reef  type 

1 

64.2(J1 

4.625 

0.098 

Site  (Reef  type) 

4 

13..S81 

0.133 

0.964 

Shell  type  (Site  (Reef 

typcl) 

6 

1(J4.321 

42.236 

<0.0{)l 

Month 

II 

S.^.4()l 

34. .576 

<0.00l 

Residual 

697 

TABLE  4. 

Four-factor  nested  ANOVA  comparing  density  of  sessile  organisms 

in  lift  nets.  Factors  were  reef  type  (dead  margin  or  reference;  fixed), 

shell  type  (live  clusters  or  disarticulated  shells)  nested  within  site 

nested  within  reef  type  (random),  and  month  (fixed). 


Mean 

Source 

df 

Square 

F 

Significance 

Reef  type 

1 

68406.006 

2.265 

0.207 

Site  (Reef  type) 

4 

30195.728 

0.657 

0.644 

Shell  type  (Site  (Reet 

type)) 

6 

45976.603 

16.3.^5 

<0.001 

Month 

11 

35020.837 

1 2.443 

<().()01 

Residual 

697 

sampling  (ANOVA:  both  P  <  0.001:  Table  6.  Table  7).  Richness 
was  higher  in  November  December.  January  and  May  (Fig.  2). 
Density  was  significantly  higher  in  June.  Novetnber  and  December 
2004  than  any  of  the  other  sampling  dates  (Fig.  3).  Reef  type  (reefs 
with  dead  margins  or  reference  reefs)  did  not  have  a  significant 
influence  on  species  richness  (ANOVA:  P  =  0.985)  or  density 
{P  =  0.624)  (Tables  6,  7).  Site  did  not  significantly  affect  species 
richness  (ANOVA:  P  =  0.181 ),  however  it  did  significantly  affect 
density  (P  =  0.002)  (Tables  6.  7). 

Ell  lira  II  mental  1  ariables 

During  the  13-tno  study,  the  monthly  mean  temperatures  in 
Mosquito  Lagoon  ranged  from  16  C  to  31°C  (Fig.  5a).  Salinity 
ranged  frotn  25-35  ppt  (Fig.  5b).  falling  within  the  typical  average 
range  of  25^5  ppt  for  the  monthly  mean  in  Mosquito  Lagoon 
(Walters  et  al.  2001 ).  The  lowest  salinity  (25  ppt)  occurred  imme- 
diately after  the  2004  hurricane  season  (Fig.  5b).  Total  sediment 
loads  differed  significantly  between  sites  (ANOVA:  P  =  0.011). 
but  not  reef  type  (P  =  0.234)  (Table  8:  Fig.  5c).  After  sediment 
loads  were  separated  into  fractions,  percent  silt/clay  still  did  not 
differ  significantly  between  reef  type  (ANOVA:  P  =  0.454)  or 
sites  (P  =  0.482)  (Table  9:  Fig.  5d).  During  the  months  of  June 
2004  and  June  2005.  both  sediment  load  and  percent  silt/clay 
differed  tempoially  (ANOVA:  P  =  0.004  and  <0.001.  respec- 
tively). Tukey  results  showed  sediment  loads  to  peak  in  June  2004, 
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Figure  2.  Monthly  mean  richness  (total  number  of  species)  ±SE  per 
net  per  month  from  ,lune  2(104  to  ,|une  2(105.  September  data  are 
missing  because  of  2004  hurricane  activit).  When  compared  with 
.ANOV.4  and  a  Tukey-Kramer  past-hoc  test,  significantly  higher 
months  are  depicted  by  A  versus  B  for  sessile  species  and  a  \ersus  b  for 
motile  species. 
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Figure  3.  Monthly  mean  density  (number  of  individuals)  +SE  per  net 
per  month  from  June  2()(M  to  June  2(t()5.  September  data  missing 
because  of  2004  hurricane  activity.  W  hen  compared  with  ANOVA  and 
a  Tukey-Kramer  posf-/;oc  test,  significant  higher  months  are  depicted 
by  A  versus  B  for  sessile  species  and  a  versus  h  for  motile  species. 

whereas  percent  silt/clay  fractions  were  highest  in  June  and  July 
2004.  and  January  200,^  (Fig.  5c.  5d). 

DISCUSSION 

The  assemblage  of  marcofauna  associated  with  the  intertidal 
oyster  reefs  during  our  lift  net  study  was  similar  to  those  previ- 
ously reported  on  oyster  reefs  in  the  southeastern  United  States 
(sessile  species:  Wells  1961;  motile  species;  Meyer  1994.  Breit- 
burg  1999.  Coen  et  al.  1999.  Posey  et  al.  1999.  Clancy  et  al.  2003. 

Richness  of  sessile  species  on  different 

substrates  . 


Live  Oysters 


Disarticulated  Shells 


Density  of  sessile  organisms  on  different 
substrates 


Live  Oysters  Distarticulated  Shells 

Figure  4.  (a)  Mean  richness  (±SE)  of  sessile  organisms  on  live  oysters 
compared  viilb  disarticulated  shells,  (hi  Mean  density  (±SK|  of  sessile 
organisms  on  live  oysters  compared  with  disarticulated  shells.  Signitl- 
cant  differences  are  depicted  by  A  versus  H. 


TABLE  6. 

Three-factor  nested  ANOVA  comparing  species  richne.ss  of  motile 

species  in  lift  nets.  Factors  were  reef  type  (dead  margin  or 

reference;  llxed).  site  nested  within  reef  type  (random),  and 

month  (fixed). 


Source 


df 


Mean  Square 


Significance 


Reef  type 

.Site  (Reef  type) 

Montli 

Residual 


1 

4 
II 

.^43 


0.003 

S.019 

37.699 


0.1)00 

0.985 

1.574 

aisi 

9.340 

<0.0()l 

ToUey  et  al.  2005.  Tolley  &  Volety  2005).  Our  data  also  support 
earlier  research  conducted  in  the  Indian  River  Lagoon  system  that 
looked  at  the  sessile  species  diversity  on  hard  substrata,  although 
not  specifically  associated  with  Cnissostrea  viiginica  (Mook 
1976,  1980,  1981  and  1983).  As  is  typical  for  shellfish  assem- 
blages (O'Beim  et  al.  2004),  the  oyster  reef  community  within 
Mosquito  Lagoon  was  dominated  (in  terms  of  abundance)  by  only 
a  few  ta.xa  (i.e..  Annelida.  Arthropoda  and  Chordata)  (Table  1  and  5). 

Sessile  Macrofauiia 

The  most  abundant  sessile  species  in  the  nets  were  in  the  genus 
Bahmiis.  These  organisms  were  present  year-round  on  oyster  reefs 
and  numerically  dominant  in  all  nets.  Bcilainis  eherneus.  the  native 
ivoiy  barnacle  recruited  to  shells  placed  in  lift  nets  during  each 
month  of  our  survey  (Table  1 ).  Monthly  recruitment  ranged  from 
87  recruits  in  February  2005  to  2.447  in  July  2004.  In  fact,  every 
net  always  had  at  least  one  B.  eherneus.  Balaiuis  umphitrhe.  the 
purple  striped  barnacle,  invaded  the  IRL  approximately  100  y  ago 
(J.  Carlton  pers.  comm.).  It  was  common  but  not  as  abundant  as  its 
conger  (Table  1 ).  Numbers  of  B.  umphitrhe  decreased  dramatically 
during  the  colder  months  of  the  year  (Table  1 ).  The  abundance  of 
these  barnacles  in  this  system  outcompeting  C.  virgmicu  for  space 
may  be  associated  with  declines  in  oyster  populations  in  Mosquito 
Lagoon  (Boudreaux  2005).  Dense  sets  of  Bahinus  spp.  monopo- 
lizing all  free  space  on  oyster  reefs  suggest  intense  spatial  com- 
petition between  oysters  and  barnacles  in  the  IRL  during  summer 
and  fall  months  (Boudreaux  2005). 

The  nonnative  bivalve  mussel,  Mylella  cliarruana,  was  found 
during  this  study  (Boudreaux  &  Walters  2006).  This  South  Ameri- 
can bivalve  was  first  found  in  lift  nets  in  August  2004  and  has 
since  rapidly  spread  within  northern  Mosquito  Lagoon  (Boudreaux 
&  Waiters  2006).  Although  low  numbers  of  this  species  may  have 
predated  our  study,  no  individuals  were  recorded  in  a  3-y  study  in 
these  waters  between  1998  to  2001  (L.  Walters  unpublished  data). 


TABLE  7. 

Three-factor  nested  .\NOVA  comparing  density  of  motile  species  in 

lift  nets.  Factors  were  reef  type  (dead  margin  or  reference:  fixed). 

site  nested  within  reef  type  (random),  and  month  (fixed). 


Source 


df 


Mean  Square 


Signincance 


Reef  type 

1 

356.001 

0.2SI 

0.624 

Site  (Reef  type) 

4 

1267.778 

4.4.i0 

0.002 

Month 

11 

2379.484 

10.278 

<0.001 

Residual 

343 
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Figure  5.  Ahidtic  variables  (al.  Mean  montliiy  temperatures  (±  SE)  at  lift  net  sampling  dates  in  Mosquito  l.agoon.  (b)  Mean  salinities  (±SE)  of 
Mosquito  Lagoon  on  lift  net  sampling  dates,  (c)  Mean  sediment  load  (±SE)  per  month  from  June  20l»4  to  June  2005.  (d)  Mean  silt/clay  percentage 
(±SE)  per  month  from  June  2004  to  June  2005. 


One  individual  of  the  invasive  Asian  green  mussel  Perna  viridix. 
v\hich  has  devastated  some  oyster  reefs  in  Tampa  Bay.  Florida 
(BaJcer  et  al.  2003),  was  also  recently  found  on  a  piling  in  Mos- 
quito Lagoon  (MB  pers.  obs.).  It  has  not  been  found  on  Mosquito 
Lagoon  oyster  reefs  to  date.  Both  nonnative  bivalves  continue  to 
be  monitored  within  the  IRL. 

Motile  Macrofauna 

The  two  most  abundant  motile  species  sampled  within  the  lift 
nets  were  the  bigclaw  snapping  shrimp  Alpheiis  heterotiuwlis 


(2.4S9  individuals)  and  the  flat  mud  crab  Eui-ypanopeus  depressus 
(1.217  individuals)  (Table  5).  Previous  studies  found  these  two 
species  to  be  present  in  temperate  waters  on  both  the  Atlantic  coast 
of  North  Carolina  ( 132  individuals  of  E.  depressus:  Clancy  et  al. 
2003)  and  the  gulf  coast  of  Florida  (3,184  individuals  of  E.  de- 
pressus. 364  individuals  of  A.  heternchaelis:  Meyer  1994).  Similar 
to  Tolley  et  al.  (2005).  we  found  the  replacement  of  temperate 
species  by  tropical  cogeners.  including  the  replacement  of  the 
striped  blenny  Chasmodes  hosquianus  in  the  Northern  Atlantic 
(Breitburg  1999,  Coen  et  al.  1999)  by  the  Florida  blenny  Chas- 
modes sidiurrae. 


TABLE  8. 

Three-factor  nested  ANOVA  comparing  total  sediment  loads 

collected  per  month  al  lift  net  sites.  Factors  were  reef  type  (dead 

margin  or  reference;  fixed),  site  nested  within  reef  type  (random), 

and  month  (fixed). 


TABLE  9. 

Three-factor  nested  ANOVA  comparing  silt/clay  fractions  collected 

per  month  at  lift  net  sites.  Factors  were  reef  type  (dead  margin  or 

reference;  fixed),  site  nested  within  reef  type  (random),  and 

month  (fixed). 


Source 

df 

Mean  Square 

F 

Significance 

Source 
Reef  type 

df 

1 

Mean  Square 

39.068 

F 

0.687 

Significance 

Reef  type 

1 

.11 7305.223 

1 .96 1 

0.234 

0.454 

Site  (Reef  type) 

4 

l61S61.6,'i() 

3.357 

0.011 

Site  (Reef  type) 

4 

56.862 

0.871 

0.482 

Moiitli 

11 

i:4y3S.()63 

2.624 

0.004 

Month 

11 

409.454 

9.004 

<0.001 

Residual 

IW 

Residual 

199 
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The  tilth  llul^l  ;ihiiiidant  mobile  species  was  the  green  poreelaiii 
crab.  Petrolisthes  aniuiiiis  (Table  5).  It  is  considered  an  invasive 
exotic  along  the  South  Atlantic  Bight  (Knott  et  al.  1999.  Glancy  et 
al.  2003).  Populations  of  this  species  can  historically  be  found  in 
the  Pacific  (i.e..  CalitV)rnia  to  Peru)  and  the  Atlantic  (i.e..  Africa. 
Ascension  Island,  Bermuda,  Bahamas,  Gulf  of  Mexico.  West  In- 
dies, Caribbean  and  South  America  down  to  Brazil:  Knott  et  al. 
1999).  Although  the  pathway  of  introduction  remains  unknown, 
ballast  transport  and  increasing  winter  temperatures,  which  favor 
its  establishment  are  possibilities  (Knott  et  al.  19991.  It  was  first 
collected  along  Florida's  east  coast  in  the  1930s  in  Biscayne  Bay 
and  Miami  Beach  (Knott  et  al.  1999).  Slowly,  it  spread  northward, 
becoming  well  established  in  the  Indian  River  Lagoon  system 
(Knott  et  al.  1999).  Studies  have  shown  abundances  to  increase 
dramatically  in  only  a  few  years  after  introduction  (Knott  et  al. 
1999).  The  current  range  of  P.  anmitus  along  the  South  Atlantic 
Bight  stretches  from  South  Carolina  down  to  the  southern  tip  of 
Florida  (Knott  et  al.  1999). 

Size  and  biomass  data  for  several  crustacean  and  fish  species 
revealed  that  both  juvenile  and  adult  individuals  were  present  on 
the  reefs  (Table  5).  For  example,  large  ranges  were  seen  for  the 
big-claw  snapping  slirimp  Alpheus  helerochaelis  (length  1.6-2.5 
cm;  biomass  0.3-0. .5  g).  blue  crab  Callinecws  sapidiis  (length 
2.3—1.3  cm;  biomass  1.5-6.6  g).  stone  crab  Menippe  iiwrcenciila 
(length  1.0-2.1  cm;  biomass  1.7-3.3  g),  grass  shrimp  Paliu-mo- 
iieles  vulgaris  (length  2.5-3.8  cm.  biomass  0.3-0.6  g)  and  pink 
shrimp  Penaeus  duorarwn  (length  2.8-6.5  cm,  biomass  0.3-2.4  g) 
(Table  5).  Within  the  Chordata  family,  different  life  stages  were 
seen  for  the  ^heep'ihewii  Arclu>sargus prohati>cephiiliis  (length  4.4- 
9.7  cm.  biomass  8.5-19.8  g),  pinfish  Lagodon  ilunuhoidcs  (length 
2.3-7.7  cm,  biomass  0.1-8.3).  gray  snapper  Liitjcmus  gnsciis 
(length  3.0-1 1.2  cm.  biomass  0.6-21.3  g).  oyster  toadfish  Opsanus 
icHi  (length  2.3-9.0  cm;  biomass  0.2-13.3  g).  and  numerous  killi- 
fish  and  goby  species  (Table  5). 

The  blue  crab  Ccdlinectcs  sapidus.  the  pink  shrimp  Penactis 
ditoranim  and  juvenile  forms  of  several  important  finfish  species 
were  collected  in  the  lift  nets  within  Mosquito  Lagoon  (Table  5). 
Hence,  commercially  and  recreationally  valuable  species  are  uti- 
lizing oyster  reefs  within  Mosquito  Lagoon,  confirming  the  im- 
portance of  oyster  reefs  to  the  economy  of  this  region.  These 
species  were  also  found  to  be  utilizing  oyster  reefs  on  the  west 
coast  of  Florida  (Tolley  et  al.  2005). 

Additional  comparisons  can  be  made  with  the  motile  species 
found  on  oyster  reefs  in  Mosquito  Lagoon  to  lift  net  studies  of 
intertidal  reefs  on  the  west  coast  of  Florida  (26"  25'56"N, 
8 |°48'34"W)  (Tolley  et  al.  2005.  Tolley  &  Volety  2005).  Salinities 
and  temperatures  found  in  Mosquito  Lagoon  (mean:  33  ppt, 
23.8°C)  are  comparable  to  the  system  studied  in  southwest  Florida 
(mean:  32.5  ppt.  27.1°C).  Overall  species  richness  (the  total  num- 
ber of  species  found  per  net)  was  found  to  be  similar  between  the 
two  different  Florida  locations  (Gulf:  4-1  1  species/month  versus 
Mosquito  Lagoon:  4-11  species/month),  whereas  density  was 
slightly  lower  in  Mosquito  Lagoon  (Gulf:  20-400  organisms/net 
versus  Mosquito  Lagoon:  12—40  organisms/net).  In  both  systems, 
there  were  more  fishes  than  decapod  crustacean  species  (Gulf:  16 
versus  9,  Mosquito  Lagoon:  23  versus  18).  In  both  locations,  de- 
capod crustaceans  dominated  all  motile  samples  numerically. 

Dead  Margins  Affect  on  Oyster  Reef  Communities 

Dead  margins,  attributed  to  v\akes  from  recreational  boating  in 
Mosquito  Lagoon  (Grizzle  et  al.  2002.  Wall  et  al.  2005).  did  not 


have  a  significant  effect  on  the  back-reef  usage  of  oysters  as  sub- 
strate by  either  sessile  or  motile  species  (Tables  3,  4,  6  and  7).  The 
back-reef  areas  of  both  were  also  visually  very  similar.  This  sug- 
gests the  back-reef  areas  on  oyster  reefs  with  dead  margins  func- 
tion similarly  to  a  reference  oyster  reef  with  no  dead  margin. 

Although  dead  margins  did  not  have  an  impact  on  richness  or 
density  of  organisms  found,  sessile  organisms  preferred  to  settle  on 
living  oyster  clumps  rather  than  on  the  disarticulated  shells  placed 
within  the  nets  (Fig.  4).  The  3-dimensional  structure  of  the  two 
settlement  substrates  was  very  different.  Disarticulated  shells  were 
single  and  loose,  laid  flat  on  the  benthos,  and  were  often  covered 
by  sediment.  These  shells  were  frequently  displaced  by  water  mo- 
tion. Live  oysters  attached  together  to  form  clusters  and  rarely 
mo\ed.  These  3-dimensional  clusters  probably  provided  more  pro- 
tection and  refuge  from  predators  for  sessile  inhabitants  than  the 
2-dimensional.  disarticulated  shells.  Subsequent  research  has 
shown  that  reference  reefs  contained  twice  more  oyster  clumps 
than  reefs  with  dead  margins  within  Mosquito  Lagoon  (Stiner 
2006).  Combined,  these  results  reveal  a  new  negative  impact  of 
dead  margins  on  sustaining  biodiversity  in  Mosquito  Lagoon. 

Wall  et  al.  (2005)  found  an  increase  in  .sediment  accumulation 
on  the  seaward  edges  (fore-reef  areas)  of  reefs  with  dead  margins 
in  Mosquito  Lagoon  and  suggested  this  was  caused  by  sediment 
resuspension  associated  with  large  numbers  of  boat  wakes.  In- 
creased sediment  has  been  shown  to  decrease  the  settlement  of 
Cnissostrea  virginica  (Boudreaux  2005).  Thus,  any  difference  in 
sediment  loads  between  locations  would  have  been  predicted  to 
have  an  effect  on  species  assemblages  between  the  two  types  of 
reefs  (reference  and  dead  margins).  However,  this  study  focused 
exclusively  on  the  back-reef  regions  of  oyster  reefs  and  did  not 
show  any  differences  in  sediment  loads  between  reef  types.  Dead 
margins  are  hypothesized  to  protect  these  back-reef  areas  by  pre- 
venting sediment  accumulation. 

During  this  study  we  documented  the  usage  of  intertidal  oyster 
reefs  in  Mosquito  Lagoon  by  105  different  species.  This  included 
76  invertebrates  and  29  chordates.  The  richness  in  diversity  found 
within  the  reefs  of  Cnissostrea  virginica  is  comparable  with  other 
systems  in  the  Indian  River  Lagoon  system.  A  study  of  decapods 
associated  w  ith  seagrass  communities  in  the  Indian  River  Lagoon 
showed  remarkable  diversity.  In  all.  38  decapod  species  were 
found  in  seagrass  beds  (Gore  et  al.  1981;  Smith.sonian  Institution 
2006)  as  compared  with  the  19  decapod  species  we  found  using 
oyster  reefs  (Tables  2  and  5).  These  examples  demonstrate  the 
extremely  high  diversity  in  the  IRL  that  can  be  attributed  to  its 
important  habitats,  including  seagrass  beds  and  oyster  reefs.  The 
data  from  this  study  are  an  important  step  to  gaining  a  better 
understanding  of  these  oyster  reefs  and  their  essential  role  in  the 
estuary.  Additionally,  this  data  provides  a  baseline  from  which  to 
evaluate  efforts  to  practice  sustainable  ecosystem  management  of 
Crassostrea  virginica  within  Mosquito  Lagoon. 
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ABSTRACT  The  Eastern  oyster  iCnissuslrea  virgiiiica)  is  iin  economicLilly  important  fisheries  resource  along  the  US  Gulf  Coast 
and  the  eastern  seaboard.  In  the  past  few  years.  Mississippi  has  ranked  second  in  the  country  in  shellfish  production,  harvesting  an 
average  of  350.000  sacks  (-15.8  million  kg  of  oysters)  per  year.  A  GIS-based  decision  support  tool  was  developed  to  aid  the 
Mississippi  Department  of  Marine  Resources  in  managing  shellfish  in  the  state.  The  tool  was  designed  using  the  ESRI  ArcGis  8.3 
Arcview  software,  which  enabled  us  to  integrate  GIS  data  layers  (e.g.,  oyster  reef  sites)  with  a  program  that  automatically  obtains  Pearl 
River  stage  (gage  height)  and  rainfall  amount  data  from  the  USGS  and  NOAA  websites,  respectively.  The  program  then  compares  the 
data  with  established  area-specific  standards  and  makes  recommendations  to  the  shellfish  manager  on  the  area(s)  that  should  be  closed 
or  opened.  The  decision  support  tool  is  the  first  tool  developed  for  shellfish  management  in  the  US  Gulf  Coast  area.  Although  it  was 
developed  for  use  in  Mississippi,  it  can  be  modified  for  use  in  other  states.  It  simplifies  the  shellfish  management  process  and  maintains 
a  database  of  the  water  quality  data  and  the  management  actions  that  have  been  taken,  thereby  facilitating  data  analyses  and  preparation 
of  reports. 

KEY  WORDS:     oyster  management.  Mississippi  Sound,  river  stage,  precipitation.  GIS  data  layers 


INTRODUCTION 

The  Eastern  oy.ster  {Crasscstrea  virginica.  Gmelin  1791 )  is  one 
of  the  economically  important  fisheries  resources  in  the  eastern 
seaboard  of  the  United  Slates  and  the  US  Gulf  Coast  region,  and 
it  accounts  for  more  than  60%  of  all  oysters  harvested  in  the 
United  States  (Gore  1992).  In  the  past  few  years.  Mississippi  has 
ranked  second  in  the  country  in  shellfish  production,  and  harvested 
an  average  of  350.000  sacks  (-15.8  million  kg  of  oysters)  per  year. 

Crassostrea  virginica  inhabits  shallow  waters  in  intertidal  and 
subtidal  zones,  and  their  survival  and  production  depend  chiefly  on 
phytoplankton  productivity,  flooding,  salinity  and  temperature 
variations,  levels  of  parasitism  by  Perkinsus  marinns  (dermo)  and 
Haplosporidium  nelsoni  (MSX)  and  predators  (Andrews  et  al. 
1959.  Menzel  et  ai.  1957.  Soniat  et  al.  1989.  Powell  et  al.  1995. 
Jordan  1995).  Although  C.  virginica  tolerates  a  wide  range  of 
salinity  with  lower  and  upper  limits  of  about  2  ppt  and  39  ppt, 
respectively  (Shumway  1996).  high  salinities  and  warm  tempera- 
tures are  conditions  that  favor  the  major  predators  and  parasites  of 
the  shellfish.  For  example,  the  conch.  Stramonita  haemastoma 
thrives  at  salinities  >12  ppt  and  can  have  significant  predatory 
impacts  on  the  oyster  population  (Butler  1954.  Gagliano  et  ai. 
1970).  Another  major  cause  of  mortality  of  oysters  in  high  salinity 
areas  and  during  warm  months  along  the  Gulf  of  Mexico  is  P. 
marinus.  a  parasitic  protozoan  (Ogle  &  Flurry  1980.  Ray  1996, 
Soniat  1 996).  The  impacts  of  P.  marinus  parasite  on  oysters  de- 
pend on  local  as  well  as  regional  variations  in  climatic  factors 
(Powell  et  al.  1992.  Kiin  &  Powell  1998), 
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Management  of  shellfish  is  aimed  al  enhancing  the  habitat  via 
cultch  planting  and  cultivation,  harvest  control,  and  miniini/ing 
the  risks  to  humans  of  consuming  raw  contaminated  shellfish. 
Disease  outbreaks  resulting  from  the  consumption  of  oysters  con- 
taminated by  bacterial  (e,g,.  Vibrio  viilnificKS  and  Vibrio  para- 
haemolyticus)  and  viral  pathogens  (Leonard  2001.  see  also  a  re- 
view by  Rose  et  al,  2001 )  have  been  reported  in  other  states.  The 
levels  of  these  pathogens  depend  on  climatic  factors  such  as  water 
temperature,  intensity  of  solar  radiation  and  precipitation.  The  lat- 
ter is  usually  accompanied  by  runoff  carrying  pollutants  into 
coastal  waters  (Lipp  et  al,  2001 ),  To  reduce  the  risks  of  acquiring 
diseases  caused  by  consumption  of  contaminated  oysters,  the 
United  States  Food  and  Drug  Administration  and  the  Interstate 
Shellfish  Sanitation  Conference  (ISSC)  formed  the  National  Shell- 
fish Sanitation  Program  (NSSP)  that  developed  criteria  for  the 
protection  of  shellfish  harvesting  waters  (ISSC  et  al,  1999),  For 
example,  the  Mississippi  Ordinance  1,016  section  15,4.1.3.  re- 
quires a  shellfish  harvesting  area  to  be  closed  "when  the  geometric 
mean  of  the  seawater  from  compliant  sampling  stations  in  the  area 
exceed  a  fecal  coliform  most  probable  number  (MPN)  of  14  per 
100  mL  and/or  more  than  10%-  of  the  samples  exceed  a  MPN  of  43 
for  a  5-tube  3  dilution  test," 

In  Mississippi,  rainfall  amounts  and/or  Pearl  River  stage  are 
used  as  metrics  for  closing  shellfish  harvesting  areas  in  Mississippi 
Sound.  Many  years  of  studies  indicate  that  both  factors  are  highly 
correlated  with  fecal  colifomi  levels  (Chigbu  el  al.  2004a).  Each  of 
the  nine  conditionally  approved  shellfish  harvesting  areas  in  Mis- 
sissippi has  specific  closure  criteria.  These  are  monitored  by  des- 
ignated MDMR  personnel  using  sources  such  as  telephone,  various 
official  reports,  internet,  as  well  as  by  direct  observation,  as  stated 
in  the  Ordinance  1.016.  The  objective  of  our  study  is  to  design  a 
GIS-based  decision  support  tool  that  will  ease  the  process  of  shell- 
fish management  in  the  state.  .Although  GIS-based  tools  and  melh- 
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ods  have  been  developed  for  various  projects  iiKiuding.  microbial 
risk  assessments  (Kistemann  et  al.  2001a,  2001b).  environmental 
impact  assessments  (Gustafson  et  al.  2001.  Sahin  &  Kurum  2002). 
flood  area  and  damage  estimation  (Renyi  &  Nan  2002)  and  re- 
source management  (Webb  &  Bacon  1999).  to  our  knowledge 
none  is  available  for  use  in  shellfish  management  in  the  US  Gulf 
Coast  region. 

Study  Area 

Mississippi  Sound  has  a  mean  depth  at  midtide  level  of  3  m. 
and  is  partially  separated  from  the  northern  Gulf  of  Mexico  by  a 
number  of  barrier  Islands.  Within  the  estuary,  water  from  the  Gulf 
mixes  with  water  that  flows  in  from  a  number  of  bavous  and  rivers. 
The  Pearl  and  Pascagoula  Rivers  account  for  more  than  90'7r  of 
tYeshwater  discharge  into  the  Sound  (Eleuterius  1978).  The  Mobile 
and  Mississippi  Rivers  sometimes  contribute  significant  freshwa- 
ter into  the  eastern  and  western  portions  of  the  Sound,  respectivelv 
(Orlando  et  al.  1993).  The  eastern  and  western  parts  of  the  Sound 
have  more  variable  and  lower  salinities  than  the  central  part  of  the 
Sound.  Under  most  conditions,  Mississippi  Sound  is  partially  or 
well  mixed  because  of  tidal  action  and  winds  (Eleuterius  1978). 

Pearl  River  is  about  789  km  long  and  drains  an  area  of  ap- 
proximately 23.000  km-  before  emptying  into  the  western  part  of 
the  Mississippi  Sound,  an  area  that  contains  some  of  the  most 
productive  oyster  populations  in  the  Southeastern  United  States 
(Gore  1992).  Studies  conducted  from  June  1973  to  February  197.'i 
(Eleuterius  1977)  suggested  that  the  area  experiences  bottom  mini- 
mum and  maximum  salinity  of  2.0-4.0  ppt  and  18.0-22.0  ppt. 
respectively. 

Oyster  Management  in  Mississippi  Sound 

The  Department  of  Marine  Resources  manages  about  17  natu- 
ral oyster  reefs  in  Mississippi.  About  91'7c  of  the  harvested  oysters 
in  Mississippi  come  from  the  reefs  in  the  western  part  of  the 
Mississippi  Sound.  Management  of  the  Sound  for  shellfish  har- 
vesting is  currently  based  on  Pearl  River  stage,  local  rainfall 
amounts  and  fecal  coliform  counts  (Table  1 ).  River  Stage  infor- 
mation is  collected  directly  from  the  USGS  website  for  specific 
river  gauges.  The  National  Weather  Service  web-site  is  monitored 
for  rainfall  from  three  NOAA  rain  gauge  locations:  Bay  St.  Louis. 
Waveland  and  Pascagoula.  MS. 

Historical  data  on  fecal  coliform  levels  during  the  oyster- 
harvesting  season  (typically  October  to  April),  have  been  used  by 
shellfish  managers  to  classify  Mississippi  Sound  into  areas  desig- 


TABLE  1. 

Criteria  for  closing  conditional!)  approved  shelirish  harvesting  areas 


Area 


Closing  criteria 


Area  IB-CA  10  ft  Peari  River  Stage  and/or  2  inches  rainfall 

Area  11  A-CA  10  ft  Pearl  River  Stage  and/or  \  inch  rainfall 

Area  II  B-CA  10  ft  Pearl  River  Stage  and/or  I  inch  rainfall 

Area  II  C-CA  12.5  ft  Pearl  River  Stage  and/or  2  inches  rainfall 

Area  II  D-CA  10  ft  Pead  River  Stage  and/or  1  inch  rainfall 

Area  III-CA  2  inches  rainfall 

Area  IV-CA  10  ft  Pearl  River  Stage  and/or  1  inch  rainlall 

Area  V-CA  2  niches  rainfall 

Area  VIII-CA  0.75  inches  rainfall 


nated  as  Approved.  Conditionally  Approved,  Prohibited,  Re- 
stricted or  Unclassified.  Harvesting  of  oysters  for  direct  consump- 
tion is  permitted  only  in  areas  designated  as  approved  or  condi- 
tionally approved.  At  present,  nine  areas  are  designated  as 
conditionally  approved,  each  of  which  has  specific  opening  and 
closing  criteria  (Table  1 ).  based  on  rainfall  amounts  and/or  river 
stage  as  outlined  in  the  Mississippi  Ordinance  1.016.  Beside  heavy 
precipitation,  other  factors  listed  in  the  Ordinance  that  may  result 
in  temporary  closures  of  an  approved  or  conditionally  approved 
area  include  "a  hurricane,  flooding,  chemical  spill,  hazardous 
waste  or  raw  sewage  discharge,  sinking  or  grounding  of  vessels 
carrying  hazardous  cargoes,  evidence  of  the  existence  of  marine 
biotoxins." 

METHODS 

The  GIS  data  layers  that  were  used  in  the  tool  included  the 
oyster  reefs,  shellfish  management  areas,  sampling  stations  for 
water  quality  monitoring.  Gulf  Coast  imagery,  and  the  USGS  ri\er 
gauge  locations.  The  tool  was  designed  using  the  Environmental 
Systems  Research  Institute  (ESRI)  ArcGIS  8.3  Arcview  and  Mi- 
crosoft Access.  The  ESRI  package  provides  the  user  the  capability 
to  use  geographic  data,  as  well  as  a  programming  environment  that 
integrates  Visual  Basic  for  application  and  the  ArcObjects  library. 
Microsoft  acts  as  an  external  relational  database  that  is  used  to 
store  the  metrics  for  each  of  the  oyster  zones  as  well  as  the  current 
and  historical  gauge  measurement  and  information  data.  The  tool 
automatically  obtains  river  gauge  information  from  the  USGS 
website:  http://waterdata.gov.  and  the  National  Weather  Service 
(NWS)  precipitation  data  from  the  NOAA  website:  http:// 
www.srh.noaa.gov.  Because  the  gauge  data  are  ingested  from  the 
various  websites,  they  are  parsed  and  stored  in  the  corresponding 
table  in  the  backend  database.  On  a  predetermined  time  interval, 
the  application  is  designed  to  use  the  current  gauge  data  to  decide 
whether  an  area  should  be  closed,  and  then  uses  data  on  fecal 
coliform  counts  to  determine  whether  the  area  should  be  reopened. 
The  fecal  coliform  information  is  stored  in  a  separate  Access  da- 
tabase. The  readings  are  stored  in  a  database  at  a  remote  laboratory 
and  then  transferred  to  the  cataloging  database  via  an  automated 
E-mail  application.  The  tool  was  built  to  run  on  an  IBM  compat- 
ible with  Windows  2000  operating  system  and  the  following  speci- 
fications: 

(a)  CPU  speed  of  450  MHz  (minimum);  800  MHz  or  higher  is 
recommended 

(b)  A  Pentium  or  higher  processor 

(c)  Memory/RAM    128  MB  (minimum);  256  MB  or  higher 
recommended 

(d)  Swap  space  300  MB  (minimum) 

(e)  Disk  space  of  695  MB  FAT32  for  the  ESRI  software,  and 
300  MB  for  data  storage 

RESULTS  AND  DISCUSSION 

The  shellfish  decision  support  tool  consists  of  5  major  compo- 
nents, namely,  the  Shellfish  Management.  Manual  Close.  External 
Conditions.  Rules  Change  and  Strategic  Management,  the  func- 
tions of  which  are  summarized  in  Table  2.  The  display  user  inter- 
face for  the  tool  (Fig.  1)  is  divided  into  5  areas. 

Area  1  contains  the  typical  user  interfaces  found  in  normal 
office  applications  such  as  MSWord,  MSExcel,  including  ""file 
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TABLE  2. 

Main  cumpunents  of  thf  shellfish  nianageiiK'nt  tool  and 
their  functions 


Main  components 


Functions 


2.  Manual  close 


I.  Shellfish  nianiiiiemem        *Monitors  rainfall  and  river  gauge  data  and 
compares  it  lo  monthly  rule  criteria  for 
each  area. 

*Recommends  closure  of  an  area  when 
certain  criteria  have  reached  the 
threshold  defined  in  the  Shellfish 
Management  Plan. 

*Allows  for  fecal  coliform  counts  to  be 
analyzed,  and  determines  when  it  is  safe 
to  re-open  an  area  for  oystering. 

*Provides  DMR  officials  with  the  ability  to 
allow  some  other  closing  conditions  such 
as  oil  spills  and  hurricanes  which  are  not 
automatically  monitored  by  the 
application. 

*When  an  area  has  been  manually  closed, 
it  can  only  be  manually  reopened. 

*The  manual  close  function  prohibits  or 
"locks-out"  normal  operations  of  the 
shellfish  management  function  for  the 
areats)  normally  closed. 

*Allows  DMR  officials  to  close  for  other 
specified  reasons,  hence  it  is  similar  to 
the  Manual  close  function. 

*Allows  latitude  and  longitude  coordinates 
to  be  associated  with  the  closing  event. 

*Allows  the  tool  to  remain  up-to-date  with 
amendments  to  Ordinance  1.016  by 
making  it  possible  for  DMR  officials  to 
change  any  closing  or  opening  criteria 
(e.g.  river  stage  levels,  rainfall  amounts, 
geometric  mean  MPN  level)  for  any  of 
the  conditionally  approved  areas. 
5.  Strategic  management        *U.sed  for  longer  term  (e.g..  I  year) 

evaluation  of  the  shellfish  harvesting 
areas  based  on  fecal  coliform  counts,  in 
order  to  determine  whether  a 
re-classification  of  oyster-harvesting 
areas  is  necessary. 


3.  External  conditions 


4.  Rules  change 


save,  e.xit,  copy  and  paste,"  in  addition  to  some  Arclnfo  8.2  func- 
tionality. 

Area  2  contains  the  graphical  user  interfaces  (GUI)  for  the 

Shellfish  Management  Application.  The  tool  bar  has  buttons,  each 

of  which  operates  a  separate  function  within  the  application. 

(a)  The  Shellfish  Management  function  button  continually 

monitors  river  stage  and  precipitation  and  automatically 

recommends  whether  an  oyster  harvesting  area  should  be 

closed.  The  program's  recommendations  are  reviewed  by 

the  DMR  officials  who  then  decide  whether  to  accept  or 

reject  the  recommendations. 

When  the  data  being  monitored  by  the  application  in- 
dicate a  status  change  to  a  Shellfish  Management  area,  a 
Shellfish  Management  Form  (Fig.  2)  automatically  opens. 
The  form  has  5  areas  that  show  Program  Recommenda- 
tions, National  Weather  Service  (NWS I  data  comprising 
information  on  rain  gauges  at  Waveland.  Bav  Saint  Louis 


and  Pascagoula,  MS  and  the  US  Geological  Survey 
(USGS)  Pearl  River  stage  data  at  Pearl  River,  Louisiana.  In 
addition,  the  form  has  a  time  stamp  that  shows  the  latest 
time  that  the  external  data  from  the  gauges  were  collected 
from  external  websites  by  the  shellfish  application.  Finally, 
the  form  has  an  error  message  display  area.  If  no  value  is 
found  for  rainfall,  an  error  message  will  notify  the  user  in 
the  area,  and  if  the  value  is  invalid,  it  will  be  presented  as 
"-9999"  in  the  table. 

When  the  program  recommendations  button  is  selected 
from  the  Shellfish  Management  Form,  the  program  recom- 
mendations form  opens  (Fig.  3)  to  allow  DMR  staff  to 
review  the  reasons  why  the  application  is  recommending  a 
status  change.  The  application's  recommendation  can  then 
be  accepted  or  rejected  by  the  DMR  staff. 

There  are  5  areas  on  the  Program  Recommendations 
Form:  ( I )  Area  Tabs;  (2)  Recommendation;  (3)  Reason  for 
Recommendation;  (4)  Reason  for  Rejection  and  (5)  Process 
Recommendation. 

The  area  tabs  consist  of  nine  separate  and  distinct  tabs; 
each  tab  contains  information  specific  for  a  particular  area. 
If  the  tab  heading  is  in  bold,  it  indicates  the  particular  area 
has  a  recommended  status  change  otherwise,  no  status 
change  recommendation  exists. 

The  recommendation  tab  has  a  title  that  shows  either 
Recommend  Open  or  Recommend  Close,  which  is  associ- 
ated with  check  boxes  for  use  by  DMR  staff  to  indicate  an 
acceptance  or  rejection  of  the  application's  recommenda- 
tion. The  reason  for  recommendation  tab  describes  why  the 
application  is  recommending  a  change  for  the  area.  The 
reason  for  rejection  tab  is  for  use  by  DMR  officials  to 
record  their  reasons  for  rejecting  a  recommendation  made 
by  the  tool.  The  reason  will  be  stored  in  the  database  and 
can  be  reviewed  by  the  current  status  or  history  reports 
functions.  The  process  recommendation  tab  is  selected  to 
update  the  display  with  the  current  status  (whether  accepted 
or  rejected).  If  a  status  change  was  recommended  and  this 
button  is  not  selected,  the  display  will  not  reflect  the  status 
changes.  This  tab  should  be  selected  after  all  areas  have 
been  reviewed  and  recommendations  are  either  accepted  or 
rejected.  The  map  display  will  reflect  the  changes  accepted 
(e.g..  Fig.  4).  The  program  "recycles"  every  four  hours 
when  more  information  is  received  from  the  USGS  and 
NWS  websites.  If  an  area  is  not  closed,  even  though  the 
application  recommends  it,  the  area  will  again  be  recom- 
mended to  close  when  the  program  recycles  in  four  hours, 
(b)  The  external  conditions  buttons  are  used  to  close  and  re- 
open areas  for  events  that  are  not  routinely  monitored  by 
the  Shellfish  Management  application.  The  add  external 
conditions  allows  an  event  to  be  pinpointed  on  the  map 
with  either  latitude/longitude  coordinates  or  a  mouse-click 
on  the  screen.  The  delete  external  conditions  button  re- 
moves external  conditions,  which  have  been  previously 
established. 

When  the  external  conditions  buttons  are  selected,  the 
external  conditions  form  (Fig.  5)  opens.  This  form  consists 
of  nine  areas:  (I)  Event  Location;  (2)  Area  Name  and 
Present  Status;  (3)  Date/Time;  (4)  Latitude/Longitude;  (5) 
New  Status;  (6)  Open/Close  All  Zones;  (7)  External  Con- 
dition; (8)  Operator  Comments  and  (9)  Set  Status. 
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Figure  I.  The  display  user  interface  for  the  Shellfish  Management  Tool 


The  event  location  button  allows  one  to  identify  the 
location  of  an  event  by  selecting  entered  mouse  click  or 
entered  by  coordinate  value.  The  area  name  and  present 
status  button  lists  all  of  the  areas  and  their  present  statuses. 
The  area(s)  can  be  selected  by  left-clicking  the  mouse.  To 
select  inore  than  one  area,  hold  down  the  shift  kev  while 


selecting  the  area  with  the  mouse.  Areas  that  are  selected 
are  highlighted. 

The  date  and  time  stamp  is  used  to  record  the  time  and 
date  that  the  manual  close  function  is  used.  This  is  recorded 
for  the  cuiTent  status  and  history  reports. 

The  longitude  and  latitude  buttons  are  used  to  display 
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Program  Recommendations 
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Figure  2.  The  Shellflsh  Management  Form 
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Figure  3.  The  Shellfish  Program  Recommendations  Form 
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Figure  4.  The  Shellfish  Program  Map  Display  area  showing  the  closed  conditionally  approved  shellfish  harvesting  areas  highlighted 


in  red  color. 
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Figure  5.  The  Shellfish  Management  External  Conditions  Form. 


the  longUudi.'  and  latitude  of  where  the  external  conditions 
symbol  is  on  the  map  display. 

The  new  status  button  allows  the  selection  of  an  open  or 
close  status  of  the  areas  selected  in  the  area  names  window. 
Selection  is  made  by  cliclcing  on  the  arrow,  which  prompts 
a  drop-down  menu  with  Open  and  Closed  to  open. 

The  Open/Close  all  zones  button  allows  one  to  select 
and  close  or  open  all  areas  in  the  area  names  list. 

The  External  Cimdition  button  allows  for  the  selection 
of  the  type  of  external  condition  that  has  warranted  closure 
of  an  area. 

The  Operator  Comments  area  is  provided  to  allow  ad- 
ditional comments  to  be  noted.  These  comments  are  re- 
tained for  the  report  features. 

The  Set  Status  button  is  clicked  after  all  the  external 
conditions  have  been  established  to  process  the  decision. 

(c)  The  history  report  button  allows  DMR  to  generate  reports 
of  the  opening  and  closing  events  that  have  taken  place  for 
a  particular  area,  including  the  reasons  for  change  in  status. 

( d )  The  status  report  button  generates  a  visual  and/or  a  printed 


report  for  the  current  status  of  each  of  the  shellfish  har- 
vesting areas, 
(e)  The  rules  change  button  allows  the  monthly  rule  tables  to 
be  changed  for  any  of  the  shellfish  harvesting  areas.  Rain- 
fall amount,  river  gauge  levels,  fecal  coliform  counts,  and 
the  values  that  determine  river  crest  and  river  rerise  can  be 
changed  using  this  function. 

When  the  rules  change  button  is  selected,  the  rules 
change  form  (Fig.  6)  will  open  and  is  used  to  change  the 
criteria  for  each  shellfish  management  area  to  open  or 
close,  when  approved  by  the  authorized  person  at  DMR. 
There  are  6  areas  on  the  form:  (1)  Select  Area  ID;  (2)  Area 
Information  (for  area  ID);  (.^ )  River  Gauge  Information;  (4) 
Rain  Gauge  Information;  (5)  Area  Information  (for  river 
crest  and  rerise)  and  (6)  Form  Navigation.  The  rules  change 
function  is  password  protected. 

The  select  area  ID  allows  one  to  select  the  area  that 
requires  a  change  in  its  rule  criteria.  The  area  information 
shows  the  area  ID  and  the  seasonal  condition  rule  (area 
classification  status). 
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Figure  6.  The  Shellfish  Management  Rules  Change  Form. 


The  river  gauge  information  gives  information  about  the 
river  gauge,  such  as  the  agency  that  it  belongs  to,  as  well  as 
the  ID,  name,  and  the  measurement  units.  It  also  has  the 
limit  box  used  to  set  the  maximum  height  of  the  river 
allowed  before  closing  a  shellfisli  area,  and  the  period  box 


used  to  set  the  maximum  time  (in  hours).  In  Figure  6.  for 
example.  Area  IIC-CA  is  recommended  to  close  when  the 
Pearl  River  gauge  reaches  12.5  ft. 

The  rain  gauge  information  gives  details  about  the  rain 
gauge,  such  as  agency.  ID  and  name  and  measurement 
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units.  The  limit  box  within  the  rani  gauge  information  area 
is  used  to  set  the  maximum  amount  of  rain  (in  inches) 
allowed  before  closing  a  shellfish  area.  The  period  box  is 
used  to  set  the  maximum  time  (in  hours)  of  rain  accumu- 
lation. For  example,  in  Figure  6.  Area  IIC-CA  is  recom- 
mended to  close  when  the  Waveland  rain  gauge  shows  that 
it  has  rained  2  inches  in  the  last  24  h  period. 

The  area  information  section  displays  the  values  the 
application  uses  for  river  crest  and  rerise.  In  addition,  the 
maximum  acceptable  geometric  mean  fecal  coliform  count 
is  set  here.  The  crest  value  change  is  used  to  determine 
when  the  application  considers  a  river  crest  has  occun'ed.  It 
considers  the  river  to  have  crested  if  the  level  has  dropped 
0.04  ft  below  the  highest  river  value  recorded  since  closure. 
The  ReRise  value  is  used  to  set  the  application's  river's 
rerise  condition.  The  river  is  considered  to  have  reached  a 
level  of  "re-rise"  (which  could  indicate  a  condition  to  close 
the  area  again)  if  the  river  stage  is  0.15  ft  above  the  level 
that  caused  the  closure.  The  acceptable  geometric  mean 
area  is  used  to  set  the  maximum  value  for  fecal  coliform 
count  allowed  to  keep  a  shellfish  management  area  open 
for  harvesting. 

The  na\igation  area  allows  the  operator  to  navigate 
through  the  rules  change  records  by  clicking  on  the  previ- 
ous and  next  buttons  on  the  bottom  of  the  form. 

(f)  The  manual  close  button,  like  the  external  condition  func- 
tion, allows  the  program  to  be  operated  outside  of  the  scope 
of  the  shellfish  management  rules  closure  recommenda- 
tions. The  rules  closure  criteria  affect  only  the  conditionally 
approved  areas.  In  contrast,  the  manual  close  function  al- 
lows any  area  to  be  closed. 

(g)  The  strategic  management  button  allows  for  a  year-end 
evaluation  of  the  shellfish  harvesting  areas,  based  on  cal- 
culations of  the  geometric  means  of  fecal  coliform  counts. 
Fecal  coliform  data  of  water  samples  from  each  area  are 
used  by  the  application  to  calculate  the  geometric  mean  of 
the  fecal  coliforms  for  each  water  sample  station.  These 
results  can  then  be  used  by  DMR  to  reclassify  areas  as 
approved  or  conditionally  approved.  An  area  can  be  clas- 
sified as  approved  ""if  the  bacteriological  quality  of  the 
water  of  every  sampling  station  does  not  exceed  a  fecal 
coliform  median  or  geometric  mean  MPN  of  14  per  100 
mL.  and  not  more  than  10%  of  the  samples  exceed  an  MPN 
of  43  for  a  5-tube  3  dilution  test"  as  presented  in  the  ordi- 
nance. An  area  may  be  classified  as  conditionally  approved 
if  the  area  meets  approved  area  standards  under  certain 
conditions  specified  in  the  areas  management  plan  (e.g.. 
rainfall  or  river  stage  at  a  particular  location  is  less  than  the 
maximum  allowed  for  in  the  management  plan). 

Area  3  is  known  as  the  table  of  contents,  and  shows  what  layers 
are  active  in  the  map  display  area. 

Area  4  consists  of  tools  used  to  move  around  the  map  display 
area. 

Area  5  is  the  map  display  area,  where  the  shellfish  management 
areas  are  displayed.  They  will  be  color-coded  as  to  their  status. 

Fecal  coliform  reports  are  used  mainly  for  two  reasons  with 
regard  to  the  shellfish  management  areas.  First,  recent  fecal 
coliform  counts  are  used  in  determining  whether  the  shellfish  har- 
vesting areas  can  be  reopened  after  a  rise  in  river  stage  and/or  a 
rain  event.  Second,  the  strategic  management  function  of  the  ap- 
plication will  evaluate  all  of  the  fecal  coliform  counts  for  an  entire 


season.  The  counts  are  then  computed  and  used  to  re-evaluate  if 
the  shellfish  management  area  should  be  classified  as  approved  or 
conditionally  approved.  DMR  collects  water  samples  from  various 
stations,  which  are  then  analyzed  for  fecal  coliforms  at  the  US 
FDA  approved  Gulf  Coast  Research  Laboratory.  Ocean  Springs. 
Mississippi.  The  fecal  coliform  data  are  sent  to  DMR  via  e-mail. 
The  shellfish  management  application  was  designed  to  perform  a 
semiautomatic  ingestion  of  the  newly  delivered  data  into  the  DMR 
database  and  also  calculate  the  geometric  mean  fecal  colifonn 
counts  to  recommend  whether  to  reopen  the  reefs. 

The  Pearl  River  has  much  influence  on  the  water  quality  in  the 
western  part  of  the  Mississippi  Sound,  hence  Pearl  River  stage 
along  with  rainfall  amount  are  two  important  variables  that  the 
shellfish  management  tool  monitors  for  closing  shellfish  harvest- 
ing areas.  Pearl  River  stage  varies  seasonally  (Chigbu  et  al.  2005a). 
with  a  peak  in  late  winter/early  spring  and  a  minimum  in  summer/ 
early  fall.  The  river  stage  also  varies  between  years  because  of  the 
influence  of  ENSO  events  on  precipitation  (Chigbu  et  al.  2004). 
Both  seasonal  and  interannual  variations  in  Pearl  River  stage  are 
accompanied  by  increased  levels  of  fecal  coliforms.  which  in  turn 
deterinine  the  duration  that  the  conditionally  approved  shellfish 
harvesting  areas  are  opened  for  shellfish  harvesting.  In  fact.  Peari 
River  stage  explains  as  much  as  90%  of  the  variations  in  fecal 
coliform  concentrations  in  the  western  part  of  the  Sound  (Chigbu 
et  al.  2004). 

Fecal  coliform  levels  often  peak  in  water  after  rain  events.  In 
Mississippi  Sound,  fecal  coliform  levels  peak  within  48  h  of  a 
major  local  rain  event  O0.5  inches),  whereas  Pearl  River  stage 
typically  crests  within  about  96  h  of  a  rain  event  (Chigbu  et  al. 
2005b).  It  is  therefore,  reasonable  to  use  the  total  amount  of  rain- 
fall within  a  period  of  24  consecutive  hours  for  determining  wheth- 
er an  area  should  be  closed  in  the  shellfish  management  tool. 

To  our  knowledge  this  is  the  first  decision  support  tool  devel- 
oped for  shellfish  management  in  the  US  Gulf  coast  area.  Although 
it  was  developed  for  use  in  Mississippi,  it  can  be  easily  modified 
for  use  in  other  states.  It  is  easy  to  use;  it  simplifies  the  process  of 
closing  and  opening  of  the  conditionally  approved  shellfish  har- 
vesting areas,  and  it  maintains  a  time  series  database  of  the  water 
quality  on  which  closing  and  opening  of  reefs  are  based  as  well  as 
management  actions  that  have  been  taken.  It  thus  facilitates  data 
analysis  and  preparation  of  reports.  The  tool  was  installed  and 
successfully  tested  at  DMR  durmg  the  2003/2004  shellfish  har- 
vesting season.  Plans  are  underway  to  adapt  the  tool  for  use  in 
other  states. 
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HIGH  PRESSURE  TREATMENT 
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ABSTRACT  A  sample  of  Australian  oyster  consumers  evaluated  the  sensory  quality  of  diploid  and  triploid  Pacific  oysters  subjected 
to  high  pressure  (HP)  treatment  with  and  without  salt.  Triploid  and  diploid  oysters  received  comparable  hedonic  ratings  despite  having 
dissimilar  condition  indices  at  the  lime  of  testing.  The  HP  treatment  did  not  adversely  affect  the  sensory  quality  of  Pacific  oysters 
because  the  test  products  received  similar  ratings  of  sensory  quality  to  the  control  (unprocessed)  products.  Moreover,  oysters  subject 
to  HP  received  higher  ratings  for  liking  of  appearance  and  were  judged  to  have  lower  levels  of  perceived  saltiness  compared  with  the 
control.  The  use  of  HP  in  extending  the  shelf  life  of  farmed  Australian  oysters  should  be  investigated. 

KEYWORDS:     Pacific  oyster,  high  pressure,  triploid.  consumer  sensory  evaluation,  sensory  quality,  Crassostrea  gigas 


INTRODUCTION 

Commercial  production  of  triploid  Pacific  oysters  Cnissusin'a 
gigas  on  the  West  Coast  of  North  America  began  in  1985  and  now 
accounts  for  over  30%  of  all  Pacific  oysters  farmed  there  (Nell 
2002).  The  very  low  fecundity  of  both  chemically  induced  and 
natural  triploids  (Quo  &  Allen  1994.  Gong  et  al.  2004)  make  them 
attractive  in  areas  such  as  Port  Stephens.  New  South  Wales 
(NSW).  Australia,  where  excessive  overcatch  makes  oyster  farm- 
ing difficult  (Nell.  1993).  Therefore,  because  of  their  potential  to 
reduce  overcatch  and  increase  growth  rates,  the  benefits  of  farming 
triploid  Pacific  oysters  in  Port  Stephens  was  evaluated  from  Feb- 
niary  2002  to  February  2004.  Live  Pacific  oysters  have  a  typical 
shelf  life  of  7-10  days,  when  refrigerated  at  around  4°C,  whereas 
live  Sydney  rock  oysters  Saceostrea  glomevata.  have  a  shelf  life  of 
2-3  wk.  when  kept  cool  at  8°C  to  15°C  (Nell,  2001).  Therefore, 
increasing  refrigerated  shelf-life  of  shucked  Pacific  oysters  (Calik 
et  al.  2002).  would  assist  the  marketability  of  this  product. 

High  Pressure  (HP)  treatment  is  capable  of  inactivating  spoil- 
age microorganisms  and  as  a  result  it  is  currently  being  used  as  an 
alternative  to  heat  treatment  for  food  preseivation.  Unlike  heat 
treatment.  HP  has  potential  to  preserve  the  original  nutrient  and 
sensory  quality  of  liquid  and  semisolid  foods  by  maintaining  co- 
valent  bond  structure  during  a  treatment  that  is  instantaneous  and 
uniform  (Farr  1990,  Kelly  2000).  Therefore.  HP  presents  a  number 
of  potential  benefits  for  the  preservation  of  foods  and  offers  a 
number  of  benefits  when  prolonging  the  shelf-life  of  ready-to-eat 
refrigerated  foods  (Stewart  &  Cole  2001).  Previous  studies  in  the 
US  have  found  HP  treatment  to  be  a  useful  tool  for  shucking 
oysters,  as  well  as  providing  an  extension  in  the  refrigerated  shelf- 
life  of  the  pi-oduct  (Calik  et  al.  2002.  He  et  al.  2002).  HP  has  also 
improved  the  appearance  of  oysters  (L6pe/-Caballero  et  al.  2000) 
and  treated  oysters  were  believed  to  be  slightly  ""juicier"  (Lopez- 
Cabailero  et  al.  2000),  perhaps  because  of  the  increased  moisture 
content  of  HP  treated  oysters  (Cruz-Romero  et  al.  2003.  2006). 
The  flavor  of  HP  treated  oysters  may  be  enhanced,  because  of  the 
uptake  of  salt  from  the  water  in  which  oysters  were  treated 
(Hoover  et  al.  1989). 

This  study  was  conducted  to  deteiTnine  the  influence  of  HP 
treatment,  with  or  without  the  addition  of  salt,  on  consumer  ap- 


preciation (appearance,  odor,  texture,  flavor)  of  diploid  and  trip- 
loid Pacific  oysters.  In  doing  so.  the  sensory  quality  of  the  HP 
treatments  was  compared  with  the  quality  of  the  untreated  control. 


MATERIALS  AND  METHODS 


Oysters 
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This  study  was  undertaken  as  part  of  a  farming  study  conducted 
by  NSW  Department  of  Primary  Industries  (Nell  &  Perkins  2005). 
The  triploids  were  produced  by  fertilization  of  eggs  from  diploids 
with  sperm  from  tetraploids  (Guo  et  al.  1996).  Oysters  were  grown 
on  an  intertidal  lease  in  Cromarty  Bay.  Port  Stephens  from  May 
2002  to  October  2003  (Nell  &  Perkins  2005),  where  the  salinity  at 
harvest  was  35%t,  The  market  size  for  Pacific  oysters  in  NSW  is 
around  80  g  (86  mm  shell  height).  Because  the  triploids  grew  much 
faster  than  the  diploids  (Nell  &  Perkins  2005).  diploids  and  trip- 
loids could  not  be  matched  for  size.  The  average  whole  weight  and 
shell  height  for  the  diploid  and  triploid  oysters  were  84  g  (88  mm) 
and  101  g  (91  mm),  respectively. 

Immediately  after  harvesting,  oysters  were  depurated  in  flow- 
through  tanks  in  UV  sterilized  seawater  for  36  h.  Oysters  were 
packed  in  ice  and  transported  by  air  from  Port  Stephens  to  Food 
Science  Australia's  (FSA)  Werribee  Center  (Victoria)  for  taste 
testing.  For  ease  of  operation  oysters  were  pooled  for  Condition 
Index  (CI)  determination.  Four  representative  samples  of  six  oys- 
ters of  each  type  (diploid  or  triploid)  were  used  to  estimate  the 
whole  oyster  weight,  dry  and  wet  meat  weight  and  CI  of  oysters 
used  in  the  taste  test.  The  meats  were  dried  at  90°C  for  48  h  then 
transferred  to  desiccators  to  cool  before  deterinining  final  dry 
weight.  CI  was  calculated  using  the  following  formula  (Crosby  & 
Gale  1990): 

CI  =  dry  meat  weight  (g)  x  lOOO/cavity  volume  (g)  where: 
Cavity  volume  =  whole  weight  (g)  -  shell  weight  (g) 
(Lawrence  &  Scott  19S2). 

Because  triploid  oysters  may  suffer  discoloration  in  summer 
(Hand  &  Nell  1999.  Nell  &  Perkins  2005)  the  consumer  taste  'ests 
were  catxied  out  in  spring,  before  triploid  Pacific  oysters  iw-n  Port 
Stephens  suffer  this  problem. 

Experimental  Treatments 

The  experimental  treatments  were:  diploid  and  triploid  un- 
treated controls.  HP  treated  diploid  and  triploid  oysters  without  salt 
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and  HP  treated  diploid  and  triploid  oysters  with  salt.  Prior  to  HP 
treatment,  oysters  were  washed,  clasped  with  a  rubber  band  and 
placed  in  plastic  bags  filled  with  either  fresh  water  or  3%  saline 
solution  (NaCl  on  a  weight  for  volume  basis  in  water).  Oysters 
were  HP  processed  in  a  35  L  HP  processing  unit  (Quintus  Press, 
Avure  Technologies  Inc,  Kent,  WA)  for  3  niin  at  275  Mpa.  This 
process  shucked  the  oysters,  but  their  integrity  was  maintained 
with  the  rubber  band.  After  processing,  oysters  were  stored  on  ice 
in  a  4'C  controlled  temperature  refrigerator  for  four  days.  The 
untreated  (control)  oysters  were  washed  and  stored  as  described 
above  until  the  sensory  evaluation  session. 

Consumer  Sensory  Evaluation 

The  consumer  sample  consisted  of  61  regular  consumers  of 
oysters  between  the  ages  of  20  and  60  y  from  the  Melbourne. 
Victoria,  metropolitan  area.  The  sample  was  divided  into  four 
10-year  age  groups,  each  consisting  of  approximately  equal  num- 
bers of  male  and  female  respondents.  Prior  to  the  test,  respondents 
were  briefed  on  the  puipose  of  the  trial  and  signed  a  participation 
consent  form.  Respondents  were  then  instructed  on  the  use  of 
measurement  scales  and  interstimulus  palate  cleaners.  For  the  pur- 
pose of  controlled  product  evaluation,  each  respondent  was  seated 
in  an  individual  sensory  booth.  The  untreated  (control)  oysters 
were  shucked  immediately  prior  to  evaluation  and  the  rubber  band 
was  removed  from  the  HP  treated  oysters.  All  oysters  were  pre- 
sented to  respondents  on  a  bed  of  ice  (approx.  4°C)  in  plastic 
odorless  disposable  containers  labeled  with  3-digit  codes.  Respon- 
dents were  instructed  to  eat  the  whole  oyster.  Test  products  were 
evaluated  monadically  (each  respondent  sees  and  evaluates  only 
one  product  at  a  time  in  a  sequential  manner),  and  order  of  product 
presentation  was  balanced  according  to  a  row-column  design.  He- 
donic  (pleasure  related)  appraisal  of  odor,  appearance,  flavor,  salti- 
ness, texture  and  overall  liking  was  rated  on  a  lO-cm  unstructured 
line  scale  anchored  at  0  and  10  cm  with  "dislike  extremely"  and 
"like  extremely."  respectively.  Diagnostic  ratings  of  saltiness  (per- 
ceived salt  taste  intensity)  were  then  measured  using  an  unstruc- 
tured line  scale  anchored  at  0  and  10  cm  with  "not  all  salty"  and 
"extremely  salty."  respectively.  Finally,  respondents  rated  their 
"ideal"  level  of  saltiness  on  an  unstructured  line  scale  anchored  at 
0  and  10  cm  with  "not  all  salty"  and  "extremely  salty,"  respec- 


tively. All  data  was  recorded  and  stored  using  a  sensory  data 
acquisition  program  (Compusense  Inc..  Guelph.  Ont.). 

Data  Analysis 

One-way  analysis  of  variance  (ANOVA;  SPSS  v  14:  SPSS 
Australasia  Pty  Ltd..  North  Sydney.  NSW)  was  used  to  compare 
individual  products  (/?  =  6),  process  treatments  (/;  =  3)  and  oyster 
ploidy  ill  =  2).  Duncan's  post-hoc  test  for  means  separation  was 
used  to  determine  the  nature  of  discrimination  between  individual 
products  and  between  treatments  based  on  significant  sensory  and 
affective  information.  Mean  CI  values  were  also  compared  using 
one-way  ANOVA.  Data  are  expressed  as  means  ±SD  throughout 
the  text.  Statistical  significance  (i.e..  differences  between  products) 
was  established  at  P  <  0.05. 


RESULTS 


Individual  Products 


Mean  hedonic  and  diagnostic  sensory  attribute  ratings  for  in- 
dividual products  are  outlined  in  Table  1 .  There  was  large  variation 
between  indisidual  consumer  responses  as  reflected  by  the  mag- 
nitude of  the  SD  (Table  1).  No  differences  were  identified  between 
individual  products  for  consumer  appreciation  of  odor,  flavor,  tex- 
ture, aftertaste  or  overall  liking.  The  triploid  untreated  oysters 
received  a  lower  rating  for  appearance  (F  |5357]  =  6.67;  P  <  0.01 ) 
compared  with  the  untreated  and  HP  treated  diploid  oysters.  Fur- 
thermore, the  appearance  of  the  triploid  HP  treated  oysters  was 
rated  lower  (f  [5357]  =  6.67; /><  0.01 )  than  that  of  the  HP  treated 
diploid  oysters.  Consumers  preferred  the  saltiness  [F  (5357)  = 
5.24;  P  <  0.01]  of  the  diploid  and  triploid  oysters  HP  treated 
without  saline  compared  with  the  untreated  products.  Furthermore, 
consumers  preferred  the  saltiness  {F  [5357]  =  5.24;  P  <  0.01 )  of 
the  diploid  and  triploid  oysters  HP  treated  with  or  without  saline 
compared  w  ith  the  untreated  triploid  oyster.  The  untreated  triploid 
and  diploid  oysters  were  perceived  to  be  saltier  (F  [5357]  =  11.97; 
P  <  0.01)  than  the  HP  treated  triploid  and  diploid  oysters  (pro- 
cessed with  or  without  saline). 

Processing  Treatments 

Mean  hedonic  and  diagnostic  sensory  attributes  ratings  for  pro- 
cessine  treatments  are  outlined  in  Table  2.  There  was  larse  varia- 


TABLE  1. 
Hedonic  and  diagnostic  sensory  attribute  ratings'^  for  individual  oyster  products. 


Individual  Products 

Triploid 

Diploid 

Triploid 

Diploid 

Triploid  HP 

Diploid  HP 

Sensory  Attributes 

Untreated 

Untreated 

HP 

HP 

ii%  Saline) 

(3'7r  Saline) 

Hedonic 

Odor 

6.24  ±  1.99" 

6.67  ±  2.06" 

6.36  ±  2.09" 

6.47  ±  2.28" 

641  ±2.01" 

6.11  ±2.10' 

Appearance 

5.43  ±2.17' 

6.53  +  2.39"" 

6.23  ±  2.34"" 

7.22  ±  2.04" 

6.00  ±  2.33"" 

7.31  ±  1.74' 

Flavor 

5.42  ±  2.42' 

5.68  ±  2.87" 

5.88  ±  2.63" 

6.25  ±  2.63" 

6.26  ±  2.34" 

6.18  ±2.30" 

Saltiness 

4.42  ±2.51' 

4.97  ±  2.62"" 

5.93  ±  2.08= 

6.26  ±  2.09'- 

5.67  ±  2.24"' 

5.69  +  2.12"' 

Texture 

6.22  ±1.86' 

6.28  ±2.62" 

6.01  ±2.66" 

6,21  ±2.51" 

6.29  ±  2.25" 

6.37  ±2.13" 

Aftertaste 

5.46  ±  2.43" 

5.56  ±2.76" 

6.11  ±2.32" 

6.00  ±  2.67" 

5.92  ±2.45" 

5.53  ±2.48" 

Overall  liking 

5.16  ±2.39" 

5.76  ±  2.65" 

5.96  ±2.31" 

6.24  ±  2.55" 

5.88  ±  2.56" 

5.95  ±  2.44" 

Diagnostic 

Saltiness  intensity 

6.62  ±  2.37" 

6.18  ±2.34" 

3,99  ±  2.30" 

4.57  ±  242" 

4.58  ±  2.35" 

4.65  ±2.31" 

Ideal  saltiness 

intensity 

4.69  ±  2. 19' 

4.83  ±2. 13-' 

4.47  ±2. 14-' 

4..s4±2.l4' 

4.75  ±  2.08" 

4.55  ±2.11" 

'  Data  are  expressed  as  means  ±  SD.  Within  rows,  means  with  different  letters  differ  significantly  ( p  <  0.05). 
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TABLE  2. 

Hedonic  and  diagnostic  sensory  attribute  ratings*  for  oyster 
processing  treatments. 


ores 

Processing  Treatments 

Hedonic  Sci 

Untreated 

HP 

HP  (3%  Salt) 

Hedonic 

Odor 

6.46  ±  2.03-' 

6.41  ±2,18" 

6,26  ±  2.0.5" 

Appeai-ance 

5.98  ±  2.34-' 

6,73  ±  2.24" 

6.65  ±2.15" 

Saltiness 

4.70  ±  2.57^ 

6,10  +  2.08" 

5.68  +  2.17" 

Flavor 

5.55  ±  2.64" 

6.07  ±  2.63" 

6.22  ±2.31" 

Texture 

6.25  ±  2.26-' 

6. 1 1  ±  2.58" 

6.33  ±2.18" 

Aftertaste 

5.51  ±2.59° 

6.06  ±  2.49" 

5.73  ±  2.47" 

Overall  liking 

5.46  ±  2.53" 

6.10  ±2.52" 

5,91  ±2.49" 

Diagnosric 

Saltiness  intensitv 

6.40  ±  2.35-' 

4.28  ±  2.37" 

4.61  ±2.32" 

Ideal  saltiness 

intensity 

4.76  ±2.15" 

4,51  ±2.17" 

4.65  ±  2.09" 

*  Data  are  e.xpressed  as  means  ±  SD.  Within  rows,  means  with  different 
letters  differ  significantly  ( p  <  0.05 ). 

tion  between  individual  consumer  responses  as  reflected  by  the 
magnitude  of  the  SD  (Table  2).  Consumers  did  not  convey  differ- 
ences between  processing  treattiients  for  appreciation  of  oyster 
odor,  flavor,  te.xture,  aftertaste  or  overall  liking.  Consumers  rated 
the  appearance  of  the  untreated  oysters  lower  (F  [2360]  =  4.10; 
P  <  0.05)  than  that  of  the  HP  treated  oysters.  Consumers  also 
prefened  the  saltiness  {F  [2360]  =  1 1.93:  P  <  0.01 )  of  the  HP 
treated  oysters  compared  with  the  untreated  oysters.  In  tertiis  of 
actual  perceived  saltiness  intensity,  the  untreated  oysters  received 
higher  ratings  (F  [2360]  =  28.3 1 ;  P  <  0.01 )  compared  with  the  HP 
treated  oysters. 

Oysters  Type 

Mean  hedonic  and  diagnostic  sensory  attributes  ratings  for  each 
type  of  oyster  are  outlined  in  Table  3.  There  was  large  variation 
between  individual  consumer  responses  as  reflected  by  the  mag- 
nitude of  the  SD  (Table  3).  Consumers  did  not  discern  differences 
between  diploid  and  triploid  oysters  for  liking  of  odor,  flavor, 
texture,  aftertaste,  overall  liking  or  saltiness.  Furthermore,  there 
was  no  difference  between  oysters  for  consumer  appraisal  of  per- 

TABLE  3. 
Hedonic  and  diagnostic  sensory  attribute  ratings*  for  oyster  type. 

Oyster  Type 


Sensory  .\ttri 

butes 

Diploid 

Triploid 

Signillcance 

Hedonic 

Odor 

6.42  ±2.15 

6.33  ±  2,02 

ns 

Appearance 

7.02  +  2.09 

5.88  ±  2.30 

/xO.Ol 

Saltiness 

5.64  ±2.33 

5.34  ±  2.37 

ns 

Flavor 

6.03  ±  2.61 

5.85  ±  2.47 

ns 

Texture 

6.29  ±  2.42 

6.17  ±2.27 

ns 

Aftertaste 

5.70  ±  2.63 

5.83  ±2.41 

ns 

Overall  liking 

5.98  ±  2.54 

5.66  +  2.50 

ns 

Duiiinoslic 

Saltiness  intensity 

5.14  +  2.46 

5.07  ±  2.59 

ns 

Ideal  saltines.s 

intensity 

4,64  ±2, 15 

4.64  ±2. 13 

ns 

ceived  saltiness  intensity.  However,  consumers  did  prefer  the  ap- 
pearance of  the  diploid  oysters  (f  ]I361]  =  24.08;  P  <  0.01 1. 
From  a  physiological  perspective,  there  were  differences  in  whole 
weight,  dry  meat  weight  and  CI  between  the  diploid  and  triploid 
oysters  (Table  4). 

DISCUSSION 

This  study  showed  similar  consumer  acceptance  measures  for 
triploid  and  diploid  oysters.  This  finding  is  in  agreement  with 
previous  hedonic  comparisons  of  diploid  and  triploid  Pacific  oys- 
ters by  consumer  panels  (Allen  &  Downing  1991,  Maguire  et  al. 
1994,  Chao  et  al.  2001).  Similarly.  Korac  et  al.  (1996)  found 
relatively  similar  consumer  acceptance  ratings  for  triploid  and  dip- 
loid Sydney  rock  oysters.  Notwithstanding  this,  in  the  present 
study  consumers  did  prefer  the  appearance  of  the  diploid  oysters 
despite  the  processing  treatment.  It  is  likely  that  this  was  caused  by 
the  lower  CI  of  the  triploid  (CI  of  84)  compared  with  the  diploid 
(CI  of  133)  oysters.  Ideally,  this  study  should  have  been  done  on 
oysters  of  similar  meat  condition,  but  this  is  difficult  because  the 
CI  of  diploids  (50-150)  fluctuates  greatly,  whereas  that  of  triploids 
is  more  stable  (70-1 10)  (Nell  &  Perkins  2005).  The  main  advan- 
tage of  triploidy  in  NSW  is  faster  growth  and  better  meat  condition 
over  late  spring  and  early  autumn  when  diploids  spawn,  outside  of 
the  possible  midspring  to  autumn  period  of  gonad  discoloration 
(Nell  &  Perkins  2005). 

HP  did  not  have  a  negative  impact  on  the  eating  quality  of 
triploid  and  diploid  oysters.  Conversely,  HP  actually  improved  the 
appearance  of  the  triploid  and  diploid  oysters,  which  is  in  agree- 
ment with  previous  studies  (Lope/.-Caballero  et  al.  2000).  HP  also 
seemed  to  reduce  the  intensity  of  perceived  saltiness  in  oysters. 
This  effect  was  appealing  to  consumers  and  measurement  of  their 
ideal  saltiness  intensity  was  similar  to  that  perceived  in  the  HP 
treated  oysters  (Tables  I.  2).  HP  may  have  reduced  the  salt  content 
of  the  oyster  samples  because  processing  took  place  in  an  aqueous 
medium  and  osmotic  movement  of  salt  from  the  oyster  to  the 
processing  medium  may  have  occurred.  However,  the  salt  ion 
concentration  of  the  oyster  and  processing  medium  was  not  mea- 
sured before  and  after  processing.  Whereas  observations  based  on 
perceived  saltiness  were  in  contrast  with  a  previous  report  by 
Hoover  et  al.  ( 1989),  differences  in  the  levels  of  oyster  saltiness 
observed  in  the  present  study  did  not  impact  on  measures  of  over- 
all liking. 

HP  showed  considerable  promise  as  a  means  of  improving  the 
sensory  quality  (appearance  and  saltiness)  of  oysters.  HP  inacti- 
vates microorganisms  while  maintaining  sensory  and  nutritional 
qualities  (Murchie  et  al.  2005).  Specifically,  HP  reduces  the  levels 
of  Vihriti  viilnificiis  in  oysters  but  little  is  known  of  its  effect  on 
human  enteric  viruses  (Murchie  et  al.  2005).  As  well  as  investi- 
gating efficacy  in  reducing  the  levels  of  human  enteric  viruses 

TABLE  4. 
Physiological  measurements*  of  oyster  type. 


Physiological 
Measurements 

Oyster  Type 

Diploid              Triploid 

Sigiiiilcance 

Whole  oyster  weight  (g) 
Dry  meat  weight  (g) 
Condition  Index 

84.2(7.4)          100.9(3.0) 

3.8(0.5)              2.9(0.21 

132.8(15.9)        83.90(3.4; 

....  <  0.01 
p  <  0.05 
/)<  0.001 

■  Data  are  expressed  as  means  ±  SD, 


*  Data  are  expressed  as  means  ±  SD. 
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(Murchie  el  iil.  2003),  future  studies  should  also  investigate  the 
potential  of  HP  to  extend  the  shelf  life  of  refrigerated  oysters  (He 
et  al.  2002).  This  would  have  important  implications  from  a  mar- 
keting perspective  in  terms  of  product  positioning,  market  access 
and  distribution.  Development  of  oysters  from  a  marketing  per- 
spective is  imperative  (Liu  et  al.  2006)  because  demand  for  this 
product  is  strong  (Ruello  &  Associates  2002.  2005). 
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TAQMAN«  MGB  REAL-TIME  PCR  APPROACH  TO  QUANTIFICATION  OF 
PERKINSUS  MARINUS  AND  PERKINSUS  SPP.  IN  OYSTERS 


J.  D.  GAUTHIER.'*  C.  R.  MILLER."  AND  A.  E.  WILBUR' 

^Center  for  Marine  Science.  University  of  North  Carolina  Wilniinj^ton.  5600  Man-in  K.  Moss  Lane. 
Wilmington.  North  Carolina  28409:  'Applied  Biosysteins  Incorporated.  Foster  City.  California.  94404: 
^Department  of  Biology  and  Marine  Biology.  University  of  North  Carolina  Wilmington.  601  S(nith 
College  Road.  Wilmington.  North  Carolina  28403 


T.\BLE  1. 

Primer  and  probe  sequences  for  PERK  and  PMAR  TaqMan®  MGB 

assays.  Probes  include  a  5'  6-carboxyf1uorescein  (FAM)  reporter 

and  3'  MGB. 


Perkinsus  spp.  (PERK)  Assay: 

Forward:  5 '  -TCCGTG AACCAGTAGAA ATCTCAAC-3 ' 
Reverse:  5'-GGAAGAAGAGCGACACTGATATGTA-3' 
Probe:  5'-CCCTTTGTGCAGTATGC-MGB-3' 

Perkinsus  marinus  (PMAR)  Assay: 

Forward:  5'-TTGTTAACGCAACTCAATGCTTTGT-3' 
Reverse:  5 ■-AAGCGCACATAACGAACCACC-3' 
Probe:  5'-GCTTGAACTAACTCT-MGB-3' 
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